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Editorial on the Research Topic
 LRRK2—Fifteen Years From Cloning to the Clinic



In the time since the identification of LRRK2 at the PARK8 locus as the responsible gene mutated in a common autosomal dominantly inherited form of Parkinson's disease (Paisan-Ruiz et al., 2004; Zimprich et al., 2004), it has become increasingly evident that activity of this protein plays a crucial role in disease pathogenesis of Parkinson's disease (PD). Genetic variance within the LRRK2 gene gives rise to PD that generally overlaps clinically and neuropathologically with idiopathic PD (iPD). In the 15+ years since its isolation, we have gone from in-vitro assays and hypotheses, to state-of-the-art biomarkers and Phase I trials for treatments.

There are various mechanisms proposed for LRRK2-mutant induced neuropathology in monogenic PD, however it remains unclear if these are the same mechanisms disrupted in iPD. Recent work has yielded two key findings: that LRRK2 activity may also play a major role in multiple forms of PD, not only those associated with mutations in the LRRK2 gene; and secondly, that this activity contributing to the neurodegeneration underlying PD occurs in both neuronal cells, as well as non-neuronal cells (e.g., microglia/macrophages, astrocytes, peripheral immune cells).

This Research Topic provides a comprehensive collection of articles illustrating the role of LRRK2 in the physiology of neuronal and non-neuronal cells as well as the impacts of mutant LRRK2 in PD pathology, ranging from mechanisms, biomarkers and therapeutic opportunities. The articles provide a review of the literature as well as novel data around LRRK2 biochemical properties and cellular mechanisms in the context of endolysosomal system, synaptic function and immune-related pathways.


IN WHICH CELLS DOES LRRK2 EXERT ITS NORMAL AND MUTANT PATHOGENIC EFFECTS? THE ROLE OF LRRK2 IN NEURONS VS. IMMUNE CELLS

It is increasingly clear that PD is a multisystem disorder not only affecting dopaminergic neurons but also other neuronal types as well as non-neuronal cells, both in the brain and in peripheral tissues (Langston et al., 2015). Central and peripheral inflammation may act as contributing factors for disease onset or progression and accumulating evidence points to the gut-brain axis as an important route in disease. LRRK2 acts as a positive regulator of inflammatory pathways and, while a beneficial or detrimental outcome of LRRK2 mutations may depend on the specific inflammatory condition, one current hypothesis is that LRRK2 PD mutations exacerbate the brain inflammatory state, accelerating the neurodegenerative process. In this Research Topic, Rastegar and Dzamko provide a thorough overview of the physiological and pathological functions of LRRK2 in innate immunity with particular focus on Toll-like receptor signaling and inflammasome. Along these lines, Cabezudo et al. discuss how mutant LRRK2-driven inflammation may trigger PD starting from peripheral organs such as the gut and immune circulating cells, according to a multiple-hit hypothesis for PD. The role that LRRK2 plays in immunity and inflammation is also examined by Wallings et al., providing an insightful overview of LRRK2 function in peripheral organs and how systemic inflammation could trigger or accelerate PD. Finally, Aasly reports that in a cohort of 100 Norwegian LRRK2 G2019S carriers, the presence of G2019S increases the incidence of inflammatory diseases such as rheumatoid arthritis and multiple sclerosis, further supporting the connection between PD and inflammation.



WHERE IN THE CELL DOES LRRK2 EXERT ITS NORMAL AND MUTANT PATHOGENIC EFFECTS? THE FUNCTION OF LRRK2 AT THE SYNAPSE AND ENDOLYSOSOMAL SYSTEM

Lysosomal dysfunction and the resultant impaired clearance and recycling of proteins is a core causal hypothesis for many proteinopathies, including the synucleinopathy, PD. A compromised endolysosomal system is implicated in PD by multiple disease linked genomic loci encoding proteins involved in vesicular trafficking, endocytosis, lysosomal function, and mitophagy (Bandres-Ciga et al., 2020; Erb and Moore, 2020). Biochemical and cell biological studies in a variety of cell types (neuronal and non-neuronal) place LRRK2 in the regulation of endolysosomal trafficking and autophagy. One mechanism for this to occur is via LRRK2 phosphorylation of Rab GTPases, which when altered by mutant-LRRK2 activity, results in vesicle/organelle defects observed in these various experimental contexts. Kuwahara and Iwatsubo discuss how LRRK2 signaling to multiple Rab GTPases implicate LRRK2 kinase dysfunction as a driver of endolysosomal pathomechanisms in PD. Focusing on the role of LRRK2 in autophagy, Madureira et al. carefully describe the normal and disease-associated role of LRRK2 on autophagic function, from direct regulation of phagophore formation to autolysosome fusion. In an experimental demonstration of the intersection between LRRK2, the endolysosome system and genetics, Sanyal et al. demonstrate LRRK2 inhibition can restore some of the impaired lysosome function observed in GBA heterozygous iPSC neurons.



LRRK2 ANIMAL MODELS AND IT'S ROLE AT THE SYNAPSE

There is a diverse array of rodent models that have been developed to study the biology of LRRK2, ranging from knockouts, knockin mutations, transgenic overexpression, viral vector delivery and inoculation of pre-formed alpha-synuclein fibrils. These models have been crucial at enabling identification of neuronal and peripheral LRRK2 related phenotypes. Seegobin et al. provides a careful review of the LRRK2 rodent models and the phenotypes they display at locomotion and behavior, dopamine system, and electrophysiology and then discuss similar phenotypic themes in Drosophila, Caenorhabditis elegans, and Danio rerio, all with a single LRRK homolog. Dues and Moore provide a detailed review of the rodent model evidence for the role of LRRK2 in protein aggregation as it relates to human disease.

Although no LRRK2 animal model recapitulates all of the cardinal features of PD, the neurophysiological changes, dopamine dysregulation and modest behavioral changes indicate a compromised synaptic environment. In post-mitotic neurons, dysregulated movement of vesicles would not only impact protein recycling in the cell body, but also could induce synaptic phenotypes by disruption of transport to and away from the synapse and mis-trafficking of ion-channels and neurotransmitter receptors or the uptake of their substrates. Kuhlmann and Milnerwood discuss the current state of understanding of the role of LRRK2 at the synapse, providing insights from electrophysiological phenotypes in pre-clinical LRRK2 mutant rodent models. LRRK2 mutations are carried throughout life, but their pathological consequences are observed only late in life. Huntley and Benson describe how the early disruptions in synaptic activity and plasticity, present throughout development, impairs the establishment or maturity of brain circuitry.



WHAT IS THE STRUCTURE OF LRRK2 AND HOW IS IT REGULATED BY PTM, BINDING PARTNERS AND OTHER MECHANISMS?

Structural studies on LRRK2 have been ongoing for almost two decades now. A major breakthrough in the field of structural biology in general and for determining the LRRK2 structure has been the development in electron microscopy (EM). In this issue, Taylor et al. discuss the implications of the recently identified Roc-COR-Kinase-WD40 (RCKW) structures for the complex LRRK2 activation mechanism (Deniston et al., 2020; Watanabe et al., 2020). Among others they discuss the cross-talk between the different LRRK2 domains and propose a mechanism by which the kinase domain, along with key phosphorylation sites, can serve as an allosteric hub for mediating conformational changes. Indeed, a more recent high resolution cryo-EM structure of full-length LRRK2 confirms that both the N-terminus and C-terminus are in direct contact with the kinase domain and most likely play an important role in regulating the kinase activity (Myasnikov et al., 2021). Several phosphorylation and protein-protein interactions (PPIs) within these domains regulate the conformation and activity of LRRK2. As discussed in detail by Marchand et al. in this issue, several studies indicate that LRRK2's phosphorylation is regulating LRRK2 activity and localization and therefore plays an important role in its pathological and physiological functioning. Phosphorylation of LRRK2 S910/S935 within the N-terminus of LRRK2 has been shown to be important for binding to 14-3-3 and regulating the cellular localization of LRRK2. Manschwetus et al. provide in this issue a quantitative analysis of the interaction between all human 14-3-3 isoforms and LRRK2, including both known and the discovery of new 14-3-3 binding sites. In addition to 14-3-3, over the years numerous PPIs have been identified for LRRK2, which are in this issue summarized by Gloeckner and Porras. In addition, they have analyzed the previously published LRRK2 interactome maps and discussed these in the perspective of putative LRRK2 functions. O'Hara et al. discuss in detail the nature of the interaction between LRRK2 and α-synuclein. An initial paper has suggested that mutant G2019S LRRK2 can directly interact with and phosphorylate α-synuclein. Indeed, substantial experimental evidence points toward an interplay between LRRK2 and α-synuclein, however O'Hara et al., conclude that the interactions between LRRK2 and α-synuclein are likely to be indirect, most likely with Rab proteins and chaperones as mediators.



LRRK2 BASED THERAPEUTICS AND BIOMARKERS

This latter issue has attained greater urgency since early Phase I clinical trials of LRRK2 kinase inhibitors, potential therapeutic candidates in PD, have begun (clinicaltrials.gov/ct2/show/study/NCT03710707; clinicaltrials.gov/ct2/show/NCT03976349). New precision medicine approaches targeting the most prevalent mutant, LRRK2-G2019S, have been established as well (Garofalo et al., 2020; Lesniak et al., 2021). Parallel to these efforts, trials of investigational compounds targeting LRRK2 activity must also be accompanied by validated LRRK2 biomarkers. Here, the goal is two-fold: to establish a marker of changes in LRRK2 function that correlate with, or predict, disease progression; and, assays capable of demonstrating target engagement of test compounds. Several contributions to this Research Topic address these specific areas.

The issue of sensitive and standardized LRRK2, and LRRK2 pathway, detection and quantification in clinical biofluids remains a key unmet need in the PD field. In this Research Topic, three individual submissions address this critical area from distinct perspectives. In a more broadly focused review from Rideout et al., the principal uses of LRRK2-focussed biomarkers (e.g., pharmacodynamic outcome measures, disease severity/patient stratification, and progression) are introduced, highlighting the current assays being developed and implemented. In a contribution from the group of Mabrouk et al., a novel methodology is described employing a Stable Isotope Standard Capture by Antipeptide Antibody (SISCAPA) based assay to measure and quantify endogenous wild type and mutant (G2019S) LRRK2 in clinically relevant biofluids such as CSF. The approach represents a great advance in the quantitative determination of changes in LRRK2 levels, and can be further developed to include additional targets including substrates of LRRK2 and auto-phosphorylated LRRK2 residues. Finally, from the group of Kelly and West comes a report discussing the key role biomarkers fill in clinical trials, particularly in the case of LRRK2-PD where outcome measures of LRRK2 kinase activity are key indicators of response to therapies targeting this function [e.g., small molecule inhibitors or antisense oligonucleotides (ASOs)].

While significant progress has been made in the LRRK2 biomarker space, especially at the single-plexed level, one potential direction for the field would be the adoption of true multiplexed assays, quantifying multiple targets in parallel, to establish a more thorough “picture” of LRRK2, and LRRK2 pathway, status. In order for such assays to be widely deployed, large longitudinal studies (of both familial and idiopathic PD) are critically needed, defining patterns of activation at each stage of the disease, and in multiple biofluid sample types. The implementation of sensitive standardized quantitative assays that can be adapted to the multiple uses introduced and discussed in this Research Topic should be a primary goal of the field moving forward.



CONCLUSION

In 15 years, the field has made great strides in assaying, detecting, targeting and understanding LRRK2. This Research Topic presents the cell type, where in the cell, and how LRRK2 itself is structured and regulated during both its physiological function and in PD. These articles have revealed themes of phenotypes amongst LRRK2 model systems implicating LRRK2 in a variety of cellular processes, undoubtably there are many more yet to be elucidated. With the introduction of LRRK2 targeting drugs in clinical trials, current state of understanding the normal and mutant role of LRRK2 is paramount.
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For more than a decade, researchers have sought to uncover the biological function of the enigmatic leucine rich repeat kinase 2 (LRRK2) enzyme, a large multi-domain protein with dual GTPase and kinase activities. Originally identified as a familial Parkinson’s disease (PD) risk gene, variations in LRRK2 are also associated with risk of idiopathic PD, inflammatory bowel disease and susceptibility to bacterial infections. LRRK2 is highly expressed in peripheral immune cells and the potential of LRRK2 to regulate immune and inflammatory pathways has emerged as common link across LRRK2-implicated diseases. This review outlines the current genetic and biochemical evidence linking LRRK2 to the regulation of innate immune inflammatory pathways, including the toll-like receptor and inflammasome pathways. Evidence suggests a complex interplay between genetic risk and protective alleles acts to modulate immune outcomes in a manner dependent on the particular pathogen and cell type invaded.

Keywords: LRRK2, Parkinson’s, Crohn’s, inflammation, monocyte, toll-like receptor, inflammasome


INTRODUCTION

Leucine-rich repeat kinase 2 (LRRK2) first came to prominent attention in 2004, when linkage analysis and positional cloning uncovered LRRK2 mutations associating with autosomal dominantly inherited Parkinson’s disease (PD) (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). More than fifteen years later, it is now regarded that LRRK2 pathogenic mutations are the most common cause of dominantly inherited PD. Subsequently, there have been many studies conducted to determine both the physiological and pathophysiological roles of LRRK2.

Leucine-rich repeat kinase 2 is located on chromosome 12 and consists of 51 exons encoding a 2527 amino acid protein with a complex domain structure (Figure 1). The encoded protein has several regions involved in protein-protein interactions including a leucine rich repeat domain, an ankyrin repeat domain and a WD40 domain. LRRK2 is also unusual in that it has two domains with catalytic activity; a GTPase domain of the Ras of complex (ROC) protein family, and a kinase domain of the tyrosine kinase like (TKL) family. Both domains seem to be linked, with a complex interplay ultimately regulating catalytic GTPase and kinase activities (Gilsbach and Kortholt, 2014; Liu et al., 2016). The linked activity of the catalytic domains is important, as three missense mutations in the GTPase domain (R1441C, R1441G, R1441H) and two in kinase domain (G2019S and I2020T) are pathogenic for PD, and all lead to an increase in LRRK2 kinase activity (Sheng et al., 2012; Steger et al., 2016). That pathogenic mutations increase LRRK2 kinase activity has provided substantial impetus for the development of LRRK2 kinase inhibitors as potential PD therapeutics (Atashrazm and Dzamko, 2016). Indeed, some studies have suggested efficacy of LRRK2 inhibitors in preclinical studies, and lead compounds are progressing to early stage clinical trials (Alessi and Sammler, 2018; Shihabuddin et al., 2018; Zhao and Dzamko, 2019). However, clinical translation of LRRK2 inhibitors is complicated as the exact biological functions of LRRK2 remain unclear.


[image: image]

FIGURE 1. Domain structure of LRRK2. The different domains encoded by the LRRK2 protein are shown, along with pathogenic missense mutations implicated in disease and key phosphorylation residues located on the LRRK2 protein. For the LRRK2 protein domains: ARM = armadillo repeats, ANK = ankyrin repeats, LRR = leucine-rich repeats, ROC = Ras of complex proteins, COR = C-terminal of ROC.


One area garnering much attention, is the potential role of LRRK2 in regulating elements of innate immune inflammatory pathways. LRRK2, along with other PD implicated risk proteins, is highly expressed in peripheral immune cells, particularly monocytes (Gardet et al., 2010; Hakimi et al., 2011). In turn, monocytes themselves are increasingly being implicated in PD pathogenesis, largely through potential dysregulation of innate immune inflammatory pathways (Dzamko et al., 2014; Grozdanov et al., 2014; Raj et al., 2014). Indeed, converging evidence suggests a role for familial PD proteins to modulate risk through altered responses to pathogen invasion (Sliter et al., 2018; Matheoud et al., 2019; Shutinoski et al., 2019). The link of LRRK2 to innate immune inflammatory pathways is further strengthened by findings that LRRK2 polymorphisms also enhance the risk of developing inflammatory bowel disease (Barrett et al., 2008; Franke et al., 2010). Functional studies have also highlighted important roles for LRRK2 in the clearance of bacterial pathogens, such as Salmonella typhimurium and Mycobacteria (Herbst and Gutierrez, 2019). This review will provide an update on the role of LRRK2 in innate immunity and possible ways in which LRRK2 may contribute to disease pathogenesis.



LRRK2 IS LINKED TO DISEASES WITH AN INNATE IMMUNE COMPONENT

Originally implicated in PD, subsequent association of LRRK2 polymorphisms with other diseases has expanded interest to new fields. In particular, there are strong associations between LRRK2 variants and diseases with inflammatory and/or immune components (Table 1).


TABLE 1. Genetic variations in LRRK2 associated with disease.
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LRRK2 IS GENETICALLY IMPLICATED IN DISEASE

Among the pathogenic LRRK2 mutations linked to PD, the substitution of Gly at amino acid 2019 to Ser (G2019S) is often considered the most common, and is not only found in familial PD, but is also observed in ∼1–5% of sporadic PD cases (Healy et al., 2008). However, the frequency of this mutation varies with ethnic background, and may contribute less to PD in certain European or Asian populations (Shu et al., 2019). The G2019S substitution occurs within the conserved “DFG” motif of the LRRK2 kinase domain, that protects the active site and has a modulatory role in kinase activity. As a result of the substitution, G2019S LRRK2 shows enhanced kinase activity by two to three-fold (West et al., 2005; Jaleel et al., 2007). More than 200 mutations have been reported across the LRRK2 sequence, with at least a further five kinase activating mutations (R1441C/G/H, Y1699C and I2020T) being confirmed as pathogenic for familial PD (Paisan-Ruiz, 2009). Whilst a number of other non-synonymous LRRK2 variants associate with both increased or indeed decreased risk of PD including a protective N551K-R1398H-K1423K haplotype (Ross et al., 2011). Finally, genome-wide association studies (GWAS) have consistently identified polymorphisms in the LRRK2 loci that associate with PD risk in sporadic populations (Satake et al., 2009; Simon-Sanchez et al., 2009; Sharma et al., 2012; Nalls et al., 2014). Thus, the genetic link of LRRK2 to PD is very strong, although understanding exactly how mutations contribute to PD risk is complicated. The penetrance of LRRK2 mutations is also incomplete (Lee et al., 2017), suggesting that gene-environment interactions likely contribute to individual risk (Pang et al., 2019).

With the proliferation of GWAS studies, interest in LRRK2 was not confined to the PD field for long. Inflammatory bowel disease (IBD) encompasses disorders including Crohn’s disease (CD) and ulcerative colitis (UC) that result from chronic inflammation of intestinal cells due to an abnormal host response to microbiota. The polymorphism rs11175593 located in the loci containing LRRK2 and MUC19 was first linked to CD following a meta-analysis of GWAS (Barrett et al., 2008). Further meta-analyses of GWAS data including both CD and UC patients, identified rs11564258 at the same loci, confirming the significant association with candidate genes LRRK2 and MUC19 and the risk of IBD (Franke et al., 2010). The rs11564258 polymorphism is only one association out of ∼160, that collectively explain only ∼20% of the variance of IBD (Franke et al., 2010). Nonetheless, in a study using a European population, this SNP had one of the highest risk odds ratios, second only to IL23R for IBD patients compared to controls (Franke et al., 2010). Like PD however, LRRK2 genetic variation in IBD may display ethnic specificity with common European ancestry LRRK2 polymorphisms as an example, failing to associate with IBD in an east Asian cohort (Liu et al., 2015). Indeed, an alternate non-synonymous SNP rs3761863, encoding M2397T LRRK2, seems more associated with CD risk in Asian populations (Liu T. C. et al., 2017). With interest in the role of LRRK2 in CD increasing, Hui and colleagues recently performed whole exome sequencing of an Ashkenazi Jewish cohort with CD, leading to the discovery of the non-synonymous variant rs33995883 encoding LRRK2 N2081D (Hui et al., 2018). The N2081D mutation has an odds ratio of 1.3 and is located in the kinase domain of LRRK2, potentially adding to the number of pathogenic kinase activating mutations in this domain. Interestingly, the association signal from previous GWAS identified LRRK2 SNPs was dependent on the N2081D mutation (Hui et al., 2018). Moreover, the authors also identified a protective haplotype involving the N551K and R1398H LRRK2 variants, previously detected for PD. That both PD and CD share LRRK2 risk alleles is of interest and leads to questions regarding how LRRK2 variants may influence progression of one disease or the other. It would also be of interest to determine if LRRK2 is the sole PD risk gene that overlaps with IBD, or if other familial PD genes confer shared risk.

Leucine-rich repeat kinase 2 has also been genetically linked to Leprosy, a chronic dermato-neurological disorder caused by long-term infection with Mycobacterium leprae. Based on the clinical symptomology resulting from bacterial load and individual immune responses, leprosy acts as a spectrum of disease ranging from paucibacillary to multibacillary subtypes (Gaschignard et al., 2016). GWAS analysis of a Han Chinese cohort first suggested an association of LRRK2 rs1873613 with Leprosy per se, and in particular a significant association of LRRK2 rs1491938 with the multibacillary form of leprosy (Zhang F. R. et al., 2009). Additional studies have supported the association of LRRK2 variants with Leprosy outcomes, however results are not always consistent across populations or Leprosy subtypes (Wong et al., 2010; Grant et al., 2012; Marcinek et al., 2013; Wang et al., 2015), with analysis presumably complicated by the lower sample sizes available for study of this rarer disease. In ∼30% of patients, Leprosy is associated with acute inflammatory reactions that can lead to debilitating outcomes, in particular pro-inflammatory type-1 reactions (T1R) (Naafs and Van Hees, 2016). Fava and colleagues compared LRRK2 polymorphisms between Leprosy patient families affected and free from type-1 reactions, and concluded that the majority of GWAS reported LRRK2 polymorphisms were actually associated with T1R susceptibility within Leprosy, rather than Leprosy susceptibility per se (Fava et al., 2016). The largest association with T1R susceptibility was the rs3761863 SNP previously identified for CD, that encodes the LRRK2 M2397T variant (Fava et al., 2016). However, in a replication study, the same authors demonstrate that the main association between LRRK2 and T1R susceptibility, is actually provided by a protective variant (R1628P) enriched in T1R-free subjects (Fava et al., 2019). Thus, as for PD and IBD, the genetics underlying LRRK2 susceptibility to Leprosy or subsequent complications, likely involves a complex interplay of both risk and protective alleles.



LRRK2 IS HIGHLY EXPRESSED IN INNATE IMMUNE CELLS

The expression of LRRK2 in different tissue types has been extensively studied, with the conclusion that the highest levels are found in peripheral immune cells. In particular, neutrophils and myeloid cells, including monocytes and dendritic cells, express high levels of LRRK2 mRNA (Figure 2). The expression of LRRK2 in monocytes has been assessed at the protein level with the non-classical CD14+CD16+ pro-inflammatory monocytes expressing LRRK2 the highest (Gardet et al., 2010; Thevenet et al., 2011; Moehle et al., 2015). For lymphoid cells, human CD19+ B cells and murine B-2 cells show LRRK2 protein expression (Thevenet et al., 2011), whereas T lymphocytes (CD4+, CD3+, and CD8+) and natural killer cells do not highly express LRRK2 protein, at least under innocuous conditions. That is to say that the expression of LRRK2 protein in immune cells is inducible, particularly by interferon gamma (IFNγ) stimulation, where the LRRK2 promoter has a conserved binding site for IFN response factors (Gardet et al., 2010). Increased LRRK2 protein has also been observed following stimulation of mouse macrophage cells with the toll-like receptor (TLR) 4 agonist lipopolysaccharide (LPS) (Hakimi et al., 2011). These studies were performed prior to the discovery of LRRK2 substrates so it remains to be determined how LPS and IFNγ impact on LRRK2 activity. Thus, the expression pattern of LRRK2 in immune cell types may be altered under pathophysiological conditions. This is evident from immunophenotyping of PD patient PBMCs, which indicates increased LRRK2 protein in PD patient monocytes (Bliederhaeuser et al., 2016; Cook et al., 2017). Moreover, an increased induction of LRRK2 protein was observed in CD8 + T cells from PD patients following stimulation with IFNγ (Cook et al., 2017). LRRK2 protein was also significantly increased in neutrophils from PD patients (Atashrazm et al., 2019), while LRRK2 mRNA transcription was increased in B cells from patients with systemic lupus erythematosus (SLE) (Zhang et al., 2019), and in macrophages and dendritic cells localized in inflamed intestinal tissue biopsies from CD patients (Gardet et al., 2010).
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FIGURE 2. LRRK2 expression in immune cells. Transcript per million (TPM) levels of LRRK2 in different white blood cell immune types. Data was extracted from the human protein atlas (Uhlen et al., 2015) https://www.proteinatlas.org/ENSG00000188906-LRRK2.


Leucine-rich repeat kinase 2 is also expressed in the central nervous system (CNS), although the relative expression across different cell types and/or brain regions has been more difficult to ascertain, largely due to specificity issues and reproducibility when using LRRK2 antibodies in fixed brain tissue (Davies et al., 2013). With these caveats in mind, assessment of post-mortem human brain suggests that LRRK2 protein is expressed at low levels in neurons, with the highest expression in astrocytes (Dzamko et al., 2017). Transcriptomic analysis of purified brain cell populations from humans and mice also show robust detection of LRRK2 transcripts in astrocytes and neurons, with substantially lower detection in microglia (Zhang et al., 2014; Booth et al., 2017). Given the high expression in peripheral monocytes, it was generally expected that LRRK2 would also be prevalent in microglia, the resident immune cells of the brain. However, consensus regarding the expression of LRRK2 in microglia is less clear. In initial studies, LRRK2 protein could be detected in murine microglia following acute LPS administration, but not under normal conditions (Moehle et al., 2012). By immunoblotting of primary cultures, low levels of LRRK2 could be detected in microglia from rodents, and this could be further induced with LPS treatment (Moehle et al., 2012). However, more recently and using chronic systemic LPS administration, LRRK2 protein could not be detected and was not upregulated in microglia from transgenic LRRK2 mutation overexpressing mice (Kozina et al., 2018). Studies of post-mortem human brain have also failed to convincingly demonstrate robust LRRK2 expression in microglia (Higashi et al., 2007; Hakimi et al., 2011; Sharma et al., 2011; Dzamko et al., 2017). These studies are additionally complicated by difficulties in accurately separating microglia from high LRRK2 expressing myeloid cells, which are present in blood vessels and may further infiltrate brain tissue under pathological conditions. Thus, if LRRK2 is present in microglia it appears to be at a very low level, at least under normal conditions. A low expression level does not discount biological relevance however, and it is currently unknown whether LRRK2 is upregulated in glia cells in neuroinflammatory disorders.



LRRK2 IS LINKED TO INNATE IMMUNE SIGNALING PATHWAYS

Both the genetics and expression pattern of LRRK2 have provided impetus for research into specific functions of LRRK2 in innate immune signaling pathways. Although many details remain to be determined, studies on both circulating and infiltrating myeloid cells in mice and humans have already implicated LRRK2 in a number of such pathways (Figure 3).
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FIGURE 3. LRRK2 function in immune pathways. Overview of a myeloid cell outlining the innate immune inflammatory pathways in which LRRK2 has been reported to function in.




LRRK2 AND TOLL-LIKE RECEPTOR SIGNALING

Toll-like receptors (TLRs) are a family of transmembrane proteins that recognize both pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) through binding to their leucine-rich repeat domain (Kawai and Akira, 2011). The classical TLR signal transduction cascade comprises of two different downstream pathways. One, through the myeloid differentiation primary response 88 (MyD88) adaptor protein, increases kinase activity of mitogen activated protein kinase (MAPK) and IκB kinase (IKKα/β) pathways leading to activation of activator protein 1 (AP-1) and nuclear factor kappa B (NFκB) transcription factors and subsequent inflammatory cytokine production. The second, TIR-domain-containing adaptor inducing IFNβ (TRIF)-dependant pathway increases kinase activity of IKKε and tank binding kinase 1 (TBK1) leading to activation of the interferon regulatory factors (IRF3/7) and subsequent production of type 1 IFN. All TLRs signal through the MyD88 protein except TLR3, which recognizes double stranded viral RNA and signals through the TRIF adaptor protein. TLR4, the receptor for LPS, can signal through both MyD88 and TRIF pathways (Dzamko, 2017). Importantly though, these downstream pathways are not mutually exclusive, and crosstalk exists (Clark et al., 2011). Indeed, activation of MyD88-dependent TLRs results in the direct phosphorylation of LRRK2 at Ser910 and Ser935 by IKKε and TBK1 (Dzamko et al., 2012). The Ser910 and Ser935 phosphorylation sites mediate interaction of LRRK2 with 14-3-3 family adaptor proteins, which might be important for the LRRK2 subcellular localization (Nichols et al., 2010). Indeed, activation of TLR4 with LPS causes a redistribution of LRRK2 to membrane structures (Schapansky et al., 2014), and LRRK2 localizes to phagosome structures in monocytes infected with S. typhimurium (Gardet et al., 2010). LRRK2 is also required for co-recruitment of Rab proteins to late phagosomes in human IPS-derived macrophages exposed to different TLR2 and TLR4 activating pathogens (Lee et al., 2019). Further details of what occurs downstream of LRRK2 in TLR signaling remain to be elucidated, but phosphorylation of substrate Rab proteins is likely of interest given the published roles they may play in TLR biology (Wang et al., 2010; Luo et al., 2014). A number of studies have also linked LRRK2 to direct regulation of MAPK (White et al., 2007; Gloeckner et al., 2009; Reinhardt et al., 2013) and NFκB (Russo et al., 2015; Lopez De Maturana et al., 2016; Han et al., 2017) signaling pathways, which may have implications for TLR-mediated inflammatory cytokine production. Omics meta-analysis has also linked LRRK2 to dual specificity phosphatases (DUSPs), DUSP1 and DUSP16 in TLR4 signaling, serving as a potential DUSP-mediated hub in this immune modulating pathway (Subbannayya et al., 2019). Thus, biochemical and functional studies clearly link LRRK2 to TLR signaling, with obvious potential implications for LRRK2 function in inflammatory diseases. Moreover, in the context of PD, the pathological α-synuclein protein has been reported to activate TLRs (Beraud and Maguire-Zeiss, 2012) and it will be of interest to determine if TLR activation results in increased LRRK2 activity.



LRRK2 AND C-TYPE LECTIN SIGNALING

C-type lectin receptors (CLRs) are large superfamily of proteins, often predominantly expressed on myeloid cells, that function as pattern recognition receptors and regulate immunity upon detecting a diverse array of self and non-self ligands (Brown et al., 2018). Like TLR activation, CLR activation also promotes a pro-inflammatory phenotype via activation of NFκB. Using transgenic mice overexpressing LRRK2 it was demonstrated that increased LRRK2 potentiated NFκB-mediated inflammation downstream of the dectin-1 CLR. Activation of dectin-1 with the glucan zymosan resulted in potentiated production of pro-inflammatory cytokines from bone marrow derived dendritic cells of transgenic mice, that was not observed with selective activation of TLR2 (Takagawa et al., 2018). LRRK2 is also reported as a regulator of nuclear factor of activated t cells (NFAT)-dependent cytokine production. Zymosan treatment of LRRK2 knockout bone marrow derived macrophages resulted in higher levels of IL-12 and IL-6 compared to wild type, and again this was not seen with selective activation of TLR2 (Liu et al., 2011). Infection of mouse bone-marrow derived dendritic cells with Aspergillus fumigatus also resulted in the downregulation of LRRK2 protein and increased NFAT transcriptional activity (Wong et al., 2018). However, overexpression of LRRK2 has also been demonstrated to increase NFAT transcriptional activity in bone marrow derived dendritic cells (Takagawa et al., 2018), complicating the original interpretation of LRRK2 as a negative regulator of NFAT. Zymosan has also been shown to increase LRRK2 Ser910 andSer935 phosphorylation and LRRK2 localization (Dzamko et al., 2012; Lee et al., 2019), although these effects are potentially mediated via TLR2 rather than dectin-1.



LRRK2 AND INFLAMMASOME SIGNALING

Inflammasomes are multiprotein signaling complexes that also play a key role in pathogen recognition and innate immunity that have predominantly been studied in monocytes, macrophages and microglia. Canonical inflammasome activation causes cleavage of pro-caspase 1, which in turn cleaves precursor pro-IL-1β and pro-IL-18, leading to release of the respective biologically active cytokines (Latz et al., 2013). Inflammasome complexes are grouped based on the different pattern recognition receptors (PRRs) that act as the sensor molecules (Guo et al., 2015). In particular, LRRK2 has been reported as an essential component for the complete activation of NLR family CARD domain-containing protein 4 (NLRC4) inflammasome in mice infected with S. typhimurium (Liu W. et al., 2017). Moreover, LRRK2 was shown to phosphorylate NLRC4 at Ser533 (Liu W. et al., 2017), a key residue for inflammasome formation (Qu et al., 2012). The interaction between LRRK2 and NLRC4 was mediated via interaction of the WD40 domain of LRRK2 and the LRR domain of NLRC4 (Liu W. et al., 2017). These findings were specific for NLRC4, as LRRK2 did not modulate the function of the NLRP3 inflammasome. Intriguingly, inhibition of the NLRP3 inflammasome, rather than NLRP4 have had recent success in treating rodent models of Parkinson’s disease (Gordon et al., 2018). Thus, further work to understand the function of LRRK2 in broader inflammasome activation and the consequence for LRRK2-implicated inflammatory diseases will be of interest.



LRRK2 AND RECEPTOR INTERACTING PROTEIN KINASE SIGNALING

LRRK2 is located in the seven-member ser/threonine receptor interacting protein kinase (RIPK) branch of the human kinome, with LRRK2 alternately classified as RIPK7 (Dzamko and Halliday, 2012). Most RIPK family members have known roles in immunity and the regulation of cell death pathways (Zhang et al., 2010), and it has been regarded that LRRK2 may have common conserved biological functions. The best studied RIPK family member is RIPK2, which is recruited to the intracellular pathogen sensing nucleotide-binding oligomerization domain-containing protein 2 (NOD2) receptor upon its association with the bacterial peptidoglycan muramyl dipeptide. This binding results in an NFκB-mediated inflammatory cytokine response (Inohara et al., 2003). Like LRRK2, mutations in RIPK2 and NOD2 are also associated with increased susceptibility to Crohn’s disease (Hugot et al., 2001; Ogura et al., 2001; Umeno et al., 2011). In overexpression experiments, LRRK2 has been shown to physically interact with RIPK2, and LRRK2 kinase activity promoted phosphorylation of RIPK2 on Ser176 (Yan and Liu, 2017), a reported RIPK2 regulatory autophosphorylation site (Dorsch et al., 2006). LRRK2 also interacts with RIPK1, a signal transducer downstream of death receptors. In particular, it has been demonstrated that LRRK2 co-immunoprecipitates with the death domain containing proteins RIPK1, FADD and TRADD (Ho et al., 2009). The interaction between LRRK2 and RIPK1 was increased following TNFα-mediated induction of RIPK1-dependent apoptosis (Amin et al., 2018). Moreover, the use of LRRK2 siRNA and LRRK2 KO MEFS demonstrated a requirement for LRRK2 in the formation of a distinct insoluble and ubiquitinated RIPK1 intermediate, that specifically promoted RIPK1-dependent apoptosis (Amin et al., 2018). This concept is analogous, but distinct, from RIPK1 modulating RIPK3 activity to promote TNFα-mediated necroptosis (Zhang D. W. et al., 2009), and is of interest as RIPK1 is also a potential therapeutic target for inflammatory diseases including PD (Yuan et al., 2019).



LRRK2 BIOLOGICAL FUNCTION IN INNATE IMMUNITY

Given the high expression in myeloid cells and links to innate immune signaling pathways, immune studies of LRRK2 gain and loss of function have particularly focused on the host response to pathogens (Figure 4).
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FIGURE 4. Biological consequences of LRRK2 function. LRRK2 mutations or increased levels that lead to a gain of function are generally associated with potentiated immune responses, whereas LRRK2 loss of function is more associated with an impaired host-immune response to pathogens. How gain or loss of LRRK2 function influences immune outcomes is largely dependent on the pathogen and cell type being studied.




LRRK2 AND INFLAMMATORY CYTOKINES

Although initial studies using LRRK2 KO mouse macrophages showed no effect on TLR-mediated inflammatory cytokine secretion (Hakimi et al., 2011; Dzamko et al., 2012), the extent to which LRRK2, and/or activity modulating LRRK2 variants may contribute to inflammatory cytokine levels continues to be investigated. In people, higher levels of serum IL-1β, TNFα, IL-6, IL-10, and MCP1 were observed in only a subgroup of asymptomatic carriers of the LRRK2 G2019S mutation (Dzamko et al., 2016). Once PD is manifesting, patients with the LRRK2 G2019S mutation do not appear to have higher inflammatory cytokine levels than idiopathic patients (Dzamko et al., 2016; Ahmadi Rastegar et al., 2019). This, along with the fact that LRRK2 G2019S is not fully penetrant for disease, may suggest that LRRK2 mutations themselves do not drive inflammatory pathway activation, but rather may modulate responses to inflammatory pathway activation. Indeed, some evidence is suggestive of a role for LRRK2 to potentiate inflammatory cytokine responses downstream of pattern recognition receptors. In particular, transgenic mice overexpressing the R1441G mutation show a marked increase in peripheral levels of cytokines IL-6, IFNγ, IL-10, CCL5, M-CSF, and G-CSF following systemic LPS administration (Kozina et al., 2018). A similar result of potentiated inflammatory cytokines was obtained with LPS treated primary cells from R1441G transgenic mice (Gillardon et al., 2012). However, potentiated cytokine profiles were not observed in studies employing LPS treated G2019S transgenic mice (Moehle et al., 2015; Litteljohn et al., 2018), or G2019S mouse macrophages infected with S. typhimurium (Shutinoski et al., 2019). Thus, it seems that context is important for LRRK2 immunological responses and perhaps unsurprisingly, responses may differ between mutations, species and nature of the stimuli. Outside of TLR activation, LRRK2 has also been implicated in modulating the inflammatory cytokine levels in response to CLR and inflammasome agonists. Stimulation of transgenic LRRK2 overexpressing bone marrow derived dendritic cells with dectin agonists, ZymD, heat killed S. cerevisiae and heat killed C. albicans resulted in increased production of TNFα, IL-23, and IL-2 (Takagawa et al., 2018). Bone marrow derived macrophages from G2019S LRRK2 transgenic mice also showed increased production of IL-1β following activation of the NLRC4 inflammasome with S. typhimurium (Liu W. et al., 2017), and both the G2019S and R1441C LRRK2 mutations increased NFκB activation and IL-8 production following stimulation of transfected HEK293 cells with IL-1β (Han et al., 2017). Thus, although still inconclusive, at least some collective evidence to date points toward a potentiated response to inflammatory stimuli when LRRK2 is upregulated and/or activated.



LRRK2 AND PATHOGEN CLEARANCE

As well as the inflammatory response to pathogens, there has also been informative research conducted into how LRRK2 function may modulate the clearance of intracellular pathogens. Initial studies using siRNA knockdown of LRRK2 in RAW macrophage cells demonstrated that reduced LRRK2 protein was associated with impaired clearance of S. typhimurium, likely due to an impaired antibacterial response to generate reactive oxygen species (Gardet et al., 2010). Impaired clearance of S. typhimurium was also observed in vivo using LRRK2 knockout mice, which were more markedly more susceptible to infection and unable to mount a sufficient inflammasome response (Liu W. et al., 2017). Intriguingly, mice with the G2019S LRRK2 mutation showed improved bacterial control of S. typhimurium (Shutinoski et al., 2019), adding to suggestions that some LRRK2 mutations may constitute an evolutionary advantage against infection (Herbst and Gutierrez, 2019). Indeed, LRRK2 kinase activity has also been associated with improved clearance of M. tuberculosis (Hartlova et al., 2018) and protective alleles identified that improve clearance of M. leprae (Fava et al., 2019). However, context again appears to be important with LRRK2 knockout mice showing increased susceptibility to L. monocytogenes (Zhang et al., 2015). That the host response to different pathogens that infect different cell types in different manners can be either positively or negatively impacted by LRRK2 function certainly complicates research in this area. In terms of mechanistic insight, studies to date suggest that LRRK2 may modulate the uptake, trafficking and lysosomal degradation of pathogens, impact upon mitochondrial function thereby reducing the capacity of reactive oxygen species to target pathogens and/or modulate inflammatory responses through the regulation of immune signaling pathways such as the inflammasome (Gardet et al., 2010; Zhang et al., 2015; Liu W. et al., 2017; Hartlova et al., 2018; Herbst and Gutierrez, 2019; Lee et al., 2019).



LRRK2 AS A POTENTIAL THERAPEUTIC TARGET FOR INFLAMMATORY DISEASE

Since the original biochemical discoveries that the LRRK2 G2019S PD pathogenic mutation increased kinase activity, there has been a sustained effort to develop clinically applicable small molecule LRRK2 kinase inhibitors. The development of LRRK2 kinase inhibitors has indeed progressed remarkably, and after a decade of research the DNL201 LRRK2 kinase inhibitor from Denali Therapeutics recently entered phase 1a clinical trials in healthy volunteers. Although this was a small trial and potential long-term side effects are unknown, primary outcomes were promising in showing that acute LRRK2 inhibition is tolerated (Zhao and Dzamko, 2019). DNL201 has now entered a phase 1b study employing PD patients with mild to moderate disease, with and without LRRK2 mutations. A second LRRK2 inhibitor from Denali Therapeutics, DNL-15 is also being tested in a phase 1 study of healthy volunteers and outcomes from these trials are awaited with anticipation. Despite the impressive advances in regard to LRRK2 kinase inhibitors however, the exact LRRK2 biological functions and thus consequences of its pharmacological inhibition are not clear, particularly over a long term. In regard to the immune system, anti-inflammatory properties of LRRK2 inhibitors may contribute to a disease modifying mechanism for PD, potentially via down regulation of microglia or modulating peripheral immunity. With increasing evidence that interplay between genetics and peripheral immunity influences PD risk, there may also be opportunities for earlier intervention in LRRK2 mutation risk carriers with higher levels of inflammation (Dzamko et al., 2016). Moreover, there is also emerging evidence that targeting LRRK2 in IBD patients may also have merit for modulating future PD risk (Rolli-Derkinderen et al., 2019). A key to understanding the therapeutic potential for targeting LRRK2 in the immune system for multifactorial diseases such as PD and IBD however, is likely to require a greater understanding of what initiates inflammation in the first place. As outlined above, the host response to some pathogens may actually be impaired by inhibiting LRRK2 with the potential to exacerbate disease. Model pathogens such as S. typhimurium or M. leprae are certainly of interest for understanding LRRK2 function in a defined context, but from an epidemiological viewpoint these would seem unlikely major initiators of PD or IBD. This in turn raises the question of how LRRK2 may modulate the response to more ubiquitous pathogens implicated in PD and IBD, such as gut microbiota (Houser and Tansey, 2017; Ni et al., 2017), periodontal microbes (Vavricka et al., 2013; Chen et al., 2017) or influenza virus (Sadasivan et al., 2017). This is likely an interesting area of future research.

Finally, it is noteworthy that not all therapeutic approaches targeting LRRK2 are small molecule kinase inhibitors. For example, anti-sense oligonucleotides have demonstrated efficacy via an ability to reduce LRRK2 levels in the brain of pre-clinical models (Zhao et al., 2017), and a phase 1 trial testing the safety and tolerability of a LRRK2 ASO therapy (BIIB094) is currently being conducted by Biogen and Ionis (NCT03976349). In this trial, the ASO will be administered intrathecally and avoid interfering with peripheral LRRK2. Indeed, there may be merit to designing unique approaches to target specific mutant forms of LRRK2 and/or target therapies to distinct tissues/cell populations. To facilitate such approaches though, a greater understanding of the role of LRRK2 in the immune system and how the enzyme modulates risk across inflammatory diseases still remains to be determined. Meanwhile, the outcomes of current LRRK2 therapeutic trials will be watched with great interest.
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The leucine-rich repeat kinase 2 (LRRK2), the most common causative gene for autosomal-dominant familial Parkinson’s disease, encodes a large protein kinase harboring multiple characteristic domains. LRRK2 phosphorylates a set of Rab GTPases in cells, which is enhanced by the Parkinson-associated LRRK2 mutations. Accumulating evidence suggests that LRRK2 regulates intracellular vesicle trafficking and organelle maintenance including Golgi, endosomes and lysosomes. Furthermore, genetic knockout or inhibition of LRRK2 cause lysosomal abnormalities in rodents and primates, and cells from Parkinson’s patients with LRRK2 mutations also exhibit altered lysosome morphology. Cell biological studies on LRRK2 in a diverse cellular context further strengthen the potential connection between LRRK2 and regulation of the endolysosomal system, part of which is mediated by Rab phosphorylation by LRRK2. We will focus on the latest advances on the role of LRRK2 and Rab in relation to the endolysosomal system, and discuss the possible link to the pathomechanism of Parkinson’s disease.
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INTRODUCTION

Mutations in leucine-rich repeat kinase 2 (LRRK2) gene cause late-onset, autosomal-dominant forms of Parkinson’s disease (PD) (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). To date, at least seven missense mutations (N1437H, R1441C/G/H, Y1699C, G2019S, I2020T) have been identified as definitely causal, and G2019S is the most frequent mutation among them. The pathology of PD is characterized by the loss of midbrain dopaminergic neurons as well as the formation of Lewy bodies, the cytoplasmic inclusion composed primarily of α-synuclein filaments. Importantly, a majority of familial PD patients harboring LRRK2 mutation display an accumulation of Lewy bodies in affected brain lesions, although a range of heterogeneity (i.e., some cases are Lewy body predominant, while others exhibit tau deposits or lack specific intraneuronal inclusions) characterizes the neuropathology of LRRK2 mutant PD (Khan et al., 2005; Kalia et al., 2015). The link of LRRK2 to sporadic PD has also been suggested by a set of genome-wide association studies (GWAS) where common variants around LRRK2 gene have been identified as a risk factor of PD (Satake et al., 2009; Simón-Sánchez et al., 2009; Lill et al., 2012). In addition, activation of LRRK2 kinase has been implicated in sporadic PD and non-LRRK2 PD models (Di Maio et al., 2018), placing LRRK2 in more common pathway for PD manifestation. Thus, elucidating the role of LRRK2 in pathological as well as physiological situations may provide hints for the establishment of rational strategy to treat PD.

In addition to PD, previous GWAS have also identified LRRK2 in a susceptible locus for Crohn’s disease (Barrett et al., 2008) and leprosy (Zhang et al., 2009), both of which are immune-related disorders. Some functional variants in LRRK2 gene influencing the disease risk are shared between Crohn’s disease and PD (Hui et al., 2018). Another study has also pointed to a genetic association between LRRK2 and susceptibility to systemic lupus erythematosus (SLE) (Zhang et al., 2017). Consistently, LRRK2 is considered to be involved in a wide range of disorders affecting both brain and periphery.

LRRK2 is a multidomain protein kinase harboring several characteristic domains, such as ankyrin repeats, LRR (leucine-rich repeat), ROC (Ras of complex), COR (C-terminal of ROC), WD40 and kinase domains. Due to the presence of a tandem ROC-COR domain, LRRK2 is classified as a member of the ROCO protein family (Bosgraaf and Van Haastert, 2003). LRRK2 expression is detected in a broad range of organs and tissues including brain, and is especially high in kidney, lung and spleen (Biskup et al., 2007; Li et al., 2007; Maekawa et al., 2010) as well as in immune cells (Gardet et al., 2010; Maekawa et al., 2010). In the central nervous system, LRRK2 is expressed in a subset of neurons including those in the substantia nigra (Biskup et al., 2006; Hatano et al., 2007), but is reported to be more highly expressed in astrocytes and microglia (Henry et al., 2015). In immune cells, LRRK2 expression is especially high in macrophages, B cells and neutrophils (Biskup et al., 2007; Li et al., 2007; Gardet et al., 2010; Maekawa et al., 2010; Fan et al., 2018). A noteworthy finding is that the expression of LRRK2 in macrophages is potently induced by IFN-γ stimulation (Gardet et al., 2010). These expression patterns point to variable roles of LRRK2, such as immune-related functions.

Within cells, LRRK2 is known to be predominantly distributed throughout the cytoplasm (West et al., 2005), whereas biochemical fractionation studies have shown that at least a portion is associated with membranes, suggesting the localization to specific organelles or membrane microdomains (Hatano et al., 2007; Berger et al., 2010; Schapansky et al., 2014). However, immunocytochemical or ultrastructural analyses have not provided consistent results for the LRRK2 localization; the possible subcellular locations include Golgi, mitochondria, endosomes, lysosomes, endoplasmic reticulum (ER), multivesicular bodies, amphisomes and autolysosomes (Biskup et al., 2006; Hatano et al., 2007; Alegre-Abarrategui et al., 2009; Vitte et al., 2010). We have detected the endogenous LRRK2 on a portion of enlarged lysosomes, which was observed in ∼0.1-1% of total healthy cells or in a majority of cells treated with chloroquine, by using three well-characterized antibodies (Eguchi et al., 2018). In any event, the following issues should be taken into account when interpreting the localization studies; first, overexpressed proteins often display non-physiological localization patters, and indeed LRRK2 tends to form aggregate- or skein-like structures in cells when overexpressed in cultured cells. Another issue is that, even when endogenous LRRK2 are analyzed by specific antibodies, their properties on immunocytochemical analyses are not necessarily defined. The endolysosomal localization of LRRK2 will be specifically discussed later in this article.

Endolysosomal system, especially lysosomes, has attracted much attention in the field of LRRK2 research, given the accumulating evidence that knocking out LRRK2 or introduction of pathogenic mutations causes lysosomal abnormalities in animals and cultured cells. In addition, dysregulation of endolysosomal system has been implicated more broadly in familial and sporadic PD other than LRRK2-related PD. For instance, the lysosomal enzyme glucocerebrosidase (GBA) and the lysosomal K+ channel TMEM175 are well-validated risk factors identified by GWAS of sporadic PD (Nalls et al., 2014; Chang et al., 2017; Blauwendraat et al., 2019; Iwaki et al., 2019). Also, the lysosomal P-type ATPase ATP13A2 (PARK9) and the retromer complex component VPS35 (PARK17) regulating endosome-to-Golgi transport are the products of the causative genes for familial PD or related diseases (Ramirez et al., 2006; Vilariño-Güell et al., 2011; Zimprich et al., 2011). The endolysosomes are further considered to play an important role in the aggregation or propagation of α-synuclein deposited in PD brains.

As the kinase activity of LRRK2 has been shown to be responsible for most of its functions in endolysosomes and other systems, a deeper understanding of the downstream of LRRK2 kinase activity is critical. The substrates of LRRK2 in cells have long been enigmatic until the identification of a set of Rab GTPases (Steger et al., 2016). Small Rab GTPases are the key regulators of intracellular vesicle trafficking, constituting the largest family in the Ras-related small GTPase superfamily. More than 60 different Rabs have been identified in humans, but it is noteworthy that the substrates of LRRK2 are limited to a small proportion, e.g., Rab8 and Rab10 (Steger et al., 2016, 2017). The importance of this phosphorylation is particularly highlighted by the finding that LRRK2 pathogenic mutations commonly augment its activity to phosphorylate these Rab GTPases. Thus, elucidating the role and significance of Rab phosphorylation is vital to understand the pathways leading to PD as well as the basic biology of LRRK2, including those in endolysosomes. In this article, we aim to summarize our current understanding about the relationship among LRRK2, Rab, and endolysosomal system, and discuss the possible involvement of the dysregulation of this system in the pathomechanism of PD.



THE ROLE OF LRRK2 IN LYSOSOMAL HOMEOSTASIS

Lysosomes are membrane-enclosed organelles that play essential roles in many cellular processes including cell growth, division and differentiation (Pu et al., 2016; Lawrence and Zoncu, 2019), whereas they have classically been established as terminal digestive system degrading materials from both inside and outside of the cells (de Duve, 2005). Lysosomes contain a series of acid-dependent hydrolases as well as highly glycosylated integral membrane proteins. Similar properties are shared with a set of cell type-specific compartments called “lysosome-related organelles,” such as melanosomes and lung lamellar bodies (Dell’Angelica et al., 2000). The relationship between lysosome and LRRK2 has been particularly highlighted over the past years, since a number of studies have reported the lysosomal pathology in Lrrk2 knockout (KO) animals, such as age-dependent accumulation of autofluorescent lipofuscin granules that are composed of undigested materials derived from lysosomes (Tong et al., 2010, 2012; Herzig et al., 2011; Hinkle et al., 2012; Baptista et al., 2013; Ness et al., 2013; Boddu et al., 2015; Fuji et al., 2015; Kuwahara et al., 2016). Indeed, detailed histopathological analyses have demonstrated a marked enlargement of lysosomes or lysosome-related organelles (called lamellar bodies) in the kidney or lung of Lrrk2 KO rodents (Herzig et al., 2011; Baptista et al., 2013; Fuji et al., 2015). Treatment with LRRK2 kinase inhibitors of non-human primates also induced abnormal cytoplasmic accumulation of lamellar bodies in type II pneumocytes of the lung (Fuji et al., 2015). Thus, there is little doubt that the physiological function of LRRK2 is related to the maintenance of lysosomal morphology or functions.

The close relationship between LRRK2 and lysosomes has already been described earlier in LRRK2 research. For example, neurons overexpressing pathogenic mutant LRRK2 accumulate phospho-tau-positive lysosomal inclusions (MacLeod et al., 2006), and LRRK2 is localized to membranous and vesicular structures, including lysosomes and endosomes, in mammalian brains (Biskup et al., 2006). Later on, the lysosomal regulation by LRRK2 have been increasingly described using various cellular systems and model organisms. In Drosophila, an ortholog of LRRK2 (Lrrk) localizes to the endolysosomal membranes and negatively regulates Rab7-dependent perinuclear localization of lysosomes (Dodson et al., 2012). In addition, Lrrk loss-of-function flies display the accumulation of markedly enlarged lysosomes that are laden with undigested contents (Dodson et al., 2014). In mouse primary astrocytes, overexpressed LRRK2 localizes primarily to lysosomes and regulates the size of lysosomes through its kinase activity (Henry et al., 2015). Mouse primary neurons harboring LRRK2 G2019S mutation also display altered lysosomal morphology, such as the reduction of lysosomal size and the increase in the number and total area of lysosomes (Schapansky et al., 2018). In our hands, endogenous LRRK2 in mammalian cells negatively regulated the enlargement of overloaded lysosomes (Eguchi et al., 2018), consistent with the above studies. In relation to PD, the disruption of lysosomal morphology was observed in fibroblasts from PD patients harboring the G2019S mutation (Hockey et al., 2015).

The reported effects of LRRK2 on lysosomal morphology in vivo or in cultured cells are summarized in Table 1. Knocking out LRRK2 caused lysosomal enlargement in most experiments, whereas the effect of pathogenic mutant LRRK2 (e.g., G2019S) on lysosome size and number is not consistent among studies, which may be due to a variety of experimental conditions including differences in cells/tissues or methods of gene manipulations (overexpression, knockin, etc.). Nonetheless, these studies consistently showed that the effects on lysosomes by LRRK2 is dependent on its kinase activity. Taken together, these studies suggest that LRRK2 kinase plays a pivotal role in the regulation or maintenance of lysosomal homeostasis.


TABLE 1. Representative studies on the effect of LRRK2 onlysosome morphology.
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LRRK2, ENDOLYSOSOMAL TRAFFICKING AND AUTOPHAGY

Substances destined for degradation are transported into lysosomes mostly through two distinct processes: the endocytosis of extracellular materials and autophagy of intracellular components. These two processes are dynamically regulated by membrane transport (Saftig and Klumperman, 2009), and LRRK2 has been implicated in both processes. Regarding the endocytosis pathway, Gomez-Suaga et al. (2014) have shown that the overexpression of pathogenic mutant LRRK2 delays endosomal trafficking of the epidermal growth factor receptor (EGFR) by decreasing Rab7 activity-mediated late endosomal budding. Additionally, their recent study has shown that LRRK2-mediated inhibition of Rab8a also is involved in this impaired EGFR trafficking by interfering its recycling (Rivero-Rios et al., 2019).

The affected cargoes are not likely restricted to EGFR, as it has been demonstrated that LRRK2 controls the vesicular endosomal trafficking of major lysosomal membrane proteins (LMPs), such as LAMP1, LAMP2, or LIMP2, to lysosomes through regulation of the adaptor protein complex 3 (AP-3) (Kuwahara et al., 2016). Actually, LRRK2 can bind β3A subunit of the AP-3 complex, and genetic interaction between the orthologs of LRRK2 and AP-3 was revealed in Caenorhabditis elegans in terms of the regulation of axon termination. Of note, the endosomal trafficking of LIMP2, a cargo of AP-3 complex, may be particularly important in relation to the pathomechanism of PD, given that LIMP2 is selectively responsible for the intracellular transport of a lysosomal enzyme β-glucocerebrosidase (βGC), a major risk factor for developing PD, to lysosomes through direct binding (Reczek et al., 2007; Saftig and Klumperman, 2009), and that LIMP2 deficiency in mice leads to α-synuclein accumulation as well as the reduction of lysosomal βGC activity (Rothaug et al., 2014). Also, SCARB2 gene that encodes LIMP2 has been identified at a PD risk locus (Do et al., 2011; Michelakakis et al., 2012; Hopfner et al., 2013), and the recent study of age at onset of PD GWAS that is largest to date has confirmed SCARB2 as a risk gene (Blauwendraat et al., 2019).

In addition to endocytic pathway, LRRK2 appears to modulate other lytic pathways, such as phagocytosis and autophagy. Regarding phagocytosis, it has been shown that LRRK2 regulates the phagocytic activity in myeloid cells via WAVE2 complex, an actin-cytoskeletal regulator (Kim et al., 2018). Another study has reported that LRRK2 negatively regulates phagosome maturation in macrophages via the recruitment of the Class III phosphatidylinositol-3 kinase (PI3K) complex and Rubicon to the phagosomes (Hartlova et al., 2018). Although both studies clearly showed the involvement of LRRK2 kinase activity, its role in phagocytosis appears to be different; whereas LRRK2 activity facilitates the step of engulfment, it also suppresses phagosomal maturation at a later step.

Regarding autophagy (especially macroautophagy), a lysosome-mediated process of cytoplasmic degradation, a growing number of studies have suggested the involvement of LRRK2. Lrrk2 KO mice exhibit alterations in the levels of LC3-II and p62, a reliable autophagy marker and an autophagy substrate, respectively (Tong et al., 2010, 2012). In vitro studies have shown that the overexpression of G2019S LRRK2 in SH-SY5Y cells caused a marked increase in the LC3-positive autophagic vacuoles (Plowey et al., 2008), and the expression of LRRK2 in HEK293 cells also caused a similar increase in autophagosome formation (Gómez-Suaga et al., 2012). Knockdown of LRRK2 in cells stably expressing fluorescence-tagged LRRK2 increased autophagic activity and prevented the starvation-induced cell death (Alegre-Abarrategui et al., 2009), and the pharmacological inhibition of LRRK2 kinase activity similarly stimulated macroautophagy (Manzoni et al., 2013). In contrast, another study showed that knockdown of endogenous LRRK2 in macrophage or microglial cells decreased LC3-II levels and autophagy flux (Schapansky et al., 2014). Thus, it is not necessarily clear whether LRRK2 facilitates or suppresses the autophagy, and the mechanism of autophagy regulation by LRRK2 remains undefined.

In addition to macroautophagy, LRRK2 has been shown to be associated with the chaperon-mediated autophagy (CMA); whereas LRRK2 serves as a substrate of CMA, binding of PD-associated mutant LRRK2 with lysosomes in the presence of other CMA substrates adversely results in a defective CMA (Orenstein et al., 2013). Taken together with the data related to endocytosis and phagocytosis, LRRK2 appears to function at diverse steps of lytic processes involving lysosomes (Figure 1).
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FIGURE 1. Possible roles of LRRK2 in endolysosomal trafficking. In endocytic pathways, LRRK2 influences the endosomal trafficking of EGFR as well as lysosomal membrane proteins (LMPs). In phagocytosis in myeloid cells, LRRK2 modulates phagocytic activity via WAVE2 complex or phagosome maturation via PI3K complex and Rubicon. LRRK2 has also been reported to regulate macroautophagy and chaperon-mediated autophagy (CMA). EE, early endosome; LE, late endosome, MVB, multivesicular body; RE, recycling endosome; AP, autophagosome.




THE IMPACT OF RAB PHOSPHORYLATION BY LRRK2

Since LRRK2 kinase activity is considered as a key in the pathomechanisms of PD, much effort has been devoted to the identification of its substrates. The examples of reported cellular substrates include Endophilin A and ribosomal protein S15 (Matta et al., 2012; Martin et al., 2014), although further studies are warranted to validate the phosphorylation of these potential substrates. In 2016, Steger et al. (2016) have reported a subset of Rab GTPases as substrates of LRRK2 in cells. The subsequent and systematic analyses demonstrated that Rab3a-d, Rab5a-c, Rab8a/b, Rab10, Rab12, Rab29 (also known as Rab7L1), Rab35 and Rab43 are phosphorylated by LRRK2 at least upon overexpression (Steger et al., 2017). Other groups have also reported that Rab8, Rab10 and Rab29 behave as excellent substrates of LRRK2 in cells (Fujimoto et al., 2018; Liu et al., 2018; Madero-Perez et al., 2018a). At endogenous levels, LRRK2-mediated phosphorylation likely occurs on Rab3a-d, Rab8a/b, Rab10, Rab12, Rab35 and Rab43 (Steger et al., 2017). Phosphorylation site is located in the middle of switch II region of Rab GTPases, e.g., Thr72 in Rab8a, and the structurally equivalent sites in other Rabs, which is predicted to undergo a conformational change upon GTP/GDP binding. Notably, another study have reported that LRRK1, a paralog of LRRK2, phosphorylates Rab7 at Ser72 (Hanafusa et al., 2019), suggesting a strong functional connection between LRRK and the Rab family proteins.

Recent advances in the analysis of phosphorylation owes a great deal to the development of Phos-tag SDS-PAGE technique (Kinoshita et al., 2006). Researchers no longer need to raise phospho-specific antibodies but can use antibodies against the protein of interest, or even those against the common tags fused to the protein, for western blotting (Ito et al., 2016; Ito and Tomita, 2017). Because phosphorylation of a subset of Rab GTPases by LRRK2 can easily be detected by their co-expression followed by Phos-tag SDS-PAGE, these Rabs were verified to be excellent substrates of LRRK2 in cells. The phospho-specific antibodies selective for LRRK2-mediated phosphorylation are also being established, such as anti-phospho-Thr73 Rab10 (Thirstrup et al., 2017; Fan et al., 2018; Lis et al., 2018) or anti-phospho-Ser106 Rab12 (Thirstrup et al., 2017), and further development of such antibodies is awaited.

A noteworthy finding is that most of the pathogenic LRRK2 mutations commonly and potently enhance its activity to phosphorylate Rab GTPases (Steger et al., 2016; Fujimoto et al., 2018; Liu et al., 2018), leading us to hypothesize that Rab hyperphosphorylation may contribute to the pathogenesis of PD. Recent efforts have thus been focused on the elucidation of the role of phosphorylation of substrate Rabs, especially Rab8 and Rab10, in the physiological and pathological contexts. It has been shown that pathogenic LRRK2 mutations inhibit primary cilia formation that involves Rab8a (Steger et al., 2017) and Rab10 (Dhekne et al., 2018), whereas another group has reported that LRRK2 mutations caused centrosomal defects via phosphorylation of Rab8a (Madero-Perez et al., 2018a) and Rab10 (Ordonez et al., 2019) in dividing cells. Overexpression of both wild-type LRRK2 and Rab29 also caused the same defects (Madero-Perez et al., 2018b). Interestingly, centrosomal cohesion and ciliogenesis were both regulated by their phosphorylation-dependent recruitment to their effector, RILPL1 (Dhekne et al., 2018; Ordonez et al., 2019). Considering that ciliogenesis is controlled by centrosome-mediated regulations, these observations likely converge on a single pathway that could be affected by the hyperphosphorylated Rab8/10.

Regarding the effect of Rab phosphorylation on the endolysosomal system, Rivero-Rios et al. (2019) have reported that G2019S mutant LRRK2 interferes with endolysosomal trafficking of EGFR by impairing Rab8a function. We have reported that LRRK2-mediated phosphorylation of Rab8 and Rab10 functions to maintain lysosomal homeostasis upon overload stresses (Eguchi et al., 2018). That is, when cells are treated with chloroquine, a lysosomotropic agent that induces lysosomal overload by accumulating within its lumen, LRRK2 and Rab8/10 are targeted onto stressed lysosomes, repress lysosomal swellings and facilitates the extracellular secretion of lysosomal contents. These stress responses are positively regulated by LRRK2-mediated phosphorylation of Rab8/10, via recruiting their effectors EHBP1 and EHBP1L1 onto the overloaded lysosomes. We should note that chloroquine treatment induces the extremely diseased conditions in cells that contain swollen lysosomes with undigested materials; although this is different from healthy state, similar cellular pathology can be observed in aged animals (Cuervo and Dice, 2000).

The latter finding is different from the rest of above-mentioned observations in two contexts; first, the lysosomal overload is regulated by endogenous wild-type LRRK2, whereas other defects are induced by the pathogenic LRRK2 mutations or by co-overexpression of wild-type LRRK2 with Rab29. This difference may account for the distinct readouts of LRRK2 kinase activity in physiological and pathological conditions, respectively, although the nature of the deleterious effects of the pathogenic mutant LRRK2 on lysosomal overload has not been fully defined. Second, Rab phosphorylation appears to play an inhibitory role in the regulation of centrosomes or endolysosomal EGFR trafficking, whereas the phosphorylation at the same residue plays a promotive role to mitigate the lysosomal overload. These findings are not mutually contradictory; the differences may be explained by the use of different effector proteins (i.e., RILPL1 vs. EHBP1/EHBP1L1) or different subcellular compartment where each Rab is phosphorylated and accumulated (i.e., centrosomes vs. lysosomes).

In addition, there are also intriguing studies reporting the possible readouts of phosphorylation of substrate Rab GTPases by LRRK2, such as the promotion of lipid storage (Yu et al., 2018), trans-Golgi organization (Fujimoto et al., 2018), impaired mitophagy (Wauters et al., 2019), and α-synuclein propagation (Bae et al., 2018). Collectively, the roles and impacts of Rab phosphorylation are being uncovered (Figure 2).
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FIGURE 2. A “Rab29-LRRK2-Rab8/10 cascade” in the pathobiology of LRRK2. Rab29 on Golgi membranes or overloaded lysosomes recruits and activates LRRK2, which in turn causes LRRK2-mediated phosphorylation and recruitment of Rab8/10 at pricentrosomes/centrosomes or lysosomes. This Rab29-LRRK2-Rab8/10 molecular cascade resulted in the modulation of downstream events, such as centrosomal cohesion, ciliogenesis or lysosome maintenance, via recruiting each effector of Rab8/10. LRRK2 can also phosphorylate Rab29 to regulate trans-Golgi organization, and VPS35 mutation results in the activation of LRRK2. Other downstream events include Rab8a-mediated promotion of lipid storage, Rab10-mediated mitophagy regulation and Rab35-mediated promotion of α-synuclein propagation.




RELATIONSHIP BETWEEN RAB29 AND LRRK2

In contrast to Rab8 and Rab10 that act downstream of LRRK2, another LRRK2 substrate, Rab29 (Rab7L1), appears to function upstream of LRRK2. Rab29 was originally highlighted in PD research as a gene located within PD risk locus PARK16 (Satake et al., 2009), and the variants at PARK16 have been suggested to function coordinately with the common variants at LRRK2 locus to increase PD risk (MacLeod et al., 2013; Pihlstrom et al., 2015). Importantly, Rab29 KO mice share the key histological phenotypes of Lrrk2 KO mice, in terms of the accumulation of enlarged secondary lysosomes in the kidney proximal tubules (Kuwahara et al., 2016). This in vivo observation can be explained by our cell-based studies in which Rab29 recruits LRRK2 to the overloaded lysosomes to maintain lysosomal homeostasis (Eguchi et al., 2018). This recruitment by Rab29 is observed at an endogenous level, as knockdown of Rab29 prevented lysosomal localization of endogenous LRRK2. The observation that Rab29 acts upstream of LRRK2 was preceded by other studies showing that Rab29 recruits LRRK2 to the trans-Golgi network (TGN) or TGN-derived vesicles (MacLeod et al., 2013; Beilina et al., 2014) where Rab29 normally resides (Helip-Wooley and Thoene, 2004), and potently upregulates the LRRK2 kinase activity (Purlyte et al., 2018). Following this study, Madero-Perez et al. (2018b) have also shown that Rab29 recruits LRRK2 to the Golgi complex and causes centrosomal deficits, although the recruitment of LRRK2 to the Golgi by Rab29 was observed solely under overexpressed conditions. As the above-noted studies commonly showed that the recruitment of LRRK2 by Rab29 in turn results in the recruitment of Rab8 and Rab10 that are phosphorylated by LRRK2, this tandem flow of recruitment may work as the central “Rab29-LRRK2-Rab8/10 cascade” in the LRRK2 pathobiology (Figure 2).

It is not yet clear how Rab29 facilitates the recruitment and activation of LRRK2. Rab29 has been shown to directly bind LRRK2 (MacLeod et al., 2013; Beilina et al., 2014), and the binding site on LRRK2 has been mapped to the N terminus of LRRK2, such as the ankyrin repeats (Purlyte et al., 2018), armadillo repeats (Mcgrath et al., 2019) or HEAT domain that spans these repeats (Beilina et al., 2014). However, GTP-binding activity of Rab29 is unlikely to affect its interaction with LRRK2, although it should be noted that Rab29 is not likely a typical small GTPase; actually, a Rab29 mutant predicted to mimic the GTP-bound state (Q67N) unexpectedly showed low ability to retain GTP (Beilina et al., 2014), and that this mutant is diffusely distributed in the cytoplasm upon overexpression (MacLeod et al., 2013; Wang et al., 2014). A more recent study has shown that wild-type Rab29 poorly binds the nucleotide, is inefficiently prenylated, and is not bound to a guanine nucleotide dissociation inhibitor (GDI) in the cytosol (Gomez et al., 2019). Therefore, although LRRK2 functions under the control of Rab29, it functions independently of the classical Rab GTP/GDP switch mechanism and thus behaves differently from typical Rab effectors. Nonetheless, it has also been shown that GTP binding and membrane association of Rab29 are required for its ability to activate LRRK2 as well as the downstream Rab10 recruitment and phosphorylation (Gomez et al., 2019). Taken together, the Rab29-LRRK2-Rab8/10 cascade is even reminiscent of the so-called “Rab cascade” (Pfeffer, 2017), although LRRK2 is not likely a guanine nucleotide exchange factor (GEF) of Rab8/10.

To gain more insights into the mechanisms of LRRK2 activation, we should pay more attention to the potent upregulation of LRRK2 kinase activity by the pathogenic mutation in VPS35 (Mir et al., 2018), another causative gene for autosomal-dominant late-onset PD (Vilariño-Güell et al., 2011; Zimprich et al., 2011). VPS35 is a major component of the retromer complex that functions at the step of membrane trafficking from early endosomes to trans-Golgi, and the dysfunction in this step results in the defective recycling of mannose 6-phosphate receptor (MPR) that delivers lysosomal components into lysosomes. In addition, a prior study has suggested the tripartite functional connection among Rab29, LRRK2 and VPS35 in the intraneuronal membrane trafficking (MacLeod et al., 2013). Thus, it would be interesting to study the detailed relationship between Rab29 and VPS35, both of which regulate LRRK2 kinase activity and lysosomal functions as upstream factors.

It is also unclear how Rab29 phosphorylation by LRRK2 influences the activity of Rab29 to upregulate LRRK2, although it has been reported that a phosphomimetic mutant Rab29, harboring both T71E and S72E, abolished its activity to activate LRRK2 (Purlyte et al., 2018). Two possibilities are considered from this result: first, the T71E/S72E double mutant is not functional; second, Rab29 phosphorylation by LRRK2 acts as a negative feedback to suppress the prolonged activation of LRRK2. Of note, Rab29 phosphorylation at Ser72 may also influence the trans-Golgi morphology (Fujimoto et al., 2018), prompting us to speculate that the direct and indirect outcomes of Rab29 phosphorylation might be involved in the possible cellular roles.



RELEVANCE TO THE DISEASE MECHANISMS

The impacts of LRRK2 and its substrate Rab GTPases in the endolysosomal system have also been implicated in the pathomechanism of Parkinson’s and related disorders. It has been reported that, in the brains of patients with PD or dementia with Lewy bodies, LRRK2 is abnormally localized to the enlarged granules or vacuoles that correspond to the endolysosomal compartment (Higashi et al., 2009), although the specificity of the antibodies employed in this study has not been fully validated. Biochemical analysis of post-mortem brain tissues demonstrated that the levels of lysosomal proteins LAMP2a and GBA were significantly reduced in patients with LRRK2 mutations (Zhao et al., 2018). In fibroblasts from PD patients harboring the LRRK2 G2019S mutation, late endosomes and lysosomes are morphologically altered or disrupted in a LRRK2 kinase activity-dependent manner (Gomez-Suaga et al., 2014; Hockey et al., 2015). One of these studies showed that the dysregulation of lysosome morphology was dependent on an endolysosomal two-pore channel TPC2, which mediates NAADP-induced Ca2+ release from acidic organelles (Hockey et al., 2015). Since other studies have provided evidence of an increased LRRK2 kinase activity in idiopathic PD patients (Fraser et al., 2016; Di Maio et al., 2018), LRRK2 kinase-mediated dysregulation of the endolysosomes may be a common event in the pathophysiology of PD.

However, the involvement of LRRK2-mediated phosphorylation of Rab GTPases, such as Rab8 or Rab10, and lysosomes in relation PD remains largely unclear. Bae et al. (2018) have shown that, in cell culture, nematode and rodent models of PD, LRRK2-mediated phosphorylation of Rab35 regulates the propagation of α-synuclein, although they have not systematically analyzed other Rab GTPases involved in this step. They also provided suggestive evidence that the impaired trafficking of α-synuclein to lysosomes may underlie the observed effects. The pathogenic role of Rab35 was also suggested in the previous report showing that the overexpression of Rab35 phosphomutants (T72A, T72D) induced the neurotoxicity in primary cortical neurons and in vivo (Jeong et al., 2018), although we should be cautious about the validity of the use of phosphomutants. Furthermore, another study has reported that the protein level of Rab35 was increased in the substantia nigra of transgenic mice expressing pathogenic LRRK2 (R1441C, G2019S), as well as in the serum samples from PD patients (Chiu et al., 2016). This study additionally demonstrated that Rab35 overexpression increased the aggregation and secretion of α-synuclein in SH-SY5Y cells. Collectively, it would be plausible to nominate Rab35 as a promising candidate Rab GTPase regulating α-synuclein pathology downstream of LRRK2 (Figure 2).

However, the PD-related pathogenic role of other LRRK2 substrates, such as Rab8 and Rab10, has not been fully clarified. As Rab8/10 phosphorylation participates in the regulation of lysosome morphology and release, it would be reasonable to speculate that hyperphosphorylated Rab8/10 modulates the α-synuclein dynamics (clearance, aggregation or propagation) by affecting the maintenance of lysosomes. Indeed, endolysosomal system has been strongly implicated in the α-synuclein (Desplats et al., 2009; Vidyadhara et al., 2019), and it has been shown that endogenous expression of mutant LRRK2 in neurons caused the disruption of lysosomal morphology as well as the increase of α-synuclein insolubility and release via its kinase activity (Schapansky et al., 2018).



CONCLUSION

Ever since LRRK2 has been identified as a major PD gene, much effort has been directed toward unraveling the cellular roles of LRRK2. It is now evident that LRRK2 is a multifaceted protein in a variety of tissues and cells, including immune and nervous systems. Particularly, the altered morphology or function of endolysosomes by LRRK2 are frequently described in the studies using immune-related cells, such as macrophages. In other words, LRRK2-mediated endolysosomal regulation may have critical role(s) in the proper execution of immune and phagocytic responses. For example, LRRK2 has been shown to regulate the efficient clearance of certain pathogens, such as Listeria monocytogenes, Salmonella Typhimurium and Mycobacterium tuberculosis (Zhang et al., 2015; Liu et al., 2017; Hartlova et al., 2018; Shutinoski et al., 2019), which may be explained by the altered regulation of phagolysosomes by LRRK2 in the course of innate immune responses. The action of LRRK2 may also cover the adaptive immunity, because antigen presentation by macrophages or dendritic cells is mediated at least in part by the lysosome-related organelle called MHC class II compartment (MIIC), and LRRK2 has been identified as a risk gene for systemic lupus erythematosus (SLE), a representative autoimmune disorder (Zhang et al., 2017). Further studies will clarify the most important readout of LRRK2 function and dysfunction around endolysosomes, especially in vivo.

Compared with the cellular roles of LRRK2, those of substrate Rab GTPases are yet to be characterized. It is easy to speculate that the phosphorylation of substrate Rab mediates the endolysosomal membrane trafficking downstream of LRRK2, and it would be feasible to assess the contribution of each Rab GTPase. The effect of each phosphorylated Rab on PD pathomechanism would be another big issue to be resolved. Given that Rab phosphorylation is enhanced by pathogenic LRRK2 mutations and that Rab is a critical regulator of membrane transport, it is plausible to hypothesize that the perturbation of intracellular trafficking by hyperphosphorylation of Rab GTPases may eventually cause neurodegeneration.

Based on the above views, pharmaceutical companies are now conducting or planning clinical studies of LRRK2 kinase inhibitors for the treatment or prevention of PD1. Denali Therapeutics, a leading company developing these inhibitors, has reported that the secretion of a lysosomal lipid bis(monoacylglycerol) phosphate (BMP) into urine and cerebrospinal fluid (CSF) was significantly decreased in humans treated with a LRRK2 inhibitor (source: Denali Therapeutics slide deck2). This result is consistent with another line of evidence that LRRK2 KO mice and LRRK2 inhibitor-treated monkeys exhibited decreases in urinary BMP (Fuji et al., 2015), and that urinary BMP was elevated in humans carrying LRRK2 G2019S mutation (Alcalay et al., 2019). These results support the notion that LRRK2 kinase activity contributes to the increased lysosomal secretion, shedding light on the importance of lysosomes in LRRK2 pathobiology. As LRRK2 may be an optimal target for the modification of pathway leading to PD, accelerating the basic research further in various experimental settings and in humans will pave the way toward the establishment of new, cutting-edge strategies to overcome PD.
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Late-onset Parkinson’s disease (PD) is dominated clinically and experimentally by a focus on dopamine neuron degeneration and ensuing motor system abnormalities. There are, additionally, a number of non-motor symptoms – including cognitive and psychiatric – that can appear much earlier in the course of the disease and also significantly impair quality of life. The neurobiology of such cognitive and psychiatric non-motor symptoms is poorly understood. The recognition of genetic forms of late-onset PD, which are clinically similar to idiopathic forms in both motor and non-motor symptoms, raises the perspective that brain cells and circuits – and the behaviors they support – differ in significant ways from normal by virtue of the fact that these mutations are carried throughout life, including especially early developmental critical periods where circuit structure and function is particularly susceptible to the influence of experience-dependent activity. In this focused review, we support this central thesis by highlighting studies of LRRK2-G2019S mouse models. We describe work that shows that in G2019S mutants, corticostriatal activity and plasticity are abnormal by P21, the end of a period of excitatory synaptogenesis in striatum. Moreover, by young adulthood, impaired striatal synaptic and non-synaptic forms of plasticity likely underlie altered and variable performance by mutant mice in validated tasks that test for depression-like and anhedonia-like behaviors. Mechanistically, deficits in cellular, synaptic and behavioral plasticity may be unified by mutation-linked defects in trafficking of AMPAR subunits and other membrane channels, which in turn may reflect impairment in the function of the Rab family of GTPases, a major target of LRRK2 phosphorylation. These findings underscore the need to better understand how PD-related mutant proteins influence brain structure and function during an extended period of brain development, and offer new clues for future therapeutic strategies to target non-motor cognitive or psychiatric symptoms of PD.
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INTRODUCTION

Late-onset Parkinson’s disease (PD) is a movement disorder diagnosed clinically by the appearance in middle age of progressively debilitating motor symptoms, including rigidity, resting tremor, bradykinesia, postural instability, and gait disturbances, among others (Parkinson, 2002). Such primary motor disturbances result principally from progressive death of dopamine (DA) neurons in the substantia nigra and accompanying degenerative loss of DA axon terminals within striatum. Treatment of motor symptoms accordingly relies on DA replacement strategies, which become less effective over time and ultimately produce dyskinesia (Bastide et al., 2015).

Less well understood, both clinically and mechanistically, is a spectrum of prominent non-motor symptoms that appear during a temporally variable prodromal phase occurring prior to onset of the disease-defining motor symptoms (Schapira et al., 2017). Such non-motor symptoms include loss of sense of smell, sleep disturbances, gastrointestinal problems, and other forms of autonomic dysfunction (Savica et al., 2010). Additionally, cognitive decline (deficits in working memory, cognitive flexibility, attention, and reinforcement learning) and psychiatric symptoms (depression, anxiety) are common, greatly diminish quality of life and, for many of these symptoms, can also appear during the early prodromal phase of the disease (Grover et al., 2015). In some cases, it is thought that depression and anxiety, prior to motor symptoms, may be causal risk factors for PD (Lin et al., 2014; Gustafsson et al., 2015). The underlying neurobiology of cognitive and psychiatric symptoms of PD is not well understood. However, the onset of cognitive non-motor symptoms may be largely independent of overt DA neuron degeneration since their early appearance likely antedates significant DA neuron loss (Savica et al., 2010; Volta et al., 2015; Sloan et al., 2016) and DA agonists used to treat motor symptoms are weakly effective anti-depressants (Starkstein and Brockman, 2017). It is possible that other modulatory systems, for example, serotonergic systems, may be involved (Mayeux et al., 1984).

The clinical management of PD largely focuses on the late-onset motor symptoms, leading in some cases to an almost tacit view that the cellular and synaptic environment in brains of PD patients is normal until the prodromal stage, at which time some pathophysiological process arises to co-opt and disrupt brain circuits and set a course of steady, degenerative decline. Based in part on genetic forms of late-onset PD and the mouse models used to mechanistically interrogate the impact of such mutations on cell and circuit function, there is growing recognition that this view probably does not adequately capture the complexity of the disease process or the cellular/circuit environment in the brain in which the disease manifests (Hemmerle et al., 2012; Irwin et al., 2013; Kannarkat et al., 2013; Benson and Huntley, 2019). In this focused review, we highlight mouse studies of LRRK2 and the prevalent G2019S mutation to underscore the broader, central thesis that PD-related gene mutations – present during brain development and beyond – exert significant effects on establishment and maturation of relevant circuits that impact their function, and perhaps viability, throughout life.



WHY STUDY THE EFFECT OF A PD GENE EARLY IN LIFE?

LRRK2 is a large, multifunctional protein in which the G2019S gain-of-kinase activity point mutation is the most prevalent cause of autosomal dominant, heritable forms of late-onset PD. Further details on LRRK2 structure, targets and general biology can be found in other articles in this collection. The clinical presentation of LRRK-G2019S carriers, including both motor and non-motor symptoms, is similar to idiopathic PD, and the majority of less common pathological LRRK2 mutations appear to act through mechanisms similar to G2019S (Greggio et al., 2006; Smith et al., 2006; Paisan-Ruiz et al., 2013; Mir et al., 2018). While a variety of LRRK2 mouse models have been described, it is important to clarify at the outset that none of these should be considered faithful models of PD per se – that is, displaying all of the cardinal features of the disease process (Dawson et al., 2010; Blesa and Przedborski, 2014). Rather, they provide mechanistic insight into the role of LRRK2 in cell and circuit function, and how the G2019S mutation can derail, modulate or otherwise influence cells, circuits and ultimately behaviors, at all stages of life.

The normal function of LRRK2 in brain is not completely understood. One starting point to infer function is to consider where and when LRRK2 is expressed. In mice or humans, LRRK2 expression in brain is particularly enriched in dorsal and ventral striatum and cerebral cortex but is only weakly expressed in DA neurons of the substantia nigra or ventral tegmental area (Figure 1; Giesert et al., 2013; West et al., 2014; Sandor et al., 2017). In mouse striatum, single-cell RNA sequencing has shown that LRRK2 expression levels are high in both direct (D1R)-pathway SPNs (dSPNs) and indirect (D2R)-pathway SPNs (iSPNs) (Figure 1), are somewhat lower in a variety of interneurons and astrocytes, and even lower in (non-activated) microglia (Gokce et al., 2016). Developmental anatomical and biochemical studies in rodents demonstrate that levels of LRRK2 expression in striatum are low at birth, but rise significantly during the first three postnatal weeks (through P21) and remain elevated into adulthood (Westerlund et al., 2008; Giesert et al., 2013). This early postnatal period of rising LRRK2 expression levels in striatum is significant for two principal reasons: first, it is contemporaneous with the ingrowth of corticostriatal afferents and a rapid burst in excitatory synaptogenesis (Sharpe and Tepper, 1998; Tepper et al., 1998; Sohur et al., 2014); and second, this early postnatal period corresponds to a developmental “critical period” where establishment of structural and functional features of synaptic connectivity show heightened sensitivity to changing levels, patterns or timing of neural activity, particularly that driven by experience (Kozorovitskiy et al., 2012; Greenhill et al., 2015; Molero et al., 2016; Peixoto et al., 2016). This is illustrated by an experiment in which L5 corticostriatal neuron activity was chemogenetically inhibited transiently during the second week of postnatal development, then returned to normal levels. Immediately following this period of neural activity silencing, mEPSC frequency and dendritic spine density were decreased in both dSPNs and iSPNs, but these changes persisted into young adulthood despite restoration of neural activity (Kozorovitskiy et al., 2012). Relationships between early experience or exposure can be complex and may not be immediately evident. For example, when mutant Huntingtin is expressed transiently in mice until P21, striatal neurons display functional abnormalities and degenerative phenotypes at 9 months of age, similar to what is observed in mice constitutively expressing mutant Huntingtin (Molero et al., 2016). Interestingly, many of the consequences are not evident at 3 months of age and support the idea that pathology can emerge long after exposure (Molero et al., 2016). These observations provide a framework for two interrelated ideas: the first is that LRRK2 and its pathogenic mutations are positioned to affect development of corticostriatal circuits; and second, an early influence on circuit development will have persistent or newly emergent consequences for altered or compensatory function throughout life. Consistent with these ideas, functional imaging studies of human non-manifesting carriers (NMCs) of the LRRK2-G2019S mutation or non-manifesting non-carrier (NMNC) controls have shown differences between groups in functional network activity, changes that may underlie early alterations in executive function and reward-based neural processing. For example, in NMCs, fMRI studies have shown abnormalities in corticostriatal circuit organization in comparison with controls (Helmich et al., 2015) and changes in the resting-state non-motor-related default networks that precede later changes in the resting state motor-related network (Jacob et al., 2019). These differences may underlie diminished executive function (Thaler et al., 2012) and different, perhaps compensatory patterns of task-related activity during certain cognitive tests displayed by NMCs (Thaler et al., 2013). Additionally, in comparison with controls, NMCs display disturbances in reward processing and abnormal neural activity in ventral striatum (Thaler et al., 2019).
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FIGURE 1. Illustrations outline striatal circuits (A) and relative levels of LRRK2 expression in the same regions (B). In panel A, green arrows are used for glutamatergic circuits, red, for GABAergic and orange, for dopaminergic circuits. In panel B, different shades of gray are used to represent the approximate intensity of LRRK2 mRNA levels observed (references in text). Ctx, cortex; d/vStr; dorsal and ventral striatum; GPe/i, globus pallidus external and internal; Thal, thalamus; ST, subthalamus; VTA, ventral tegmental area, SNr/c, substantia nigra pars reticulata, compacta.




LRRK2 MUTATION REGULATES GLUTAMATERGIC ACTIVITY DURING DEVELOPMENT

LRRK2-G2019S knock-in mice, in which the mutant protein is expressed at levels similar to wildtype LRRK2, have been particularly valuable for examining the impact of mutation on developing striatal circuits. Whole-cell recordings from dorsomedial SPNs in acute wildtype or G2019S slices have shown a large increase (about 4-fold) in frequency of spontaneous excitatory postsynaptic currents (sEPSCs) in both dSPNs and iSPNs at P21, the height of corticostriatal synaptogenesis. Similar results were observed at P28 in dorsolateral striatum (Volta et al., 2017). The magnitude of the abnormality in sEPSC frequency is equivalent in G2019S heterozygous and homozygous mice, consistent with the autosomal dominance of the mutation in humans (Paisan-Ruiz et al., 2004; Zimprich et al., 2004), and between male and female mice. Such abnormal activity appears to originate presynaptically from corticostriatal axons based on three observations: first, acute, surgical separation of the striatum from the overlying cortex in mutant slices restores sEPSC frequency to wildtype levels (Matikainen-Ankney et al., 2016); second, cultured cortical neurons show increased EPSC frequency (Beccano-Kelly et al., 2014a); and third, there are no differences between wildtype and G2019S mutants in baseline intrinsic excitability of SPNs (Matikainen-Ankney et al., 2016; Volta et al., 2017). Intriguingly, in our studies, abnormally heightened activity in the G2019S SPNs is of the kind that depends on action potentials (APs) because following bath-application of TTX (which blocks generation of APs), there is only a small, statistically insignificant effect on frequency of mini-EPSCs (mEPSCs) (Matikainen-Ankney et al., 2016). In contrast, studies of cortical neurons cultured from G2019S knockin mice and recorded in the presence of TTX found a significant increase in mEPSC frequency compared to wildtype cortical neurons (Beccano-Kelly et al., 2014a), suggesting that at mutant corticocortical synapses, AP-independent events may be a major contributor to heightened activity. It is important to keep in mind that spontaneously occurring EPSCs – either AP-dependent or AP-independent – represent a cumulative mixture of potentially different convergent inputs, each of which may be differentially affected by the mutation in a synapse-, cell-, region- or age-dependent fashion (Sweet et al., 2015; Yue et al., 2015; Pan et al., 2017). In striatum, for example, EPSCs could originate from cerebral cortex, thalamus, amygdala, hippocampus, or other sources all converging onto single SPNs from which EPSCs are recorded. In any event, the seemingly selective effect of the G2019S mutation on AP-dependent activity when recording EPSCs in dorsal striatum, as opposed to stochastic, AP-independent release of vesicles, may be a potentially important distinction. While it is generally accepted that LRRK2 plays a role in synaptic vesicle recycling (Shin et al., 2008; Piccoli et al., 2011; Matta et al., 2012; Parisiadou et al., 2014; Arranz et al., 2015; Belluzzi et al., 2016; Pan et al., 2017), TTX-sensitive and -insensitive vesicle release can involve different pools of neurotransmitter-containing synaptic vesicles and molecular pathways (Chanaday and Kavalali, 2018), potentially offering clues to the identity of molecular substrates of LRRK2-G2019S important for altering synaptic activity levels. At the same time, as discussed above, there may be synapse or region specific effects (Sweet et al., 2015; Pan et al., 2017) that will have to be taken into consideration. Convergent genetic and pharmacological approaches demonstrate that the abnormally elevated activity in G2019S mutant slices depends on the elevated kinase activity of the mutation. Whole-cell recordings from SPNs in acute striatal slices from a LRRK2-D2017A kinase-dead mutant or LRRK2 kinase inhibitors bath-applied to G2019S striatal slices both reduce the abnormally elevated activity to wildtype levels (Matikainen-Ankney et al., 2016). Importantly, neither genetic ablation of LRRK2 kinase activity nor pharmacological inhibition of LRRK2 kinase activity in wildtype slices lowers sEPSC frequency to levels below wildtype values (Matikainen-Ankney et al., 2016), consistent with the absence of an effect of LRRK2 knockout on sEPSC frequency (Beccano-Kelly et al., 2014b). These outcomes indicate that LRRK2 kinase activity per se is not normally required for glutamatergic vesicle release at these synapses. Rather, the elevated AP-dependent increase in sEPSC frequency in G2019S slices most likely represents a gain-of-abnormal function imparted by the mutation, although it remains possible this is an indirect, compensatory effect of the mutation. Other domains of LRRK2 may function in neurotransmitter vesicle release at earlier ages, since mEPSC frequency recorded from SPNs in P15 LRRK2 knockout mice are lower than wildtype (Parisiadou et al., 2014). The elevated frequency of sEPSCs evident by P21 does not reflect an increase in synapse density, and it is developmentally transient, returning to wildtype levels by young adulthood (Matikainen-Ankney et al., 2016; Volta et al., 2017; Tozzi et al., 2018).

In addition to increased sEPSC frequency – likely presynaptic in origin as discussed above – postsynaptic effects in G2019S dorsomedial SPNs are also evident by P21. Cumulative probability distributions show that dendritic spine-heads are larger in comparison with those on wildtype SPNs. Since generally larger spines are correlated with larger AMPAR currents (Matsuzaki et al., 2001), predictably the larger spines on mutant SPNs are matched by larger sEPSC amplitudes in comparison with those recorded from wildtype SPNs (Matikainen-Ankney et al., 2016). It is not clear whether the spine-head size and current amplitude effects described for dorsomedial SPNs are a direct result of the G2019S mutation within SPNs, or an indirect effect resulting from the excessive corticostriatal activity during this period. However, in ventral striatal SPNs from the same line of knockin mice at the same age (P21), a similar enlargement of spine-head sizes and current amplitudes is evident but sEPSC frequency is unchanged in comparison with wildtype (Guevara et al., 2020), indicating that in this population of SPNs, postsynaptic effects on spine-head size and amplitude cannot be attributable to an indirect consequence of an elevation in presynaptic activity. This underscores an important point that bears emphasis – cellular and synaptic effects of G2019S (or any other PD-related mutation) does not necessarily manifest identically across the cells and circuits in which the mutant protein is found (Sweet et al., 2015; Pan et al., 2017). It is not known if such morphological changes in spine-head sizes evident at P21 persist into adulthood.



IMPACT OF LRRK2 MUTATION ON SYNAPSE PLASTICITY OVER THE LIFESPAN

In addition to alterations in spontaneously elicited baseline currents (EPSC frequency and amplitude), corticostriatal synapses on dorsomedial G2019S SPNs also exhibit aberrant evoked responses – namely, mutant SPNs are unable to express bidirectional synaptic plasticity (Matikainen-Ankney et al., 2018). Bidirectional synaptic plasticity is the ability of synapses to undergo activity-dependent long-term potentiation (LTP), a persistent increase in synaptic strength, or long-term depression (LTD), a persistent decrease in synaptic strength. In striatum, LTP is NMDAR-dependent and postsynaptically mediated (Kreitzer and Malenka, 2008; Ma et al., 2018), while LTD is presynaptically mediated by eCB1 receptor activation on glutamatergic terminals which reduces probability of neurotransmitter release (Calabresi et al., 1992; Choi and Lovinger, 1997; Kreitzer and Malenka, 2007). Current models indicate that both dSPNs and iSPNs can undergo LTP and LTD (Kreitzer and Malenka, 2007; Shen et al., 2008; Higley and Sabatini, 2010), with the direction of synaptic plasticity controlled by opponent mechanisms involving GPCR (Gs or Gi) signaling cascades. Experimentally disrupting such signaling cascades by 6-OHDA or other chemical lesions does not prevent striatal synaptic plasticity, but renders it abnormally unidirectional (Picconi et al., 2003; Kreitzer and Malenka, 2007; Shen et al., 2008). This is potentially significant, because striatally based learning in PD patients is dysfunctional rather than completely absent (Dujardin et al., 2003). In G2019S mice, dSPNs and iSPNs in dorsomedial striatum are unable to express LTP, an impairment that is present by P21 and persists into adulthood (Matikainen-Ankney et al., 2018). In fact, in G2019S SPNs, a pairing-stimulus protocol that normally leads to LTP in wildtype SPNs produces instead an abnormal LTD, which is most pronounced for iSPNs. This may be due in part to abnormal DA levels and/or enhanced sensitivity of D2R signaling. Repeated stimulation in striatum of G2019S slices produces significantly greater peak levels of DA release and longer DA decay times than wildtype (Volta et al., 2017) and sEPSCs in G2019S SPNs, but not wildtype SPNs, are reduced by D2R activation via a retrograde, CB1-receptor dependent signaling pathway that would be anticipated to enhance LTD (Tozzi et al., 2018). Interestingly, this latter effect is not reversed by pharmacological inhibition of LRRK2 kinase activity, suggesting it may reflect developmentally imposed changes in wiring (Tozzi et al., 2018). Finally, other G2019S mouse models have shown deficits in high-frequency stimulation-induced LTD in aged striatum (Chou et al., 2014), and an age-related loss of LTD in hippocampus (Sweet et al., 2015). While these observations reinforce the idea that effects of the mutation are likely age, cell and synapse specific, it is prudent to also consider that some of these effects may be attributable to cellular and regional idiosyncracies in the expression levels or patterns of wildtype or G2019S LRRK2 in the different mouse models (e.g., knockin versus BAC transgenic overexpression).



G2019S MUTATION ALTERS STRIATAL-DEPENDENT BEHAVIORS

Together, these data raise the question of whether such early changes in striatal circuit structure/function coupled with early and persistent loss of bidirectional striatal synaptic plasticity in G2019S mice would have a lasting impact on striatally based behaviors. Several studies, utilizing different lines of G2019S knockin mice, have reported modest motor-like effects mostly appearing between 3 and 6 months of age or older (Volta and Melrose, 2017). Generally, such studies used only male mice. In one line of knockin mice, some hyperactivity in homozygous (but not heterozygous) animals was observed, which may indicate a gene dose-dependent effect of the mutation (Longo et al., 2014). In another line of knockin mice, enhanced exploratory activity and cylinder rearing was observed (Longo et al., 2014; Yue et al., 2015; Volta et al., 2017). Other studies using a third line of G2019S knockin mice found no differences with wildtype mice in motor-skill acquisition as assessed by performance on an accelerating rotorod nor in open-arena exploration (Matikainen-Ankney et al., 2018). Striatal circuits are also critical for goal-directed learning, action-outcome selection and habits (Balleine et al., 2007; Shiflett et al., 2010; Smith and Graybiel, 2014) but the effects of the mutation on these behaviors in mouse models is unknown. Further, ventral striatal circuits, important for reward, motivation and other behaviors, have been implicated in the pathophysiology of depression and anhedonia (Carlezon et al., 2005; Bosch-Bouju et al., 2016; Han and Nestler, 2017). In rodents, depression-like and anhedonia-like behaviors requiring plasticity in ventral striatal circuits can be tested by a variety of validated tests, including social defeat stress, sucrose-preference, and self-grooming. Social defeat is a paradigm where an experimental mouse (in our case, a wildtype or G2019S mouse, both of which are on a C57BL/6N background) is subjected to brief periods (5 min) of daily physical subordination by a large, aggressive CD1 retired male breeder. In all other time between bouts of physical interaction, defeated mice and their subordinator are housed together, but separated by a perforated plexiglass divider, allowing sensory, but not physical, contact. Following social defeat, mice are given a social interaction test in which they are allowed to explore an arena in the absence and subsequent presence of a novel social target that is constrained by a wire mesh enclosure at one end of the arena. Many studies have established that in a typical cohort of wildtype mice that undergo 10 days of social defeat undergo 10 days of social defeat stress (10-day-SDS), all defeated mice exhibit equal exploratory behavior in the arena in the absence of the social target, but in the subsequent presence of the social target, about half are socially curious and interactive, preferring to spend more time exploring the vicinity of the novel social target rather than other parts of the arena (so-called “resilient” mice), while the other half are significantly socially avoidant, preferring to spend more time in the far corners of the arena (Golden et al., 2011). The mice that display social avoidance are described as displaying a depression-like phenotype, since these animals typically also show anhedonia-like behaviors (tested by sucrose preference or self-grooming) and undergo a reversal in such behaviors when chronically administered anti-depressants (Berton et al., 2007).

In behaviorally naive young adult (2–3 month-old) male wildtype and G2019S mice, the mutation alone, in the absence of any particular prior experience, is generally insufficient for altering motor coordination, anxiety, exploratory activity, self-care and anhedonia-like behaviors (Volta and Melrose, 2017; Matikainen-Ankney et al., 2018). Additionally, behaviorally naive G2019S mice exhibit social interaction behavior that is indistinguishable from wildtype mice (Matikainen-Ankney et al., 2018). When multiple, independent cohorts of young adult male G2019S and wildtype mice were subjected to 10-day-SDS followed by a social interaction test, wildtype cohorts yielded expected ratios of socially interactive (57%) and socially avoidant (43%) subpopulations, while in contrast, G2019S mice were essentially all highly (and surprisingly) socially interactive (∼94%) despite 10-days of defeat experience (Matikainen-Ankney et al., 2018). Additionally, such “resilient” G2019S mice exhibited less anhedonia-like behaviors compared to defeated wildtype mice (that is, they drank more sucrose in a sucrose preference test and spent more time self-grooming in a sucrose-splash test).

One interpretation of this behavioral outcome is that this is a type of learning deficit. However, studies testing the social interaction behavior of G2019S mice after only 1-day of social defeat stress (1-day-SDS) complicates this interpretation. G2019S mice subjected to 1-day-SDS are all significantly more socially avoidant compared to 1-day-SDS wildtype mice (Guevara et al., 2020), another surprising outcome given the predominant resilience of G2019S mice to 10-day-SDS described above (Matikainen-Ankney et al., 2018). Additionally, after 1-day-SDS, socially avoidant G2019S mice drink significantly more sucrose (display less anhedonic-like behavior) than 1-day-SDS wildtype mice. Thus, in this case, the mutant mice display an unexpected “uncoupling” of social avoidance behavior and hedonic-like behavior. The neural basis for such behavioral differences between genotypes may lie in very different modes of adaptive plasticity in response to acute stress. In 1-day-SDS wildtype mice, SPNs in NAc display an adaptive, stress-induced increase in intrinsic excitability that is completely lacking in 1-day-SDS mutant SPNs. Instead, SPNs from 1-day-SDS G2019S mice show stress-induced changes in synaptic properties (increases in both sEPSC frequency and amplitude) that wildtype neurons lack (Guevara et al., 2020). Together, these behavioral and cellular and synaptic outcomes suggest a few things. First, while it is unclear at the moment what the significance of the altered and variable social behaviors in G2019S mice is, they appear not to conform to simple “depression-like” or “resilient-like” categorization; second, the amount and type of stress is likely to be critically important for driving a temporally evolving set of adaptive cellular, circuit, and/or synaptic changes that remain largely undefined at this point but which may vary significantly from wildtype mice. Additionally, the effect of age on these behaviors is unknown. It is possible that as these G2019S knockin mice age, more consistent depression- and anxiety-like behaviors would predominate, as suggested by studies of aged transgenic G2019S overexpressing mice (Lim et al., 2018).



LRRK2, PLASTICITY, AND BEHAVIOR

This leads us to ponder a final question: what are the underlying mechanisms that unify both the cellular/synaptic plasticity deficits and altered behavioral outcomes? The answer, though incomplete at this point, will likely include deficits in trafficking of AMPARs and other relevant membrane channels. Using combinations of electrophysiology and pharmacology applied to acute wildtype or G2019S slices from young adult mice, the data support that at baseline, evoked AMPAR-mediated currents at glutamatergic synapses in ventral striatum are mediated by a different composition of AMPAR subunits, with fewer in the mutants that are calcium permeable (CP) in comparison with wildtype. This is potentially significant, because dynamic trafficking of CP-AMPARs, such as GluA1, into the synaptic membrane is tied mechanistically to both LTP (Plant et al., 2006; Ma et al., 2018; Zhou et al., 2018) and the expression of social avoidance in mice undergoing 10-day social defeat (Vialou et al., 2010). Thus, it is reasonable to expect that baseline differences between genotypes in AMPAR stoichiometry would predict both the defects in lasting forms of synaptic plasticity and behavioral outcomes that depend on such plasticity. Following 10-day-SDS ventral striatal glutamatergic synapses in mice that are socially avoidant acquire enhanced sensitivity to NASPM, an antagonist of CP-AMPARs, and display inwardly rectifying current–voltage relationships at positive membrane potentials (Vialou et al., 2010; Matikainen-Ankney et al., 2018), both of which are signatures of incorporation of CP-AMPARs (Hume et al., 1991; Verdoorn et al., 1991). “Resilient” 10-day-defeated G2019S mice all retain linear AMPAR current–voltage relationships, similar to “resilient” wildtype mice, consistent with domination by non-CP-AMPAR subunits, such as GluA2. Since it has been posited that synaptic incorporation of CP-AMPARs promotes, at least in part, subsequent social avoidance behavior (Vialou et al., 2010), the lack of CP-AMPAR responses in G2019S mice could reflect an inability to traffic GluA1 or other CP-AMPARs into the membrane, rendering mice “resilient” to 10-day-SDS. If the foregoing is true, then the pronounced social avoidance of the G2019S mice observed after 1-day-SDS must reflect other mechanisms such as changes in intrinsic excitability (Francis et al., 2015; Guevara et al., 2020). It is also possible, but at present unexplored, that such adaptive changes in circuits or behaviors are driven in part by effects of the mutation that extend beyond the nervous system per se to include G2019S effects on the peripheral immune system, where LRRK2 is enriched, resulting in aberrant modulatory effects on brain cells and circuits by immune cells (Dzamko, 2017). It has been shown, for example, that in mice that eventually display social avoidance or anxiety following social defeat stress, peripheral myeloid cells and cytokines gain access to the brain and can influence social interaction following social defeat (Wohleb et al., 2011; Hodes et al., 2014; Yin et al., 2019).

A link between the G2019S mutation and hypothesized deficits in membrane channel trafficking is provided by considering the Rab family of GTPases as a significant target of LRRK2 phosphorylation (Steger et al., 2016, 2017) within the Rab effector-binding motif (Stroupe and Brunger, 2000). Rab8, an established phospho-target of LRRK2, regulates AMPAR insertion into synapses in hippocampal neurons and could be playing a similar role in SPNs (Brown et al., 2007). That trafficking pathways are relevant gains support from data showing that Rab7L1/Rab29, a PD risk factor gene, activates LRRK2, promotes its location to Golgi, and potentiates its kinase activity (Kuwahara et al., 2016; Liu et al., 2018; Purlyte et al., 2018). PD mutations in VPS35, a part of the retromer complex, also serve to potentiate the actions of LRRK2 kinase activity (Mir et al., 2018) and impact AMPA receptor recycling in cortical and hippocampal neurons and hippocampal LTP (Munsie et al., 2015; Temkin et al., 2017). It is also possible that PKA pathways contribute. PKA signaling is altered in the absence of LRRK2 (Parisiadou et al., 2014) and a recent paper suggests that LRRK2 can regulate phosphodiesterases, which regulate cAMP degradation upstream of PKA (Russo et al., 2018). Finally, it is possible that G2019S contributes to altered development and function of striatal or other synaptic circuits in part through mechanisms involving aberrant protein synthesis (Martin et al., 2014a). LRRK2 putatively interacts with and phosphorylates several ribosomal proteins (reviewed in Taymans et al., 2015), and previous studies of flies or using human induced pluripotent stem cells have shown that LRRK enhances both cap-dependent and -independent translation (Martin et al., 2014b; Penney et al., 2016). This is potentially relevant to the behavioral and synaptic abnormalities resulting from a putative developmental effect of the G2019S mutation because in a mouse model of autism, enhancing cap-dependent translation by increasing levels of the translation initiation factor eIF4E drives early synaptic plasticity deficits in striatum and elsewhere and produces aberrant striatal-dependent cognitive and social behaviors (Santini et al., 2013) similar to what has been described for Fragile X Syndrome (Bear et al., 2004; Sorensen et al., 2015). Thus, G2019S-mediated alterations in protein synthesis could be a contributing factor to the loss of LTP and aberrant stress-induced social interaction behaviors described above.

Collectively the data support that LRRK2 mutation alters vesicle recycling, trafficking and possibly protein synthesis during development in ways that are sustained, impacting certain cellular behaviors over the lifespan, and in other ways that are transient, but have permanent consequences for the assembly of neural circuits and the eventual behaviors they support. Given the impact of the G2019S mutation on LTP in the dorsal striatum, it is likely that striatal behaviors like action-outcome learning or other forms of goal-directed behaviors will be affected similarly to what has been observed in reward-based circuits modified by social stress paradigms.



AUTHOR CONTRIBUTIONS

GH and DB wrote the manuscript.



FUNDING

Research is supported by National Institutes of Health: NIMH R01 MH104491, R21 MH110727 and NINDS R01 NS107512.



REFERENCES

Arranz, A. M., Delbroek, L., Van Kolen, K., Guimaraes, M. R., Mandemakers, W., Daneels, G., et al. (2015). LRRK2 functions in synaptic vesicle endocytosis through a kinase-dependent mechanism. J. Cell Sci. 128, 541–552. doi: 10.1242/jcs.158196

Balleine, B. W., Delgado, M. R., and Hikosaka, O. (2007). The role of the dorsal striatum in reward and decision-making. J. Neurosci. 27, 8161–8165. doi: 10.1523/jneurosci.1554-07.2007

Bastide, M. F., Meissner, W. G., Picconi, B., Fasano, S., Fernagut, P. O., Feyder, M., et al. (2015). Pathophysiology of L-dopa-induced motor and non-motor complications in Parkinson’s disease. Prog. Neurobiol. 132, 96–168. doi: 10.1016/j.pneurobio.2015.07.002

Bear, M. F., Huber, K. M., and Warren, S. T. (2004). The mGluR theory of fragile X mental retardation. Trends Neurosci. 27, 370–377. doi: 10.1016/j.tins.2004.04.009

Beccano-Kelly, D. A., Kuhlmann, N., Tatarnikov, I., Volta, M., Munsie, L. N., Chou, P., et al. (2014a). Synaptic function is modulated by LRRK2 and glutamate release is increased in cortical neurons of G2019S LRRK2 knock-in mice. Front. Cell Neurosci. 8:301. doi: 10.3389/fncel.2014.00301

Beccano-Kelly, D. A., Volta, M., Munsie, L. N., Paschall, S. A., Tatarnikov, I., Co, K., et al. (2014b). LRRK2 overexpression alters glutamatergic presynaptic plasticity, striatal dopamine tone, postsynaptic signal transduction, behavioural hypoactivity and memory deficits. Hum. Mol. Genet. 24, 1336–1349. doi: 10.1093/hmg/ddu543

Belluzzi, E., Gonnelli, A., Cirnaru, M. D., Marte, A., Plotegher, N., Russo, I., et al. (2016). LRRK2 phosphorylates pre-synaptic N-ethylmaleimide sensitive fusion (NSF) protein enhancing its ATPase activity and SNARE complex disassembling rate. Mol. Neurodegener. 11:1. doi: 10.1186/s13024-015-0066-z

Benson, D. L., and Huntley, G. W. (2019). Are we listening to everything the PARK genes are telling us? J. Comp. Neurol. 527, 1527–1540. doi: 10.1002/cne.24642

Berton, O., Covington, H. E. III, Ebner, K., Tsankova, N. M., Carle, T. L., Ulery, P., et al. (2007). Induction of deltaFosB in the periaqueductal gray by stress promotes active coping responses. Neuron 55, 289–300. doi: 10.1016/j.neuron.2007.06.033

Blesa, J., and Przedborski, S. (2014). Parkinson’s disease: animal models and dopaminergic cell vulnerability. Front. Neuroanat. 8:155. doi: 10.3389/fnana.2014.00155

Bosch-Bouju, C., Larrieu, T., Linders, L., Manzoni, O. J., and Laye, S. (2016). Endocannabinoid-mediated plasticity in nucleus accumbens controls vulnerability to anxiety after social defeat stress. Cell Rep. 16, 1237–1242. doi: 10.1016/j.celrep.2016.06.082

Brown, T. C., Correia, S. S., Petrok, C. N., and Esteban, J. A. (2007). Functional compartmentalization of endosomal trafficking for the synaptic delivery of AMPA receptors during long-term potentiation. J. Neurosci. 27, 13311–13315. doi: 10.1523/jneurosci.4258-07.2007

Calabresi, P., Maj, R., Pisani, A., Mercuri, N. B., and Bernardi, G. (1992). Long-term synaptic depression in the striatum: physiological and pharmacological characterization. J. Neurosci. 12, 4224–4233. doi: 10.1523/jneurosci.12-11-04224.1992

Carlezon, W. A. Jr., Duman, R. S., and Nestler, E. J. (2005). The many faces of CREB. Trends Neurosci. 28, 436–445. doi: 10.1016/j.tins.2005.06.005

Chanaday, N. L., and Kavalali, E. T. (2018). Presynaptic origins of distinct modes of neurotransmitter release. Curr. Opin. Neurobiol. 51, 119–126. doi: 10.1016/j.conb.2018.03.005

Choi, S., and Lovinger, D. M. (1997). Decreased probability of neurotransmitter release underlies striatal long-term depression and postnatal development of corticostriatal synapses. Proc. Natl. Acad. Sci. U.S.A. 94, 2665–2670. doi: 10.1073/pnas.94.6.2665

Chou, J. S., Chen, C. Y., Chen, Y. L., Weng, Y. H., Yeh, T. H., Lu, C. S., et al. (2014). (G2019S) LRRK2 causes early-phase dysfunction of SNpc dopaminergic neurons and impairment of corticostriatal long-term depression in the PD transgenic mouse. Neurobiol. Dis. 68, 190–199. doi: 10.1016/j.nbd.2014.04.021

Dawson, T. M., Ko, H. S., and Dawson, V. L. (2010). Genetic animal models of Parkinson’s disease. Neuron 66, 646–661. doi: 10.1016/j.neuron.2010.04.034

Dujardin, K., Defebvre, L., Krystkowiak, P., Degreef, J. F., and Destee, A. (2003). Executive function differences in multiple system atrophy and Parkinson’s disease. Parkinsonism Relat. Disord. 9, 205–211. doi: 10.1016/s1353-8020(02)00050-0

Dzamko, N. L. (2017). LRRK2 and the immune system. Adv. Neurobiol. 14, 123–143. doi: 10.1007/978-3-319-49969-7_7

Francis, T. C., Chandra, R., Friend, D. M., Finkel, E., Dayrit, G., Miranda, J., et al. (2015). Nucleus accumbens medium spiny neuron subtypes mediate depression-related outcomes to social defeat stress. Biol. Psychiatry 77, 212–222. doi: 10.1016/j.biopsych.2014.07.021

Giesert, F., Hofmann, A., Burger, A., Zerle, J., Kloos, K., Hafen, U., et al. (2013). Expression analysis of Lrrk1, Lrrk2 and Lrrk2 splice variants in mice. PLoS One 8:e63778. doi: 10.1371/journal.pone.0063778

Gokce, O., Stanley, G. M., Treutlein, B., Neff, N. F., Camp, J. G., Malenka, R. C., et al. (2016). Cellular taxonomy of the mouse striatum as revealed by single-cell RNA-Seq. Cell Rep. 16, 1126–1137. doi: 10.1016/j.celrep.2016.06.059

Golden, S. A., Covington, H. E. III, Berton, O., and Russo, S. J. (2011). A standardized protocol for repeated social defeat stress in mice. Nat. Protoc. 6, 1183–1191. doi: 10.1038/nprot.2011.361

Greenhill, S. D., Juczewski, K., De Haan, A. M., Seaton, G., Fox, K., and Hardingham, N. R. (2015). Adult cortical plasticity depends on an early postnatal critical period. Science 349, 424–427. doi: 10.1126/science.aaa8481

Greggio, E., Jain, S., Kingsbury, A., Bandopadhyay, R., Lewis, P., Kaganovich, A., et al. (2006). Kinase activity is required for the toxic effects of mutant LRRK2/dardarin. Neurobiol. Dis. 23, 329–341. doi: 10.1016/j.nbd.2006.04.001

Grover, S., Somaiya, M., Kumar, S., and Avasthi, A. (2015). Psychiatric aspects of Parkinson’s disease. J. Neurosci. Rural Pract. 6, 65–76. doi: 10.4103/0976-3147.143197

Guevara, C. A., Matikainen-Ankney, B. A., Kezunovic, N., LeClair, K., Conway, A. P., Menard, C., et al. (2020). LRRK2 mutation alters behavioral, synaptic and non-synaptic adaptations to acute social stress. BioRxiv [preprint]. doi: 10.1101/2020.02.25.965194

Gustafsson, H., Nordstrom, A., and Nordstrom, P. (2015). Depression and subsequent risk of Parkinson disease: a nationwide cohort study. Neurology 84, 2422–2429. doi: 10.1212/WNL.0000000000001684

Han, M. H., and Nestler, E. J. (2017). Neural substrates of depression and resilience. Neurotherapeutics 14, 677–686. doi: 10.1007/s13311-017-0527-x

Helmich, R. C., Thaler, A., Van Nuenen, B. F., Gurevich, T., Mirelman, A., Marder, K. S., et al. (2015). Reorganization of corticostriatal circuits in healthy G2019S LRRK2 carriers. Neurology 84, 399–406. doi: 10.1212/WNL.0000000000001189

Hemmerle, A. M., Herman, J. P., and Seroogy, K. B. (2012). Stress, depression and Parkinson’s disease. Exp. Neurol. 233, 79–86.

Higley, M. J., and Sabatini, B. L. (2010). Competitive regulation of synaptic Ca2 (influx by D2 dopamine and A2A adenosine receptors. Nat. Neurosci. 13, 958–966. doi: 10.1038/nn.2592

Hodes, G. E., Pfau, M. L., Leboeuf, M., Golden, S. A., Christoffel, D. J., Bregman, D., et al. (2014). Individual differences in the peripheral immune system promote resilience versus susceptibility to social stress. Proc. Natl. Acad. Sci. U.S.A. 111, 16136–16141. doi: 10.1073/pnas.1415191111

Hume, R. I., Dingledine, R., and Heinemann, S. F. (1991). Identification of a site in glutamate receptor subunits that controls calcium permeability. Science 253, 1028–1031. doi: 10.1126/science.1653450

Irwin, D. J., Lee, V. M., and Trojanowski, J. Q. (2013). Parkinson’s disease dementia: convergence of alpha-synuclein, tau and amyloid-beta pathologies. Nat. Rev. Neurosci. 14, 626–636. doi: 10.1038/nrn3549

Jacob, Y., Rosenberg-Katz, K., Gurevich, T., Helmich, R. C., Bloem, B. R., Orr-Urtreger, A., et al. (2019). Network abnormalities among non-manifesting Parkinson disease related LRRK2 mutation carriers. Hum. Brain Mapp. 40, 2546–2555. doi: 10.1002/hbm.24543

Kannarkat, G. T., Boss, J. M., and Tansey, M. G. (2013). The role of innate and adaptive immunity in Parkinson’s disease. J. Parkinsons Dis. 3, 493–514. doi: 10.3233/JPD-130250

Kozorovitskiy, Y., Saunders, A., Johnson, C. A., Lowell, B. B., and Sabatini, B. L. (2012). Recurrent network activity drives striatal synaptogenesis. Nature 485, 646–650. doi: 10.1038/nature11052

Kreitzer, A. C., and Malenka, R. C. (2007). Endocannabinoid-mediated rescue of striatal LTD and motor deficits in Parkinson’s disease models. Nature 445, 643–647. doi: 10.1038/nature05506

Kreitzer, A. C., and Malenka, R. C. (2008). Striatal plasticity and basal ganglia circuit function. Neuron 60, 543–554. doi: 10.1016/j.neuron.2008.11.005

Kuwahara, T., Inoue, K., D’agati, V. D., Fujimoto, T., Eguchi, T., Saha, S., et al. (2016). LRRK2 and RAB7L1 coordinately regulate axonal morphology and lysosome integrity in diverse cellular contexts. Sci. Rep. 6:29945. doi: 10.1038/srep29945

Lim, J., Bang, Y., Choi, J. H., Han, A., Kwon, M. S., Liu, K. H., et al. (2018). LRRK2 G2019S induces anxiety/depression-like behavior before the onset of motor dysfunction with 5-HT1A receptor upregulation in mice. J. Neurosci. 38, 1611–1621. doi: 10.1523/JNEUROSCI.4051-15.2017

Lin, H. L., Lin, H. C., and Chen, Y. H. (2014). Psychiatric diseases predated the occurrence of Parkinson disease: a retrospective cohort study. Ann. Epidemiol. 24, 206–213. doi: 10.1016/j.annepidem.2013.12.010

Liu, Z., Bryant, N., Kumaran, R., Beilina, A., Abeliovich, A., Cookson, M. R., et al. (2018). LRRK2 phosphorylates membrane-bound Rabs and is activated by GTP-bound Rab7L1 to promote recruitment to the trans-Golgi network. Hum. Mol. Genet. 27, 385–395. doi: 10.1093/hmg/ddx410

Longo, F., Russo, I., Shimshek, D. R., Greggio, E., and Morari, M. (2014). Genetic and pharmacological evidence that G2019S LRRK2 confers a hyperkinetic phenotype, resistant to motor decline associated with aging. Neurobiol. Dis. 71, 62–73. doi: 10.1016/j.nbd.2014.07.013

Ma, T., Cheng, Y., Roltsch Hellard, E., Wang, X., Lu, J., Gao, X., et al. (2018). Bidirectional and long-lasting control of alcohol-seeking behavior by corticostriatal LTP and LTD. Nat. Neurosci. 21, 373–383. doi: 10.1038/s41593-018-0081-9

Martin, I., Abalde-Atristain, L., Kim, J. W., Dawson, T. M., and Dawson, V. L. (2014a). Abberant protein synthesis in G2019S LRRK2 Drosophila Parkinson disease-related phenotypes. Fly 8, 165–169. doi: 10.4161/19336934.2014.983382

Martin, I., Kim, J. W., Lee, B. D., Kang, H. C., Xu, J. C., Jia, H., et al. (2014b). Ribosomal protein s15 phosphorylation mediates LRRK2 neurodegeneration in Parkinson’s disease. Cell 157, 472–485. doi: 10.1016/j.cell.2014.01.064

Matikainen-Ankney, B. A., Kezunovic, N., Menard, C., Flanigan, M. E., Zhong, Y., Russo, S. J., et al. (2018). Parkinson’s disease-linked LRRK2-G2019S mutation alters synaptic plasticity and promotes resilience to chronic social stress in young adulthood. J. Neurosci. 38, 9700–9711. doi: 10.1523/JNEUROSCI.1457-18.2018

Matikainen-Ankney, B. A., Kezunovic, N., Mesias, R. E., Tian, Y., Williams, F. M., Huntley, G. W., et al. (2016). Altered development of synapse structure and function in striatum caused by Parkinson’s disease-linked LRRK2-G2019S mutation. J. Neurosci. 36, 7128–7141. doi: 10.1523/JNEUROSCI.3314-15.2016

Matsuzaki, M., Ellis-Davies, G. C., Nemoto, T., Miyashita, Y., Iino, M., and Kasai, H. (2001). Dendritic spine geometry is critical for AMPA receptor expression in hippocampal CA1 pyramidal neurons. Nat. Neurosci. 4, 1086–1092. doi: 10.1038/nn736

Matta, S., Van Kolen, K., Da Cunha, R., Van Den Bogaart, G., Mandemakers, W., Miskiewicz, K., et al. (2012). LRRK2 controls an EndoA phosphorylation cycle in synaptic endocytosis. Neuron 75, 1008–1021. doi: 10.1016/j.neuron.2012.08.022

Mayeux, R., Stern, Y., Cote, L., and Williams, J. B. (1984). Altered serotonin metabolism in depressed patients with Parkinson’s disease. Neurology 34, 642–646.

Mir, R., Tonelli, F., Lis, P., Macartney, T., Polinski, N. K., Martinez, T. N., et al. (2018). The Parkinson’s disease VPS35[D620N] mutation enhances LRRK2-mediated Rab protein phosphorylation in mouse and human. Biochem. J. 475, 1861–1883. doi: 10.1042/BCJ20180248

Molero, A. E., Arteaga-Bracho, E. E., Chen, C. H., Gulinello, M., Winchester, M. L., Pichamoorthy, N., et al. (2016). Selective expression of mutant huntingtin during development recapitulates characteristic features of Huntington’s disease. Proc. Natl. Acad. Sci. U.S.A. 113, 5736–5741. doi: 10.1073/pnas.1603871113

Munsie, L. N., Milnerwood, A. J., Seibler, P., Beccano-Kelly, D. A., Tatarnikov, I., Khinda, J., et al. (2015). Retromer-dependent neurotransmitter receptor trafficking to synapses is altered by the Parkinson’s disease VPS35 mutation p.D620N. Hum. Mol. Genet. 24, 1691–1703. doi: 10.1093/hmg/ddu582

Paisan-Ruiz, C., Jain, S., Evans, E. W., Gilks, W. P., Simon, J., Van Der Brug, M., et al. (2004). Cloning of the gene containing mutations that cause PARK8-linked Parkinson’s disease. Neuron 44, 595–600. doi: 10.1016/j.neuron.2004.10.023

Paisan-Ruiz, C., Lewis, P. A., and Singleton, A. B. (2013). LRRK2: cause, risk, and mechanism. J. Parkinsons Dis. 3, 85–103. doi: 10.3233/jpd-130192

Pan, P. Y., Li, X., Wang, J., Powell, J., Wang, Q., Zhang, Y., et al. (2017). Parkinson’s disease-associated LRRK2 hyperactive kinase mutant disrupts synaptic vesicle trafficking in ventral midbrain neurons. J. Neurosci. 37, 11366–11376. doi: 10.1523/JNEUROSCI.0964-17.2017

Parisiadou, L., Yu, J., Sgobio, C., Xie, C., Liu, G., Sun, L., et al. (2014). LRRK2 regulates synaptogenesis and dopamine receptor activation through modulation of PKA activity. Nat. Neurosci. 17, 367–376. doi: 10.1038/nn.3636

Parkinson, J. (2002). An essay on the shaking palsy. J. Neuropsychiatry Clin. Neurosci. 14, 223–236. doi: 10.1176/jnp.14.2.223

Peixoto, R. T., Wang, W., Croney, D. M., Kozorovitskiy, Y., and Sabatini, B. L. (2016). Early hyperactivity and precocious maturation of corticostriatal circuits in Shank3B(-/-) mice. Nat. Neurosci. 19, 716–724. doi: 10.1038/nn.4260

Penney, J., Tsurudome, K., Liao, E. H., Kauwe, G., Gray, L., Yanagiya, A., et al. (2016). LRRK2 regulates retrograde synaptic compensation at the Drosophila neuromuscular junction. Nat. Commun. 7:12188. doi: 10.1038/ncomms12188

Piccoli, G., Condliffe, S. B., Bauer, M., Giesert, F., Boldt, K., De Astis, S., et al. (2011). LRRK2 controls synaptic vesicle storage and mobilization within the recycling pool. J. Neurosci. 31, 2225–2237. doi: 10.1523/JNEUROSCI.3730-10.2011

Picconi, B., Centonze, D., Hakansson, K., Bernardi, G., Greengard, P., Fisone, G., et al. (2003). Loss of bidirectional striatal synaptic plasticity in L-DOPA-induced dyskinesia. Nat. Neurosci. 6, 501–506. doi: 10.1038/nn1040

Plant, K., Pelkey, K. A., Bortolotto, Z. A., Morita, D., Terashima, A., Mcbain, C. J., et al. (2006). Transient incorporation of native GluR2-lacking AMPA receptors during hippocampal long-term potentiation. Nat. Neurosci. 9, 602–604. doi: 10.1038/nn1678

Purlyte, E., Dhekne, H. S., Sarhan, A. R., Gomez, R., Lis, P., Wightman, M., et al. (2018). Rab29 activation of the Parkinson’s disease-associated LRRK2 kinase. EMBO J. 37, 1–18. doi: 10.15252/embj.201798099

Russo, I., Di Benedetto, G., Kaganovich, A., Ding, J., Mercatelli, D., Morari, M., et al. (2018). Leucine-rich repeat kinase 2 controls protein kinase A activation state through phosphodiesterase 4. J. Neuroinflammation 15:297. doi: 10.1186/s12974-018-1337-8

Sandor, C., Robertson, P., Lang, C., Heger, A., Booth, H., Vowles, J., et al. (2017). Transcriptomic profiling of purified patient-derived dopamine neurons identifies convergent perturbations and therapeutics for Parkinson’s disease. Hum. Mol. Genet. 26, 552–566. doi: 10.1093/hmg/ddw412

Santini, E., Huynh, T. N., Macaskill, A. F., Carter, A. G., Pierre, P., Ruggero, D., et al. (2013). Exaggerated translation causes synaptic and behavioural aberrations associated with autism. Nature 493, 411–415. doi: 10.1038/nature11782

Savica, R., Rocca, W. A., and Ahlskog, J. E. (2010). When does Parkinson disease start? Arch. Neurol. 67, 798–801. doi: 10.1001/archneurol.2010.135

Schapira, A. H. V., Chaudhuri, K. R., and Jenner, P. (2017). Non-motor features of Parkinson disease. Nat. Rev. Neurosci. 18, 435–450. doi: 10.1038/nrn.2017.62

Sharpe, N. A., and Tepper, J. M. (1998). Postnatal development of excitatory synaptic input to the rat neostriatum: an electron microscopic study. Neuroscience 84, 1163–1175. doi: 10.1016/s0306-4522(97)00583-6

Shen, W., Flajolet, M., Greengard, P., and Surmeier, D. J. (2008). Dichotomous dopaminergic control of striatal synaptic plasticity. Science 321, 848–851. doi: 10.1126/science.1160575

Shiflett, M. W., Brown, R. A., and Balleine, B. W. (2010). Acquisition and performance of goal-directed instrumental actions depends on ERK signaling in distinct regions of dorsal striatum in rats. J. Neurosci. 30, 2951–2959. doi: 10.1523/JNEUROSCI.1778-09.2010

Shin, N., Jeong, H., Kwon, J., Heo, H. Y., Kwon, J. J., Yun, H. J., et al. (2008). LRRK2 regulates synaptic vesicle endocytosis. Exp. Cell Res. 314, 2055–2065. doi: 10.1016/j.yexcr.2008.02.015

Sloan, M., Alegre-Abarrategui, J., Potgieter, D., Kaufmann, A. K., Exley, R., Deltheil, T., et al. (2016). LRRK2 BAC transgenic rats develop progressive, L-DOPA-responsive motor impairment, and deficits in dopamine circuit function. Hum. Mol. Genet. 25, 951–963. doi: 10.1093/hmg/ddv628

Smith, K. S., and Graybiel, A. M. (2014). Investigating habits: strategies, technologies and models. Front. Behav. Neurosci. 8:39. doi: 10.3389/fnbeh.2014.00039

Smith, W. W., Pei, Z., Jiang, H., Dawson, V. L., Dawson, T. M., and Ross, C. A. (2006). Kinase activity of mutant LRRK2 mediates neuronal toxicity. Nat. Neurosci. 9, 1231–1233. doi: 10.1038/nn1776

Sohur, U. S., Padmanabhan, H. K., Kotchetkov, I. S., Menezes, J. R., and Macklis, J. D. (2014). Anatomic and molecular development of corticostriatal projection neurons in mice. Cereb. Cortex 24, 293–303. doi: 10.1093/cercor/bhs342

Sorensen, E. M., Bertelsen, F., Weikop, P., Skovborg, M. M., Banke, T., Drasbek, K. R., et al. (2015). Hyperactivity and lack of social discrimination in the adolescent Fmr1 knockout mouse. Behav. Pharmacol. 26, 733–740. doi: 10.1097/FBP.0000000000000152

Starkstein, S. E., and Brockman, S. (2017). Management of depression in Parkinson’s disease: a systematic review. Mov. Disord. Clin. Pract. 4, 470–477. doi: 10.1002/mdc3.12507

Steger, M., Diez, F., Dhekne, H. S., Lis, P., Nirujogi, R. S., Karayel, O., et al. (2017). Systematic proteomic analysis of LRRK2-mediated Rab GTPase phosphorylation establishes a connection to ciliogenesis. eLife 6:e31012.

Steger, M., Tonelli, F., Ito, G., Davies, P., Trost, M., Vetter, M., et al. (2016). Phosphoproteomics reveals that Parkinson’s disease kinase LRRK2 regulates a subset of Rab GTPases. eLife 5:e12813.

Stroupe, C., and Brunger, A. T. (2000). Crystal structures of a Rab protein in its inactive and active conformations. J. Mol. Biol. 304, 585–598. doi: 10.1006/jmbi.2000.4236

Sweet, E. S., Saunier-Rebori, B., Yue, Z., and Blitzer, R. D. (2015). The Parkinson’s disease-associated mutation LRRK2-G2019S impairs synaptic plasticity in mouse hippocampus. J. Neurosci. 35, 11190–11195. doi: 10.1523/JNEUROSCI.0040-15.2015

Taymans, J. M., Nkiliza, A., and Chartier-Harlin, M. C. (2015). Deregulation of protein translation control, a potential game-changing hypothesis for Parkinson’s disease pathogenesis. Trends Mol. Med. 21, 466–472. doi: 10.1016/j.molmed.2015.05.004

Temkin, P., Morishita, W., Goswami, D., Arendt, K., Chen, L., and Malenka, R. (2017). The retromer supports AMPA receptor trafficking during LTP. Neuron 94:e75. doi: 10.1016/j.neuron.2017.03.020

Tepper, J. M., Sharpe, N. A., Koos, T. Z., and Trent, F. (1998). Postnatal development of the rat neostriatum: electrophysiological, light- and electron-microscopic studies. Dev. Neurosci. 20, 125–145. doi: 10.1159/000017308

Thaler, A., Gonen, T., Mirelman, A., Helmich, R. C., Gurevich, T., Orr-Urtreger, A., et al. (2019). Altered reward-related neural responses in non-manifesting carriers of the Parkinson disease related LRRK2 mutation. Brain Imaging Behav. 13, 1009–1020. doi: 10.1007/s11682-018-9920-2

Thaler, A., Mirelman, A., Gurevich, T., Simon, E., Orr-Urtreger, A., Marder, K., et al. (2012). Lower cognitive performance in healthy G2019S LRRK2 mutation carriers. Neurology 79, 1027–1032. doi: 10.1212/wnl.0b013e3182684646

Thaler, A., Mirelman, A., Helmich, R. C., Van Nuenen, B. F., Rosenberg-Katz, K., Gurevich, T., et al. (2013). Neural correlates of executive functions in healthy G2019S LRRK2 mutation carriers. Cortex 49, 2501–2511. doi: 10.1016/j.cortex.2012.12.017

Tozzi, A., Durante, V., Bastioli, G., Mazzocchetti, P., Novello, S., Mechelli, A., et al. (2018). Dopamine D2 receptor activation potently inhibits striatal glutamatergic transmission in a G2019S LRRK2 genetic model of Parkinson’s disease. Neurobiol. Dis. 118, 1–8. doi: 10.1016/j.nbd.2018.06.008

Verdoorn, T. A., Burnashev, N., Monyer, H., Seeburg, P. H., and Sakmann, B. (1991). Structural determinants of ion flow through recombinant glutamate receptor channels. Science 252, 1715–1718. doi: 10.1126/science.1710829

Vialou, V., Robison, A. J., Laplant, Q. C., Covington, H. E. III, Dietz, D. M., Ohnishi, Y. N., et al. (2010). DeltaFosB in brain reward circuits mediates resilience to stress and antidepressant responses. Nat. Neurosci. 13, 745–752. doi: 10.1038/nn.2551

Volta, M., Beccano-Kelly, D. A., Paschall, S. A., Cataldi, S., Macisaac, S. E., Kuhlmann, N., et al. (2017). Initial elevations in glutamate and dopamine neurotransmission decline with age, as does exploratory behavior, in LRRK2 G2019S knock-in mice. eLife 6:e28377.

Volta, M., Cataldi, S., Beccano-Kelly, D., Munsie, L., Tatarnikov, I., Chou, P., et al. (2015). Chronic and acute LRRK2 silencing has no long-term behavioral effects, whereas wild-type and mutant LRRK2 overexpression induce motor and cognitive deficits and altered regulation of dopamine release. Parkinsonism Relat. Disord. 21, 1156–1163. doi: 10.1016/j.parkreldis.2015.07.025

Volta, M., and Melrose, H. (2017). LRRK2 mouse models: dissecting the behavior, striatal neurochemistry and neurophysiology of PD pathogenesis. Biochem. Soc. Trans. 45, 113–122. doi: 10.1042/BST20160238

West, A. B., Cowell, R. M., Daher, J. P., Moehle, M. S., Hinkle, K. M., Melrose, H. L., et al. (2014). Differential LRRK2 expression in the cortex, striatum, and substantia nigra in transgenic and non-transgenic rodents. J. Comp. Neurol. 522, 2465–2480. doi: 10.1002/cne.23583

Westerlund, M., Belin, A. C., Anvret, A., Bickford, P., Olson, L., and Galter, D. (2008). Developmental regulation of leucine-rich repeat kinase 1 and 2 expression in the brain and other rodent and human organs: implications for Parkinson’s disease. Neuroscience 152, 429–436. doi: 10.1016/j.neuroscience.2007.10.062

Wohleb, E. S., Hanke, M. L., Corona, A. W., Powell, N. D., Stiner, L. M., Bailey, M. T., et al. (2011). beta-Adrenergic receptor antagonism prevents anxiety-like behavior and microglial reactivity induced by repeated social defeat. J. Neurosci. 31, 6277–6288. doi: 10.1523/JNEUROSCI.0450-11.2011

Yin, W., Gallagher, N. R., Sawicki, C. M., Mckim, D. B., Godbout, J. P., and Sheridan, J. F. (2019). Repeated social defeat in female mice induces anxiety-like behavior associated with enhanced myelopoiesis and increased monocyte accumulation in the brain. Brain Behav. Immun. 78, 131–142. doi: 10.1016/j.bbi.2019.01.015

Yue, M., Hinkle, K. M., Davies, P., Trushina, E., Fiesel, F. C., Christenson, T. A., et al. (2015). Progressive dopaminergic alterations and mitochondrial abnormalities in LRRK2 G2019S knock-in mice. Neurobiol. Dis. 78, 172–195. doi: 10.1016/j.nbd.2015.02.031

Zhou, Z., Liu, A., Xia, S., Leung, C., Qi, J., Meng, Y., et al. (2018). The C-terminal tails of endogenous GluA1 and GluA2 differentially contribute to hippocampal synaptic plasticity and learning. Nat. Neurosci. 21, 50–62. doi: 10.1038/s41593-017-0030-z

Zimprich, A., Biskup, S., Leitner, P., Lichtner, P., Farrer, M., Lincoln, S., et al. (2004). Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron 44, 601–607.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Huntley and Benson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 07 April 2020
doi: 10.3389/fnins.2020.00302





[image: image]

Binding of the Human 14-3-3 Isoforms to Distinct Sites in the Leucine-Rich Repeat Kinase 2

Jascha T. Manschwetus†, Maximilian Wallbott†, Alexandra Fachinger, Claudia Obergruber, Sabine Pautz, Daniela Bertinetti, Sven H. Schmidt and Friedrich W. Herberg*

Department of Biochemistry, Institute for Biology, University of Kassel, Kassel, Germany

Edited by:
Elisa Greggio, University of Padova, Italy

Reviewed by:
Giambattista Guaitoli, German Center for Neurodegenerative Diseases (DZNE), Germany
Nicolas Dzamko, University of Sydney, Australia

*Correspondence: Friedrich W. Herberg, herberg@uni-kassel.de

†These authors have contributed equally to this work

Specialty section: This article was submitted to Neurodegeneration, a section of the journal Frontiers in Neuroscience

Received: 01 February 2020
Accepted: 16 March 2020
Published: 07 April 2020

Citation: Manschwetus JT, Wallbott M, Fachinger A, Obergruber C, Pautz S, Bertinetti D, Schmidt SH and Herberg FW (2020) Binding of the Human 14-3-3 Isoforms to Distinct Sites in the Leucine-Rich Repeat Kinase 2. Front. Neurosci. 14:302. doi: 10.3389/fnins.2020.00302

Proteins of the 14-3-3 family are well known modulators of the leucine-rich repeat kinase 2 (LRRK2) regulating kinase activity, cellular localization, and ubiquitylation. Although binding between those proteins has been investigated, a comparative study of all human 14-3-3 isoforms interacting with LRRK2 is lacking so far. In a comprehensive approach, we quantitatively analyzed the interaction between the seven human 14-3-3 isoforms and LRRK2-derived peptides covering both, reported and putative 14-3-3 binding sites. We observed that phosphorylation is an absolute prerequisite for 14-3-3 binding and generated binding patterns of 14-3-3 isoforms to interact with peptides derived from the N-terminal phosphorylation cluster (S910 and S935), the Roc domain (S1444) and the C-terminus. The tested 14-3-3 binding sites in LRRK2 preferentially were recognized by the isoforms γ and η, whereas the isoforms ϵ and especially σ showed the weakest or no binding. Interestingly, the possible pathogenic mutation Q930R in LRRK2 drastically increases binding affinity to a peptide encompassing pS935. We then identified the autophosphorylation site T2524 as a so far not described 14-3-3 binding site at the very C-terminus of LRRK2. Binding affinities of all seven 14-3-3 isoforms were quantified for all three binding regions with pS1444 displaying the highest affinity of all measured singly phosphorylated peptides. The strongest binding was detected for the combined phosphosites S910 and S935, suggesting that avidity effects are important for high affinity interaction between 14-3-3 proteins and LRRK2.

Keywords: LRRK2, 14-3-3 proteins, isoform specificity, Parkinson’s disease, phosphorylation


INTRODUCTION

The leucine-rich repeat kinase 2 (LRRK2) is a large multidomain protein that is associated with familiar and sporadic Parkinson’s disease (PD) (Martin et al., 2014). In its enzymatic core region, LRRK2 harbors both a Ras of complex (Roc) GTPase domain and a kinase domain linked via the C-terminal of Roc (COR) domain. Those catalytically active domains encompass the most severe PD-associated mutations namely G2019S, I2020T in the kinase domain, and R1441C/G/H in the Roc domain (Zimprich et al., 2004; Mata et al., 2005). Additionally, Armadillo (ARM), Ankyrin (ANK), and leucine-rich repeat (LRR) domains at the N-terminus as well as a WD40 domain at the C-terminus confer structural integrity and act as scaffolds for protein-protein interactions. This complex domain architecture is assumed to regulate not only enzymatic activities of the GTPase and the kinase but also allows for spatiotemporal control throughout the cell (Gilsbach et al., 2018; Purlyte et al., 2018). Members of the Rab GTPase family were recently found to serve both as substrates as well as functional modulators of LRRK2 (Steger et al., 2016). As one of those, Rab29 recruits LRRK2 to the trans-Golgi network (Liu et al., 2017; Purlyte et al., 2018). Besides Rab-induced localization to membranes, LRRK2 also associates with the cytoskeleton. In this context, skein-like structures around microtubules are induced by pathogenic mutations such as R1441C or I2020T or specific kinase inhibitors (Kett et al., 2012; Blanca Ramirez et al., 2017; Schmidt et al., 2019). Members of the 14-3-3 protein family are known LRRK2 interactors enabling, both spatial control throughout the cell, as well as regulation of kinase activity (Lavalley et al., 2016).

In humans, seven 14-3-3 isoforms (β, γ, ε, ζ, η, θ, σ) have been identified which regulate activity, multimerization as well as the cellular localization of their target proteins (reviewed in Aitken, 2006). By acting as scaffolds, either homodimeric or heterodimeric, 14-3-3 proteins orchestrate numerous signaling pathways. Each 14-3-3 dimer is capable of binding to two target sequences simultaneously, thereby allowing for communication between different sites of the same polypeptide chain or even multiple proteins (Dougherty and Morrison, 2004). Despite their high sequence similarities, the seven human isoforms have different functions and interaction partners which link them to specific disease phenotypes (Dougherty and Morrison, 2004). 14-3-3 proteins have been associated with neurodegenerative diseases such as Alzheimer’s disease (ζ) and PD (γ, ϵ, ζ, θ) (Slone et al., 2015; Gu et al., 2019). In PD, pathogenic LRRK2 mutations such as G2019S alter kinase activity and can be modulated by 14-3-3 interactions (Lavalley et al., 2016). Furthermore, 14-3-3 proteins drive translocation of LRRK2 into exosomes finally leading to a secretion into the urine (Fraser et al., 2013). Another property of 14-3-3 binding to LRRK2 is protection from proteasomal degradation by inhibiting ubiquitylation and other posttranslational modifications (Zhao et al., 2015).

The binding pocket of 14-3-3 proteins is positively charged. Therefore, phosphorylation of specific sequences within target proteins can enhance affinity (Dougherty and Morrison, 2004). Yaffe and coworkers first defined sequence motifs enabling 14-3-3 interaction (Yaffe et al., 1997). One of those binding motifs, R-X-X-p[S/T]-X-P, resembles consensus sequences of AGC-kinases and is phosphorylated by the protein kinase A (PKA) with the PKA consensus sequence R-R-X-[S/T] (Kemp et al., 1977; Shabb, 2001). Our group described the PKA phosphosite S1444 (P0 position) within the Roc-domain and could demonstrate that this position enables binding of 14-3-3 proteins. 14-3-3 interaction is impaired in R1441C/G/H, one of the most common PD-related mutations, which represents the P-3 position of the PKA consensus sequence (Muda et al., 2014). This could be confirmed by Stevers et al. (2017) for 14-3-3γ. The N-terminal phosphorylation cluster, located between the ANK and LRR domain of LRRK2, encompasses the residues S910 and S935 which were identified as major 14-3-3 binding sites (Dzamko et al., 2010; Nichols et al., 2010). Another motif, defined as p[S/T]-X1–2-COOH enables binding of 14-3-3 proteins to the C-terminus of the respective interaction partner (Coblitz et al., 2006).

Here, we investigated the interaction of LRRK2 and all seven human 14-3-3 isoforms which we could confirm with pull-down experiments. Using LRRK2-derived peptides, we quantified binding to recombinant 14-3-3 proteins to discriminate isoform specificity toward the already described sites in the N-terminal phosphorylation cluster (S910 and S935) and the Roc domain (S1444). Finally, we could link the potential pathogenic mutation Q930R (Berg et al., 2005) to altered 14-3-3 binding and identified the autophosphorylation site T2524 (Pungaliya et al., 2010) at the C-terminus of LRRK2 as a so far not described 14-3-3 binding site.



RESULTS

The interaction of 14-3-3 proteins with certain binding sites on LRRK2 has been described by several groups. Yet a comprehensive study comparing all seven human isoforms targeting these sites in LRRK2 is lacking. In an initial experiment we investigated binding of all human 14-3-3 isoforms to LRRK2 full-length protein by performing pull-down assays. For this, we co-expressed the respective 14-3-3 isoforms and FLAG-Strep-Strep-tagged LRRK2 in HEK293T cells. We were able to co-precipitate all 14-3-3 isoforms with LRRK2, although binding of σ was barely detectable (Figure 1). However, binding of 14-3-3 proteins to full-length LRRK2, as shown here, does not allow for a discrimination between distinct sites. Furthermore, the phosphostatus of the respective 14-3-3 interaction sites cannot be controlled in full-length LRRK2.


[image: image]

FIGURE 1. Pull-down experiments demonstrate binding of 14-3-3 isoforms to full-length LRRK2. HEK293T cells were transfected with pcDNA3.0 plasmids encoding FLAG-Strep-Strep-LRRK2 or FLAG-HA-14-3-3 as indicated with (+) and the respective isoform. (−) indicates cells that were not transfected with LRRK2 or both, 14-3-3 and LRRK2 (last lane). (A) 14-3-3 isoforms were co-precipitated by capturing LRRK2 with Strep-Tactin resin. Expression of proteins is shown with the input control of cell lysates (B). LRRK2 and 14-3-3 proteins were detected using α-FLAG antibodies and visualized using fluorescently labeled secondary α-mouse IgG antibodies.
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FIGURE 2. Cartoon: Domain structure of LRRK2 indicating the distinct 14-3-3 interaction sites (arrows). Binding of 14-3-3 to LRRK2-derived peptides (Table 1) was quantified with fluorescence polarization (FP). Dilution series of 14-3-3γ were measured with the indicated fluorescently labeled peptides. While non-phosphorylated peptides (gray) did not show binding, the doubly phosphorylated pS910/pS935 (A) demonstrated the highest affinity. From the singly phosphorylated wild type peptides, pS1444 (B) showed the highest affinity. The possible pathogenic mutation Q930R enables high affinity binding to pS935 (C). Data points shown as circles were excluded from non-linear fits. Phosphorylated T2524 (D) clearly binds with micromolar affinity. All data points are means of duplicate measurements with error bars representing the standard error of mean (SEM).


We thus identified and quantified 14-3-3:LRRK2 interactions in a comprehensive study based on peptide sequences, focusing on isolated binding sites and isoform specificity. We performed fluorescence polarization (FP) assays using recombinantly expressed proteins of the seven human 14-3-3 isoforms. For this purpose, we designed fluorescently labeled LRRK2 peptides (Table 1) covering the 14-3-3 binding sites S910, S935, and S1444. Mass spectrometry studies previously revealed T2524 as a LRRK2-autophosphorylation site (Pungaliya et al., 2010). This position is located at the C-terminus of LRRK2 and thus shows similarity to the 14-3-3 binding mode III [p(S/T)-X1–2-COOH]. We therefore designed phospho- and non-phosphopeptides comprising T2524 at the very C-terminus of LRRK2.


TABLE 1. Peptides covering potential 14-3-3 binding sites: S910, S933, S935, S1443, S1444 and T2524.

[image: Table 1]15-19-mer peptide variants comprising S910, S935, S1444, or T2524 (Table 1) were first screened for binding toward 14-3-3γ (Figure 2 and Supplementary Figure S1). While no notable binding was detected for all non-phosphorylated peptides, the phosphorylated peptide pS910 demonstrated micromolar binding affinity (Supplementary Figure S1A). However, no binding was detected for the phosphorylated peptide variant pS935 (Supplementary Figure S1A). Berg et al. (2005) described the possible pathogenic mutation Q930R in LRRK2. This mutation may render S933 into a potential PKA phosphorylation site as the server-based tool NetPhos3.1 predicted with a score of 0.86 (Blom et al., 1999). A phosphorylation close to this mutated residue would subsequently generate a 14-3-3 interaction site as predicted with a consensus score of 0.71 using 14-3-3-Pred (Madeira et al., 2015). Our peptide studies revealed that neither the Q930R mutation nor the additional phosphorylation in pS933 could induce binding of 14-3-3γ (Figure 2C). In this context, we assumed that the mutation Q930R may influence binding of 14-3-3γ to pS935 (14-3-3-Pred score: 0.95). Strikingly, the Q930R mutation enabled a nanomolar affinity to pS935, which previously showed no binding in the singly phosphorylated peptides (Figure 2C, Table 2, and Supplementary Figure S1A).


TABLE 2. Binding affinities of human 14-3-3 isoforms toward LRRK2-derived phosphopeptides as measured by FP.

[image: Table 2]With a KD-value of 106 nM, pS1444 featured the highest affinity of all singly phosphorylated wild type peptides (Figure 2B and Table 2). To investigate whether S1443, a reported PKA phosphorylation site (Muda et al., 2014), affects 14-3-3 binding, we generated another set of phosphopeptides comprising this position. While pS1443 alone did not allow for binding, the doubly phosphorylated peptide pS1443/pS1444 reduced binding to 14-3-3γ compared to pS1444 (Figure 2B). To further examine the influence of the familial PD mutation R1441C on 14-3-3 binding to the site S1444 we tested a peptide encompassing both R1441C and pS1444. Including this PD-associated mutation into the peptide (R1441C/pS1444) strongly decreased the nanomolar affinity of pS1444 alone (Supplementary Figure S1B). Again, the non-phosphorylated peptide variant encompassing the mutation R1441C displayed no binding. Finally, we tested binding to the autophosphorylation site T2524 (Pungaliya et al., 2010). Phospho and non-phosphopeptides comprising T2524 at the very C-terminus of LRRK2 were designed and demonstrated micromolar affinities for binding of 14-3-3γ to pT2524 (Figure 2D).

We next analyzed binding of 35-mers which encompass both, S910 and S935 (Figure 2A). Longer peptides were previously shown to exhibit one of the strongest affinities by enabling a dual-binding-mode of 14-3-3 dimers (Stevers et al., 2017). In line with the short peptide variant pS935 (Supplementary Figure S1A), both singly phosphorylated peptides pS910/S935 and S910/pS935 showed only weak interactions. The affinity was drastically increased to 3.2 nM for the doubly phosphorylated peptide pS910/pS935 (Table 2). 14-3-3γ, again, did not bind non-phosphorylated S910/S935 (Figure 2A).

In the following analysis, binding of all seven human 14-3-3 isoforms to the above-mentioned binding sites in LRRK2 was quantified. Binding of pS910 was demonstrated for all isoforms but ϵ and σ (Supplementary Figure S2A). The highest affinities, yet in a micromolar range, were identified for γ and η followed by β and ζ while θ demonstrated the weakest binding. Under the same conditions no binding could be detected for pS935 with any 14-3-3 isoform (Supplementary Figure S2B). As expected, no non-phosphorylated control peptide bound to any isoform (Supplementary Figure S2). For the longer singly phosphorylated peptides, pS910/S935 and S910/pS935 no isoform specificity could be distinguished (Supplementary Figure S3). The doubly phosphorylated pS910/pS935 peptide enhanced binding toward all 14-3-3 isoforms to nanomolar affinities (Figure 3A). This result indicates that both phosphosites are crucial for high affinity binding. The obtained KD-values of the isoforms ranged from 4.8 nM for γ to 61 nM for σ (Table 2). Interestingly, the singly phosphorylated peptide Q930R/pS935 displays affinities from as high as 11 nM to as low as 350 nM (Figure 3C and Table 2). In Figure 4, the binding patterns of all 14-3-3 isoforms are visualized in a graphical overview.
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FIGURE 3. Isoform-specific binding of the LRRK2-derived peptides pS910/pS935 (A), pS1444 (B), Q930R/pS935 (C) and pT2524 (D) to all seven human 14-3-3 isoforms. KD-values were obtained with at least three independent measurements and are listed in Table 2. The resulting binding patterns are visualized in Figure 4. Data points are means of duplicate measurements with error bars representing the standard error of mean (SEM).
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FIGURE 4. Pattern of 14-3-3 binding to distinct sites in LRRK2 based on FP experiments. Colors represent 14-3-3 isoforms as used for the binding curves (Figure 3 and Supplementary Figure S2). For the singly phosphorylated peptides Q930R/pS935 and pS1444 as well as for the doubly phosphorylated peptide pS910/pS935 KD-values were in the nanomolar range. Micromolar affinities were found for pS910 and pT2524 not allowing for absolute determination of KD-values. No binding is indicated with asterisks.


pS1444 shows the highest affinities of all singly phosphorylated wild type peptides to all 14-3-3 isoforms (Figure 3B and Table 2). The isoforms γ and η exhibited the strongest binding with KD-values of approximately 100 nM, followed by β and θ with approximately 200 nM. While σ bound with an affinity of about 800 nM, the KD of ϵ was above 1 μM. The isoform-specific binding pattern of pS1444 well compares to the one of pS910 (Figure 4). Consequently, binding of all 14-3-3 isoforms toward pS1444 was detrimentally affected by an additional phosphorylation of S1443 as shown for γ, while binding to pS1443 was not demonstrated for any isoform (Supplementary Figure S5A). All 14-3-3 isoforms interacted with R1441C/pS1444 displaying affinities in the micromolar range (Supplementary Figure S5B). However, we were not able to quantify this low affinity binding and thus could not distinguish an isoform-dependency.

We finally tested isoform-specific binding of human 14-3-3 proteins to the C-terminal autophosphorylation site using the peptide pT2524 (Figure 3D and Supplementary Figure S6). Binding affinities were in the low micromolar range, with σ showing the worst binding. The observed binding pattern again well resembled those of the singly phosphorylated peptides pS910 and pS1444 (Figure 4).



DISCUSSION

Malfunction of LRRK2 is correlated to PD pathogenesis suggesting that LRRK2 activity needs to be tightly controlled (Martin et al., 2014). Upstream and downstream regulators of LRRK2 have been described including kinases (e.g., PKA, casein kinase 1α), phosphatases (e.g., protein phosphatase 1), and small G-proteins (e.g., Rab29) (Lobbestael et al., 2013; Chia et al., 2014; Greggio et al., 2017; Purlyte et al., 2018). Proteins of the highly conserved 14-3-3 family represent another class of interaction partners providing control on a cellular level. 14-3-3 isoforms form homodimers as well as heterodimers by this broadening the spectrum of modulation (Jones et al., 1995). Binding of 14-3-3 proteins has been demonstrated to influence kinase activity, the phosphorylation state, and the ubiquitylation state of LRRK2 (Nichols et al., 2010; Zhao et al., 2015; Lavalley et al., 2016).

In this study we investigated the interaction of all human 14-3-3 isoforms with three different binding regions in LRRK2. We used two different approaches to investigate direct interaction between LRRK2 and the human 14-3-3 isoforms. Based on pull-down assays we qualitatively showed that all 14-3-3 isoforms except for 14-3-3σ interact with LRRK2 (Figure 1), confirming results by Nichols et al. (2010) and Li et al. (2011). LRRK2, however, is a large multidomain protein that occurs in different conformational states potentially leading to a structure-dependent protection of putative 14-3-3 binding sites. Since the accessibility of those sites on full-length protein could be limited in pull-down assays, we intended to focus our studies by reducing complexity of the interaction utilizing isolated peptide sequences. FP was therefore employed to quantitatively analyze binding affinities of 14-3-3 proteins to LRRK2-derived peptides. Our results demonstrate binding of 14-3-3 proteins in an isoform-specific manner to distinct regions in LRRK2. Within the N-terminal phosphorylation cluster we attributed the possible pathogenic mutant Q930R (Berg et al., 2005) to alter the affinity of 14-3-3 proteins toward S935. Finally, we identified phosphorylated T2524 as a so far not described interaction site at the very C-terminus of LRRK2.


14-3-3 Interaction With the N-Terminal Phosphorylation Cluster

The N-terminus of LRRK2 encompasses a constitutive phosphorylation cluster between the ANK and the LRR domain. In this region, the sites S860, S910, S935, S955, and S973 have been described most likely to be phosphorylated by upstream kinases (Gloeckner et al., 2010; Nichols et al., 2010; Doggett et al., 2012). Nichols et al. (2010) established S910 and S935 as major 14-3-3 binding sites which were shown later to be phosphorylated by PKA (Li et al., 2011; Muda et al., 2014).

A peptide encompassing pS910, six amino acids longer than the one employed by Stevers et al. (2017), exhibited the strongest 14-3-3 interaction site within the N-terminal phosphorylation cluster (Supplementary Figure S2A). Our studies revealed micromolar affinities for the 14-3-3 isoforms except σ and ϵ and could thereby confirm previous 14-3-3γ data of Stevers et al. (2017). Although they observed a similar binding for the peptides pS910 and pS935, we could not detect binding of our peptide pS935 to any 14-3-3 isoform (Supplementary Figure S2B).

Based on primary sequence predictions, S933 is a potential phosphorylation site which is in close proximity to the possible pathogenic mutation Q930R (Berg et al., 2005; Gloeckner et al., 2010). This mutation may render S933 into a potential PKA phosphorylation site and subsequently generates a potential 14-3-3 interaction site. However, no 14-3-3 binding was detectable for either pS933 or Q930R/pS933 (Supplementary Figure S4). Interestingly, when including the Q930R mutation into a peptide encompassing pS935, 14-3-3 affinities for all isoforms were drastically increased to nanomolar KD-values (Figures 2C, 3C and Table 2). This mutation may generate a possible recognition site of protein kinase B (PKB/AKT) with the consensus sequence R-X-R-X-X-[S/T]-y (y = hydrophobic residue) (Alessi et al., 1996; Obata et al., 2000). The impact of Q930R on 14-3-3:LRRK2 interaction may explain PD-association of this mutation.

14-3-3 proteins can also be subject to post-translational modifications such as phosphorylation or acetylation which affects the recognition of target proteins (Aitken, 2011). In this line, phosphorylation of 14-3-3γ by PAK6 weakens its interaction with LRRK2, which in turn causes dephosphorylation of pS935 (Civiero et al., 2017). These findings indicate that 14-3-3:LRRK2 interaction can be targeted by protein-protein interaction modulators in order to manipulate irregular interactions (Stevers et al., 2018b).



14-3-3 Interaction With the Roc Domain

Of all singly phosphorylated wild type peptides, pS1444 exhibits the highest affinity toward all 14-3-3 isoforms (Figure 3B and Table 2), which is in line with Stevers et al. (2017). S1443, adjacent to this position, is phosphorylated by PKA as well, yet incapable of 14-3-3 binding (Figure 2B and Supplementary Figure S5A; Muda et al., 2014). Compared to pS1444, the doubly phosphorylated peptide pS1443/pS1444 reduced nanomolar binding affinity to micromolar values for all isoforms (Figure 2B and Supplementary Figure S5A). We speculate that additional phosphorylation of S1443 could fine tune 14-3-3 interactions. To understand the mutual effect of S1443 and S1444 in a more physiological context, further investigations are required.

The mutational hotspot R1441 with the pathogenic mutations R1441C/G/H/S is located in close proximity to S1444 within the Roc domain (Haugarvoll and Wszolek, 2009; Mata et al., 2016; Rideout, 2017). Those mutations are known to decrease GTPase activity (Wu et al., 2019) while data on effects of R1441C on kinase activity is inconsistent as discussed by Rudenko and Cookson (2014). R1441 represents the P-3 position of a PKA consensus sequence R-R-X-[S/T]-y (X = small residue, y = large hydrophobic residue) with S1444 as P0 position. Binding of 14-3-3 proteins to the Roc domain depends on phosphorylation of S1444. PKA phosphorylation of this site cannot occur when R1441 is mutated (Muda et al., 2014). Comparing the peptides R1441C/pS1444 and pS1444 clearly demonstrates that even if S1444 is phosphorylated, the mutation R1441C itself decreases the affinity to all 14-3-3 isoforms at least by a factor of 30 (Supplementary Figures S1B, S5B). On a cellular level, mutations of R1441 result in distinct phenotypes. In R1441C knock-in mice both, phosphorylation of S910 and S935 as well as 14-3-3 binding, are reduced, emphasizing the relevance of this mutational hotspot (Nichols et al., 2010). R1441G induces a neurite shortening phenotype which can be reduced by overexpression of 14-3-3θ (Lavalley et al., 2016). Another effect of R1441 mutations is the accumulation of LRRK2 in cytoplasmic pools as well as filament formation around microtubules (Greggio et al., 2006; Kett et al., 2012). Interestingly, inhibiting kinase activity of LRRK2 with MLi-2 or LRRK2-IN1 induces a similar phenotype indicating a common mechanism (Dzamko et al., 2010; Schmidt et al., 2019). 14-3-3 proteins may be involved in this mechanism, since overexpression of 14-3-3β, 14-3-3γ or 14-3-3ε rescues phenotypes which are caused by R1441C mutation or by kinase inhibition (Fraser et al., 2013; Blanca Ramirez et al., 2017). Alanine substitution of the 14-3-3 binding site S1444 resulted in an increased dot-like localization but not in altered LRRK2-IN1 induced filament formation (Blanca Ramirez et al., 2017).



14-3-3 Interaction With the C-Terminal Helix

As we demonstrated micromolar affinities of all 14-3-3 isoforms to phosphorylated T2524, we assume a specific role of the C-terminus in regulating LRRK2 function (Figure 3D). Binding of 14-3-3 proteins occurs to three motifs in target proteins: With p[S/T]-X1–2-COOH a mode III binding motif, typically accompanied by upstream arginines, is generated at C-termini of target proteins (Coblitz et al., 2006). Although the sequence surrounding T2524 (R-R-pT-S-V-E-COOH) does not perfectly match this motif, we confirmed this autophosphorylation site as a C-terminal 14-3-3 binding site. In interleukin nine receptor alpha chain (IL-9Rα) for example, a phosphorylated serine is also located four amino acids upstream of the C-terminus, still allowing for interaction with 14-3-3 proteins (Sliva et al., 2000).

The C-terminus appears to be essential for proper LRRK2 function as Kett et al. (2012) could show that deletion of the C-terminal WD40 domain in LRRK2-I2020T results in cytosolic relocalization from a filamentous phenotype. Deletion of the last 29 residues abolished LRRK2 kinase activity, disabled microtubule association as well as interaction with 14-3-3 proteins (Rudenko et al., 2012). Rudenko and colleagues thus speculated, that the C-terminal region might tether the kinase domain in a defined conformation. Jaleel et al. (2007) could further narrow down the relevant sequence. Kinase activity was significantly reduced by deletion of the last four amino acids while removing the last seven amino acids completely abolished activity. The structure of a Roc-COR-Kinase-WD40 (RCKW) construct was just determined using cryo-EM, revealing a helical structure interacting with the kinase domain (Deniston et al., 2020). These results underline the importance of 14-3-3 binding to the C-terminus, which depends on LRRK2 autophosphorylation at T2524. Reduced autophosphorylation could result in a disturbed 14-3-3 binding to T2524. Finally, we speculate that the C-terminal helix might be autophosphorylated as a tethered substrate, allowing 14-3-3 to regulate LRRK2 function.



Avidity Is an Important Factor for 14-3-3:LRRK2 Interaction

The combination of the low affinity peptide pS910 with the non-binding peptide pS935 resulted in the strongest 14-3-3 interaction of all tested peptides displaying affinities from 3 to 61 nM (Figure 3A and Table 2). Those avidity effects were also demonstrated by Stevers et al. (2017) for 14-3-3γ with other peptides comprising two LRRK2 phosphorylation sites. Furthermore, the group showed a contribution of the sequence between S910 and S935 on the binding event, while linkers of other doubly phosphorylated peptides had no influence (Stevers et al., 2018a). Additional evidence comes from our study, were Q930R, located in the linker, strongly increases 14-3-3 affinity to S935 (Figure 3C).



Isoform-Specific Influence on 14-3-3:LRRK2 Interactions

In this comprehensive study we intended to investigate isoform-specific interactions of 14-3-3 proteins with the respective binding sites. Surprisingly, the resulting 14-3-3 binding patterns were very similar for the peptides pS910, Q930R/pS935, pS910/pS935, pS1444, and pT2524 (Figure 4). All 14-3-3 binding sites of LRRK2 were preferentially bound by the isoforms γ and η, in line with results by Li et al. (2011) indicating that γ and η are main interactors of full-length LRRK2. The isoforms β, θ, and ζ demonstrated intermediate binding pattern. Weakest binders are the isoforms ε and in particular σ. As shown here and by Nichols et al. (2010), 14-3-3σ, as a special member of this rather homogenous protein family, does not interact with LRRK2. This isoform is primarily found in epithelial cells (Leffers et al., 1993) and this points to a minor role of 14-3-3σ in LRRK2 regulation.

This isoform specific binding pattern is based on peptide studies, which in contrast to the pull-down assays does not reflect LRRK2 full-length protein but isolated 14-3-3 binding sites. Considering that LRRK2 is a large multidomain protein which occurs in specific conformational states, the different 14-3-3 binding sites might be dynamically accessible. Binding affinity of 14-3-3 proteins could furthermore be determined by structural properties that cannot be displayed with peptides based on the primary sequence of LRRK2 only. In this line, the LRRK2 protein structure could further affect isoform-specific binding of 14-3-3 proteins which should be addressed in future in vivo studies.



CONCLUSION

Tight regulation of LRRK2 activities is required in order to maintain proper function since malfunction has been correlated with pathogenesis of PD (Di Maio et al., 2018). As one major regulator, 14-3-3 proteins appear to have a specific role in LRRK2 associated signaling. The phosphorylation state of LRRK2 is important for conformational control, enzymatic activities but also for protein-protein interactions allowing for spatiotemporal control. Here we demonstrate the opposing effects of the PD associated mutations Q930R and R1441C on 14-3-3 binding: in one case strengthening, in the other case weakening the respective interactions. Furthermore, we identified T2524 as a so far not described 14-3-3 binding site, highlighting the outstanding role of the LRRK2 C-terminus. In combination with the previously described sites S910, S935, and S1444, the autophosphorylation site T2524 may influence LRRK2 function. This could include cellular localization, monomer-dimer dynamics, conformational control, protein-protein interactions as well as enzymatic activities. Based on cryo-TM and cryo-EM studies of LRRK2 full-length and deletion constructs the impact of 14-3-3 proteins can finally be investigated on a structural level (Watanabe et al., 2019; Deniston et al., 2020). This will allow for a deeper understanding of how posttranslational modifications and 14-3-3 interactions affect LRRK2 biology.



MATERIALS AND METHODS


Purification of Human 14-3-3 Isoforms

Human MBP-tagged 14-3-3 isoforms were expressed from pMAL2CX plasmids [Kilisch et al. (2016), Yuan et al. (2003)] in E. coli BL21DE3 cells. After induction with 0.4 M isopropyl-β-D-thiogalactoside, the protein was expressed for 4 h at room temperature. Cells were lysed in MBP-lysis buffer [50 mM Tris–HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM PMSF, 1× cOmplete Protease Inhibitor EDTA-free (Roche)] using a French Pressure cell (FRENCH Press, Thermo, United States). Following centrifugation at 42,000 × g and 4°C for 30 min, the supernatant was transferred to a Maltose-agarose column (1.5 ml bed volume; New England Biolabs GmbH, Germany). Captured proteins were washed six times with 10 ml wash buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2) prior to elution using wash buffer including 15 mM D-maltose. To remove the MBP tag, fusion proteins were incubated with Factor Xa (New England Biolabs GmbH, Germany), at a final concentration of 0.4 μg per 1 mg fusion protein for 24 h at RT following another 72 h at 4°C. Anion exchange chromatography was finally applied to separate residual MBP using a buffer gradient from 20 mM Tris pH 8 to 20 mM Tris pH 8 with 1 M NaCl. For this a RESOURCE Q column (GE Healthcare, United Kingdom) was utilized, employing an ÄKTApurifier (GE Healthcare, United Kingdom) or an NGC Quest Chromatography System (Bio-Rad Laboratories GmbH, Germany).



Cell Culture, Transfection, and Purification of FLAG-Strep-Strep-Tagged LRRK2

N-terminally FLAG-Strep-Strep-tagged (FSS-) LRRK2 constructs were expressed in HEK293T cells. Plasmids (pcDNA3.0) contained the gene for full-length LRRK2 wild type (NM_198578, 1-2527). Cultivation, transfection and harvesting of cells as well as affinity purification and storage were performed as recently described (Schmidt et al., 2019).



Strep-Tag Pull-Down

To investigate binding of all human 14-3-3 isoforms, pull-down assays were performed using the FSS-tagged full-length protein of LRRK2. For this purpose, FSS-LRRK2 was co-expressed with the respective HA-FLAG-tagged human 14-3-3 isoforms (subcloned into pcDNA3.0) in HEK293T cells. Cells of one 15 cm Ø dish were lysed in 1 ml lysis buffer [20 mM Tris pH 7.5, 150 mM NaCl, 10 mM MgCl2, 0.5 mM GDP, 0.5% Tween 20, 1× cOmplete Protease Inhibitor EDTA-free (Roche), PhosSTOP (Roche)]. Following a 30 min incubation at 4°C, lysates were centrifuged at 15,000 × g and 4°C for 20 min and subsequently the whole cell protein concentrations was determined using a Bradford assay (Bradford, 1976). Protein concentrations were adjusted to the lowest concentration to transfer equal amounts to 50 μl bed volume of equilibrated Strep-Tactin Superflow (IBA Goettingen) columns. Excessive and non-specifically bound proteins were removed by washing twice with 0.5 ml Strep-Tactin wash buffer containing 0.5 mM GDP and another five times with wash buffer containing 850 mM NaCl and 1% Tween 20. Finally, proteins were eluted and denatured in 50 μl NuPAGE LDS sample buffer (Thermo Fisher Scientific). Following Western blotting, membranes were incubated with 1:1,500 of the primary antibody ANTI-FLAG M2 (mouse, F3165, Sigma-Aldrich) over night at 4°C. To visualize target proteins, IRDye 800CW goat anti-mouse IgG secondary antibodies (LI-COR, United States) were applied at dilutions of 1:15,000 for 1 h prior to detection with an Odyssey Fc Imaging system (LI-COR, United States). Acquired images were validated using the software Image Studio Lite Version 5.2.5 (LI-COR, United States).



Primary Amino Acid Sequence Predictions

The primary amino acid sequence of LRRK2 was obtained from UniProt Consortium (2019) and was analyzed with the webserver-based tools NetPhos3.1 and 14-3-3-Pred to predict phosphorylation sites and 14-3-3 binding sites (Blom et al., 1999; Madeira et al., 2015). Mutations were included by substituting the respective residue in the LRRK2 wild type sequence.



Fluorescence Polarization (FP) Direct Binding Assays

FP was used to determine binding affinities of different phosphorylated and non-phosphorylated peptides derived from LRRK2 sequences (Peps4LS GmbH, Germany) toward human 14-3-3 isoforms. Direct binding assays were performed and evaluated as previously described (Muda et al., 2014; Manschwetus et al., 2019). Briefly, both dilution series of 14-3-3 isoforms ranging from final concentrations of at least 5 μM down to picomolar concentrations and dilutions of the respective fluorescein-labeled peptide (final conc. 1 nM) were prepared in FP buffer (20 mM MOPS pH 7, 150 mM NaCl, 0.005% CHAPS). Subsequently, samples were mixed in 384-well microtiter plates as duplicates (BRAND plates, pureGrade, black, BRAND GmbH & Co. KG, Germany) in a 1:1 ratio and measured using a CLARIOstar plate reader (BMG LABTECH, Germany). Two protein preparations were utilized for at least two independent replications for all measurements while high affinity binding peptides were particularly measured with a minimum of three independent replications for statistical evaluation. Data was analyzed with GraphPad Prism 6.0 (GraphPad Software, San Diego, CA, United States) by plotting obtained FP signals (mPol) against the logarithmic 14-3-3 protein concentrations. Data points represent means ± standard error of mean (SEM) of duplicates. “Ctrl.” indicates the FP signal of fluorescein-labeled peptides without 14-3-3 protein. Sigmoidal dose-response fitting was performed to define KD-values.
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The multiple hit hypothesis for Parkinson’s disease (PD) suggests that an interaction between multiple (genetic and/or environmental) risk factors is needed to trigger the pathology. Leucine-Rich Repeat Kinase 2 (LRRK2) is an interesting protein to study in this context and is the focus of this review. More than 15 years of intensive research have identified several cellular pathways in which LRRK2 is involved, yet its exact physiological role or contribution to PD is not completely understood. Pathogenic mutations in LRRK2 are the most common genetic cause of PD but most likely require additional triggers to develop PD, as suggested by the reduced penetrance of the LRRK2 G2019S mutation. LRRK2 expression is high in immune cells such as monocytes, neutrophils, or dendritic cells, compared to neurons or glial cells and evidence for a role of LRRK2 in the immune system is emerging. This has led to the hypothesis that an inflammatory trigger is needed for pathogenic LRRK2 mutations to induce a PD phenotype. In this review, we will discuss the link between LRRK2 and inflammation and how this could play an active role in PD etiology.
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INTRODUCTION

Parkinson’s disease (PD) is the most common motor neurodegenerative disorder, estimated to affect about 7 million people worldwide. Pathologically, it is characterized by the degeneration of the dopaminergic neurons in the substantia nigra (SN), the aggregation of α-synuclein (αSYN) in cytoplasmic inclusions named Lewy Bodies, and neuroinflammation. The first evidence for neuroinflammation in PD was the discovery of human leukocyte antigen D-related (HLA-DR)-positive microglia in the SN of PD patients by McGeer et al. (1988a). Since then, intensive research has focused on understanding the extent and contribution of neuroinflammation to the progression of PD. The microgliosis that takes place in PD brain is accompanied by astrogliosis and an increase in the expression of inflammatory cytokines, chemokines, and prostaglandins (Mogi et al., 1994, 1996; Hunot et al., 1999; Teismann and Schulz, 2004; Teismann, 2012). Additionally, immunoglobulins G (IgGs) surround the Lewy Bodies and dopaminergic neurons, which points to the contribution of both the innate and adaptive immune system to neuroinflammation in PD (Orr et al., 2005).



INFLAMMATION AND PARKINSON’S DISEASE

Although the etiology of PD is not well understood, it is generally believed that the immune system plays an active role, and that the neuroinflammation observed in the patient’s brain might not only be a consequence of the ongoing neurodegeneration, as initially hypothesized (Tansey and Goldberg, 2010). The contribution of neuroinflammation to the pathology could explain the selective neuronal death in PD. Neuroinflammation induces the accumulation of cytokines and reactive oxygen species (ROS) in the brain, to which the dopaminergic neurons from the SN are particularly susceptible (reviewed in Tansey and Goldberg, 2010; Dias et al., 2013). Additionally, neuroinflammatory effects might be more pronounced in the SN, as this brain region displays the highest density of microglia, which are the brain resident macrophages, in the brain (Yang et al., 2013).

Genome-wide association studies (GWAS) found a connection between variations in the HLA locus and sporadic PD, thereby identifying the immune system as a contributor to PD susceptibility (Hamza et al., 2010; Saiki et al., 2010; Nalls et al., 2011; Holmans et al., 2013; Wissemann et al., 2013; Zhang et al., 2017). As opposed to what was believed in the past, the brain is not a completely immune privileged organ. Inflammatory events taking place outside the central nervous system (CNS) can communicate with the microglia and alter their activation state leading or contributing to neuroinflammation (McManus and Heneka, 2017). Communication between the periphery and the CNS is an important step for the peripheral immune system to initiate a harmful response in the brain. Peripheral cytokines and other inflammatory mediators can act on the perivascular macrophages and macrophages from the circumventricular organs of the brain, in which the blood brain barrier (BBB) is more permeable (Lacroix et al., 1998). T cells, B cells, natural killer cells and dendritic cells are present in other permeable regions like the choroid plexus and the meninges and may serve as a bridge to the brain (Korin et al., 2017). More specifically for enteric inflammation, the inflammatory mediators can act on the neurons forming the afferent vagus nerve, hence influencing other regions of the CNS (Perry and Teeling, 2013). Additionally, disruption of the BBB has been described in pathological conditions and has been extensively reported in PD patients (Maiuolo et al., 2018; Sweeney et al., 2018; Fuzzati-Armentero et al., 2019). The opening of the BBB permits the infiltration of immune cells into the brain parenchyma, which can exacerbate the neuroinflammatory environment of the diseased brain. This is in line with the T cell infiltration that is consistently found in the SN of patients and PD models (McGeer et al., 1988b; Brochard et al., 2008).

The communication between the periphery and the CNS implies that infections or inflammatory events can act as environmental factors triggering or contributing to the PD pathogenesis (Figure 1). This idea is supported by several epidemiological studies. A first hint came from the Spanish flu pandemic in 1918. Affected people were reported to develop transient parkinsonian symptoms the month after infection (Ravenholt and Foege, 1982; Toovey et al., 2011). More interesting, an increased risk to develop PD was found in a cohort of patients with tuberculosis (Shen et al., 2016), vermiform appendix (Killinger et al., 2018), or inflammatory bowel disease (IBD) (Wan et al., 2018; Park et al., 2019; Weimers et al., 2019; Zhu et al., 2019). Furthermore, IBD patients treated with anti-tumor necrosis factor (anti-TNF) therapy showed no increased risk for PD, further supporting a contributive role of inflammation in PD etiology (Peter et al., 2018). This was not the first time an anti-inflammatory treatment was proposed to protect against neurodegeneration. Chronic treatment with non-steroidal anti-inflammatory drugs (NSAIDs) was linked to a reduced predisposition to develop PD (Chen et al., 2005; Gagne and Power, 2010), although several other studies failed to confirm these results (Driver et al., 2011; Ren et al., 2018; Poly et al., 2019).
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FIGURE 1. Environmental factors such as inflammatory bowel disease or infections can trigger neuroinflammation and contribute to the pathogenesis of Parkinson’s disease. The presence of LRRK2 mutations exacerbate the pro-inflammatory state of the immune cells from the periphery. Infiltration of monocytes, T cells or cytokines through the blood brain barrier can induce the activation of microglia in the brain. The neuroinflammatory environment affects the dopaminergic neurons in the substantia nigra, contributing to the neurodegeneration.




LRRK2 AND NEUROINFLAMMATION

Approximately 10% of all PD cases have a monogenic origin, with mutations in genes encoding for α-synuclein (SNCA), Leucine-Rich Repeat Kinase 2 (LRRK2), Parkin, PTEN-induced putative kinase 1 (PINK1), or DJ1 as the most studied examples (Nuytemans et al., 2010). These disease-causing mutations have indicated key cellular processes in PD etiology. Nevertheless, and despite being the most common PD-linked gene, the exact role of LRRK2 still remains unclear. Below, we will discuss evidence supporting the idea that LRRK2 constitutes a strong link between inflammation and PD.

LRRK2 was first described in 2004 as a PD-related gene. The most frequent G2019S mutation accounts for 4% of the familial and 1% of the sporadic PD cases (Domingo and Klein, 2018). Most of the pathogenic LRRK2 mutations enhance kinase activity, which has been linked to pathological phenotypes in neurons (Korecka et al., 2019). LRRK2 has been linked to several cellular processes including mitochondrial function, endocytosis, vesicle trafficking, autophagy, and processes at the trans-Golgi network (reviewed in Wallings et al., 2015; Albanese et al., 2019; Berwick et al., 2019). More mechanistic insight in these functions came from the identification of several Rab proteins as bona fide LRRK2 substrates (Steger et al., 2016; Fujimoto et al., 2017; Liu et al., 2018; Rivero-Ríos et al., 2019). These small GTPases are regulators of membrane trafficking and are also involved in cellular processes essential for immune cell activity such as phagocytosis, exocytosis, and antigen presentation (reviewed in Prashar et al., 2017; Wallings and Tansey, 2019). This is in line with the emerging evidence pointing to LRRK2 as a modulator of inflammation through a role in immune cells both in the CNS and the periphery.

Several studies have reported the dysregulation of inflammatory events by LRRK2 in vivo. Already in 2009, Lin et al. (2009) reported an increase in microgliosis and astrogliosis in A53T αSYN transgenic mice in the presence of LRRK2 G2019S. However, no effect of the G2019S mutation could be observed in microglia in a different transgenic αSYN model (Daher et al., 2012). In 2015, Daher et al. (2015) reported an increased activation of microglia in the SN of a G2019S LRRK2 transgenic rat after recombinant adeno-associated viral vector (rAAV)-mediated αSYN overexpression. This increase in neuroinflammation was accompanied by a more pronounced neurodegeneration and could be abolished by the inhibition of LRRK2 kinase activity. Recently, another study showed increased expression of CD68 in microglia from G2019S LRRK2 mice injected with recombinant αSYN fibrils, as well as increased expression of pro-inflammatory markers such as IL-6, TNFα and C1qa and astroglial markers like Vim, CD44 and Cxcl10 (Bieri et al., 2019). In addition, a physiological role for WT LRRK2 in neuroinflammation is supported by studies using LRRK2 knock out (KO) models. Genetic ablation of LRRK2 was reported to protect against dopaminergic neurodegeneration induced by lipopolysaccharide (LPS), as well as against the neuroinflammation and neurodegeneration induced by rAAV-based overexpression of αSYN (Daher et al., 2014). LRRK2 KO animals displayed a reduced number of CD68 and iNOS positive cells and reduced myeloid cell activation as shown by the absence of a shift in morphology from ramified to amoeboid Iba1+-cells. The evidence that WT LRRK2 is not only involved in PD-related neuroinflammation is underlined by the finding that suppressing LRRK2 activity or expression is also protective against neuroinflammation after exposure to manganese (Chen et al., 2018) or HIV-1 Tat protein in an HIV-1 associated neurocognitive disorder (HAND) model in vivo (Puccini et al., 2015). Taken together, LRRK2 is considered as a pro-inflammatory agent in different neuroinflammatory animal models with increased LRRK2 kinase activity as a driver of inflammation.



LRRK2 IN IMMUNE CELLS

In order to understand the physiological and pathological function of LRRK2, it is essential to identify the cell types in which LRRK2 plays a major role. Microglia are the first barrier of the innate immune system in the brain. Therefore, most efforts to elucidate the function of LRRK2 in neuroinflammation have focused on this cell type. Reducing the expression or activity of LRRK2 in microglia was shown to reduce the levels of pro-inflammatory cytokines such as TNFa, IL6, IL-1b, or IL-10 in vitro (Kim et al., 2012; Moehle et al., 2012; Russo et al., 2015) as well as to enhance microglial motility induced by adenosine diphosphate (ADP) and fractalkine, characteristic of microglia in a non-reactive state (Choi et al., 2015; Ma et al., 2016). Contrarily, mutations enhancing LRRK2 activity such as G2019S or R1441G were reported to shift cultured microglia to a more pro-inflammatory phenotype (Gillardon et al., 2012; Caesar et al., 2014; Choi et al., 2015; Russo et al., 2018). In addition, elevated LRRK2 mRNA levels were found in human and rodent microglia and protein expression was induced in microglia after stimulation with LPS in vitro (Miklossy et al., 2006; Gillardon et al., 2012; Moehle et al., 2012). Despite the reported effects in microglia, the relevance of LRRK2 in this immune cell is still under debate. Several studies in wild-type and BAC LRRK2 transgenic mice could not identify LRRK2 expression in microglia (Biskup et al., 2006; Higashi et al., 2007b; Westerlund et al., 2008; Mandemakers et al., 2012). Similarly, in situ hybridization and immunohistochemical studies on brain sections from PD patients and healthy controls reported no expression of LRRK2 in microglia (Higashi et al., 2007a; Hakimi et al., 2011; Sharma et al., 2011; Dzamko et al., 2012, 2017). LRRK2 expression was also not detectable after LPS stimulation in microglia isolated from rodent brain (Kozina et al., 2018). These conflicting results might be due to in vivo vs. in vitro differences given the alterations in phenotype and expression profile when microglia are placed in culture (Schmid et al., 2009; Butovsky et al., 2014). Furthermore, immunohistochemical detection of microglia in brain is based either on morphological analyses or myeloid markers like Isolectin B4 (Miklossy et al., 2006; Moehle et al., 2012). Establishing LRRK2 expression in microglia is complicated since these markers are also expressed in peripheral monocytes, which express LRRK2 (Gardet et al., 2010; Thévenet et al., 2011; Cook et al., 2017) and are known to infiltrate the brain during disease progression.

As discussed above, CNS resident microglia might not be the only players in neuroinflammation observed in PD and other neurodegenerative diseases. Emerging evidence points to a key role for peripheral immune cells, but how changes in activation state of these cells contribute to neuroinflammation and neurodegeneration is one of the outstanding questions in the field. In this context, LRRK2 is a very attractive target since the highest LRRK2 expression is found in myeloid cells like monocytes, dendritic cells and neutrophils, and to a lower extent, in B and T cells (Gardet et al., 2010; Hakimi et al., 2011; Thévenet et al., 2011; Daher et al., 2015; Cook et al., 2017). LRRK2 mRNA and protein levels are upregulated in macrophages and leukocytes upon in vitro exposure to pathogens and inflammatory mediators such as IFN-γ, IFN-β, TNF-α, and IL-6 (Hakimi et al., 2011; Thévenet et al., 2011; Kuss et al., 2014). In addition, stimulation of Toll-like receptors was shown to result in phosphorylation, dimerization and membrane translocation of LRRK2, pointing to activation of its function (Schapansky et al., 2014). Interestingly, LRRK2 protein levels are increased in B cells, T cells (CD4+, CD8+, and T regulatory cells) and CD14+ as well as CD16+ monocytes in PD patients compared to healthy controls (Bliederhaeuser et al., 2016; Cook et al., 2017). Moreover, PD patient monocytes were reported to secrete more inflammatory cytokines, which positively correlated with LRRK2 expression in T cells from PD patients, but not healthy controls (Cook et al., 2017). A role for LRRK2 in peripheral immune cells is also supported by the higher levels of peripheral inflammatory cytokines in the sera of PD patients carrying LRRK2 G2019S, as well as in asymptomatic carriers of the mutation (Dzamko et al., 2016). Further evidence comes from a more recent study showing that mice overexpressing mutant but not WT LRRK2 displayed an exacerbated long-term response to treatment with the systemic inflammatory insult LPS that leads to neuroinflammation and neurodegeneration in the SN. Intriguingly, the enhanced neuroinflammation was induced by peripheral cytokines, rather than by dysfunctional microglia or infiltration of monocytes or T-cells (Kozina et al., 2018). An independent study confirmed that a single peripheral LPS dose causes significantly increased neuroinflammation in LRRK2 G2019S rats, but not in non-transgenic rats, 10 months after treatment. However, the lack of dopaminergic degeneration in this study, despite the chronic neuroinflammation, suggests that multiple inflammatory triggers may be required for LRRK2 mutation carriers to develop PD (Schildt et al., 2019). This is in contrast to acute responses to LPS treatment as no differences in cytokine levels and microglial changes were observed in G2019S mice compared to control mice, 90 min after LPS treatment (Schildt et al., 2019).

Taken together, pathogenic LRRK2 mutations appear to enhance the immune response during inflammatory conditions, such as chronic inflammatory diseases or acute infections, through immune cells from the periphery, which might in turn increase the susceptibility to develop PD (Figure 1). More evidence that LRRK2 is involved in such inflammatory conditions is discussed below.



THE LINK BETWEEN LRRK2 AND INFLAMMATORY DISEASES

LRRK2 appears to be closely linked to inflammatory bowel disease (IBD), which is a chronic inflammatory condition of the digestive tube that includes Crohn’s disease (CD) and ulcerative colitis (UC). As mentioned previously, IBD is an important risk factor to develop PD (Wan et al., 2018; Park et al., 2019; Weimers et al., 2019; Zhu et al., 2019) and evidence points to LRRK2 as a potential link between these apparently unrelated disorders. An association between the LRRK2 locus and IBD has been identified by GWAS (Liu et al., 2015; De Lange et al., 2017) and exome sequencing revealed that functional LRRK2 variants confer shared effects on the risk to develop CD and PD (Hui et al., 2018). Dendritic cells from CD patients were also shown to exhibit increased LRRK2 levels in vitro. However, the mechanisms whereby LRRK2 can increase the risk to develop IBD remain elusive as we only begin to understand its function in the gut (Takagawa et al., 2018). In a mouse model for UC-like pathology based on dextran sulfate sodium (DSS), transgenic mice overexpressing LRRK2 WT exhibited more severe colitis and increased proinflammatory cytokine production compared to littermate controls. LRRK2 kinase inhibitor treatment ameliorated the phenotype in transgenic and control mice (Takagawa et al., 2018), pointing to a role for the LRRK2 kinase activity in IBD pathogenesis. This is in line with the increased kinase activity of the LRRK2 variant N2081D, which is a risk variant for CD (Hui et al., 2018). In contrast, an independent study reported exacerbated colitis in LRRK2 deficient mice (Liu et al., 2011), indicating that the exact relation between LRRK2 and IBD requires further investigation.

Besides IBD, LRRK2 has also been studied in the context of peripheral infections, especially infections affecting the gastrointestinal tract. LRRK2 was reported to be protective against intestinal Listeria monocytogenes infection (Zhang et al., 2015). Similarly, LRRK2 appeared crucial for the antibacterial activity of macrophages during infection with Salmonella typhimurium in vitro (Gardet et al., 2010), which was confirmed in vivo using mice lacking LRRK2 (Gardet et al., 2010; Liu et al., 2017; Shutinoski et al., 2019). The protective effects of LRRK2 during bacterial infections seem to be mediated by its kinase activity since knockin mice expressing the G2019S variant were able to better control the infection, in contrast to mice expressing the kinase dead variant D1994S (Shutinoski et al., 2019).

The idea that LRRK2 may play a crucial role in the gut immune cells fits perfectly in the concept of the gut-brain-axis in PD. This connection between both organs could explain the intestinal symptoms in PD patients, the pattern of αSYN spreading described by the Braak stages and the link between systemic inflammation and neuroinflammation (Mulak and Bonaz, 2015; Santos et al., 2019). The involvement of LRRK2 in this gut-brain axis remains unclear but might be related to its function in immune cells given that LRRK2 is upregulated in intestinal immune cells of CD patients, where it might act as an IFN-γ target gene (Gardet et al., 2010). In addition, increased LRRK2 activity has been shown to alter bone marrow myelopoiesis and to have an impact on the intestinal immune system by suppressing Th17 cell differentiation (Park et al., 2017).

The role of LRRK2 has also been studied in inflammatory conditions affecting other organs. In line with the reported protective effects against intestinal infections, mouse pups carrying the LRRK2 G2019S mutation displayed reduced viral titers during reovirus (serotype 3TD)-induced encephalitis. Curiously, mutant LRRK2 induced an enhanced proinflammatory state that was protective during sepsis, but proved to be detrimental during encephalitis as it was linked to a higher mortality rate (Shutinoski et al., 2019). Intriguingly, opposite findings were described for Mycobacterium tuberculosis, with an enhanced bacterial control at early stages of infection in LRRK2 KO animals (Härtlova et al., 2018). LRRK2 was also found not protective in the autoimmune disease systemic lupus erythematosus, since LRRK2 levels in B cells positively correlated with disease severity (Zhang et al., 2019).



CONCLUDING REMARKS

A better understanding of the etiology of PD will be key to find a disease-modifying therapy. However, it has become more and more clear that PD is a complex disease with different factors and pathogenic mechanisms. The multiple-hit hypothesis for PD suggests that an interaction between genetic and/or environmental risk factors is needed to trigger the disease and LRRK2 fits perfectly within this model. The G2019S LRRK2 mutation is highly prevalent and the most common cause of familial PD, but it has a surprisingly low penetrance of ∼25–40% (Goldwurm et al., 2007; Marder et al., 2015; Lee et al., 2017). Environmental triggers such as inflammation could synergize with the mutated protein to induce a detrimental effect. This idea is supported by the finding that inflammation is required to induce a PD phenotype in mice carrying mutant LRRK2 (Kozina et al., 2018). Additional multiple-hit studies to model LRRK2-PD might be instrumental to further unravel the pathogenic role of LRRK2.

The present knowledge of LRRK2 biology strongly points toward the immune system. Future studies focusing on peripheral immune cells are required, given the low LRRK2 expression in microglia and dopaminergic neurons (Gaiter et al., 2006; Melrose et al., 2006). It is intriguing to see that current studies point to opposite inflammatory effects of LRRK2 in the CNS vs. the periphery. While LRRK2 activity might be indirectly detrimental for the brain, it seems protective against some inflammatory insults in the periphery. LRRK2 kinase activity is positively linked to a pro-inflammatory response and might thus be beneficial to control peripheral pathogen infections. This might help explain the high prevalence of the LRRK2 G2019S mutation as an evolutionary advantage. Still, the protective effect of LRRK2 activity appears to depend on the specific pathogen. This apparent incongruency might be explained by differences in microorganisms or insults studied, and/or cell type-specific functions of LRRK2. One could argue that LRRK2 mediates different functions in different immune cells. This could clarify why LRRK2 protects against S. typhimurium and L. monocytogenes infections, which rely on the gut immune cells, but at the same time aggravates M. tuberculosis infections, which affects the respiratory system. This cell type/organ specificity is in line with the observation that LRRK2 KO mice are more susceptible to intestinal, but not systemic L. monocytogenes infections (Zhang et al., 2015).

The prominent role of LRRK2 in peripheral immune reactions that might lead to dysregulated microglial activity and thus contribute to neuroinflammation and neurodegeneration in PD can provide new therapeutic approaches. However, it also potentially complicates current therapeutic strategies relying on highly brain permeable LRRK2 kinase inhibitors. Although no side effects have been reported upon inhibition of LRRK2 in the brain, decreased systemic LRRK2 activity may induce a more permissive immune system, resulting in an inadequately controlled infection, dependent on the pathogen.

It will be interesting for future studies to identify in more detail the role of (mutant) LRRK2 during peripheral infections in terms of pathogen-specific mechanisms and the involvement of specific immune cells. These kind of studies will not only provide insight in the biology of inflammatory processes and thus support the development of specific therapies but might also help to understand how infections and environmental factors increase PD susceptibility.
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A growing number of genes associated with Parkinson’s disease are implicated in the regulation of lysosome function, including LRRK2, whose missense mutations are perhaps the most common monogenic cause of this neurodegenerative disease. These mutations are collectively thought to introduce a pathologic increase in LRRK2 kinase activity, which is currently a major target for therapeutic intervention. Heterozygous carriers of many missense mutations in the GBA1 gene have dramatically increased risk of Parkinson’s disease. A critical question has recently emerged regarding the potential interplay between the proteins encoded by these two disease-linked genes. Our group has recently demonstrated that knockin mutation of a Parkinson’s-linked GBA1 variant induces severe lysosomal and cytokine abnormalities in murine astrocytes and that these deficits were normalized via inhibition of wild-type LRRK2 kinase activity in these cells. Another group independently found that LRRK2 inhibition increases glucocerebrosidase activity in wild-type human iPSC-derived neurons, as well as those whose activity is disrupted by GBA1 or LRRK2 mutation. Fundamental questions remain in terms of the lysosomal abnormalities and the effects of LRRK2 kinase inhibition in human neurons deficient in glucocerebrosidase activity. Here, we further elucidate the physiological crosstalk between LRRK2 signaling and glucocerebrosidase activity in human iPSC-derived neurons. Our studies show that the allelic loss of GBA1 manifests broad defects in lysosomal morphology and function. Furthermore, our data show an increase in both the accumulation and secretion of oligomeric α-synuclein protein in these GBA1-heterozygous-null neurons, compared to isogenic controls. Consistent with recent findings in murine astrocytes, we observed that multiple indices of lysosomal dysfunction in GBA1-deficient human neurons were normalized by LRRK2 kinase inhibition, while some defects were preserved. Our findings demonstrate a selective but functional intersection between glucocerebrosidase dysfunction and LRRK2 signaling in the cell and may have implications in the pathogenesis and treatment of Parkinson’s disease.
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INTRODUCTION

LRRK2 is a large multi-domain protein that functions both as a kinase and a GTPase (West et al., 2005; Gloeckner et al., 2006; Biosa et al., 2013; Nguyen and Moore, 2017). Autosomal dominant missense mutations in LRRK2 are causative for familial PD and further linked to sporadic forms of the disease (Van Den Eeden et al., 2003; von Campenhausen et al., 2005; Healy et al., 2008; Gasser, 2009; Kalia et al., 2015). LRRK2 is expressed in various organs including brain, lung, kidney and circulating immune cells and its function has been implicated in several cellular signaling pathways including cytoskeletal polymerization, vesicular trafficking, synaptic transmission, mitochondrial function and regulation of the autophagy-lysosomal system (Inestrosa and Arenas, 2010; Papkovskaia et al., 2012; Migheli et al., 2013; Schapansky et al., 2014; Cookson, 2015; Taymans et al., 2015). Studies in aged LRRK2 knockout rodents and those involving reductions in LRRK2 activity by knockdown or pharmacological interventions have indicated an important role of LRRK2 in maintaining proper lysosomal function (Tong et al., 2010; Herzig et al., 2011; Hinkle et al., 2012).

The pathology observed in LRRK2-PD most commonly includes the age-dependent accumulation of insoluble α-synuclein (αSyn) and classic neuronal Lewy body formation (Alegre-Abarrategui et al., 2008; Vitte et al., 2010; Yacoubian et al., 2010). αSyn can be degraded both by the proteasome and the lysosome and its deposition in PD could conceivably arise from deficits in either pathway (Webb et al., 2003; Yan et al., 2018). Inhibition of autophagy or endo-lysosomal function leads to an accumulation of αSyn, indicating the importance of this pathway in αSyn degradation (Zimprich et al., 2004; Fornai et al., 2005). Furthermore, αSyn proteostasis is fundamentally linked to LRRK2 activity (Cuervo et al., 2004; Fornai et al., 2005; Schapansky et al., 2018). Accumulation of αSyn is observed in LRRK2 knockout rodent kidneys, LRRK2 G2019S knock-in mouse neurons, and LRRK2 G2019S iPSC-derived dopaminergic neurons (Hernandez et al., 2016; Pellegrini et al., 2018; Bieri et al., 2019). Thus, there is an established causal link between altered LRRK2 activity and αSyn metabolism, likely involving dysfunction of the endo-lysosomal system.

A wide series of Rabs, members of a protein family critical to intracellular transport across the endo-lysosomal system and beyond, have been determined to be phosphorylated by LRRK2 (Steger et al., 2016). This observation likely explains the complicated lysosomal phenotypes associated with increased or defective LRRK2 kinase activity in cells (Tong et al., 2010; Hockey et al., 2015; Schapansky et al., 2018). New questions are emerging with respect to the impact of LRRK2 signaling under conditions where endo-lysosomal trafficking is perturbed by stressors other than LRRK2 mutation, and how modulation of LRRK2 activity would impinge upon such environments. Autosomal recessive mutations in GBA1, which codes for the enzyme glucocerebrosidase (GCase), are causal for the lysosomal storage disorder Gaucher’s disease, whereas heterozygous carriers are at significantly greater risk of PD (Neumann et al., 2009; Sidransky et al., 2009; Bultron et al., 2010; McNeill et al., 2012). We recently showed that a loss-of-function mutation in GBA1 leads to lysosomal defects in murine astrocytes that could be normalized by inhibition of LRRK2 kinase activity (Sanyal et al., 2020). Excess LRRK2 kinase activity has also been shown to negatively regulate GCase activity in dopaminergic neurons, likewise corrected with LRRK2 inhibitors (Ysselstein et al., 2019). Taken together, these observations suggest a physiological link between LRRK2 and GCase in a convergent signaling pathway that exists across multiple cell types. Given the clear impact of these mutations on the lysosome, we sought greater insight into the status of LRRK2 signaling in GBA1-deficient human iPSC-derived neurons and how LRRK2 kinase inhibition would affect GBA1-dependent phenotypes.

Recent advances in iPSC technology allowed us to generate a series of WT and isogenic CRISPR/Cas9-engineered heterozygous-null GBA1 human iPSCs. Differentiating these cells into cortical layer 2/3 induced neurons (iNs) offers us the unique opportunity to examine PD-relevant phenotypes in heterozygous-null GBA1-mutant human neurons. In this study, we found that heterozygous-null GBA1 iNs exhibit broad lysosomal defects. Specifically, we found decreases in lysosome number, increases in lysosomal pH, and reductions in lysosomal cathepsin protease activities. We then assessed whether these changes were sufficient to adversely affect αSyn metabolism in neurons. We observed an increased accumulation of soluble and insoluble αSyn without corresponding changes in αSyn mRNA levels, characteristic of αSyn dyshomeostasis. Furthermore, results showed an increase in the secretion of oligomeric αSyn. Next, we assessed endogenous LRRK2 activity and found that GBA1 heterozygosity did not affect WT LRRK2 kinase activity. However, given the overlap between GBA1 and LRRK2 signaling reported in recent studies, we assessed the effects of LRRK2 kinase inhibition on GBA1-deficient neurons and found that pharmacological kinase inhibition of LRRK2 rescued selective lysosomal deficits, while not impacting others. This study confirms a broad physiological cross-talk between the cellular consequences of GCase dysfunction and the signaling of WT LRRK2, extending these data to now include both neurons and non-neuronal cells. The common pathways defined by these studies may deepen our understanding of PD etiology, as well as provide new opportunities to intervene in pathogenic processes in a therapeutic manner.



MATERIALS AND METHODS


CRISPR/Cas9 Genome Editing of Human iPSCs

Single guide RNAs (sgRNA) for GBA1 knockout (forward 5′-CACCGTTGGCTCAAGACCAATGGAG-3′ and reverse 5′-AAACCTCCATTGGTCTTGAGCCCAC-3′) were selected using a web-based design tool1. This was then cloned into pXPR_003 (Addgene #52963), that was modified to express the neomycin resistance gene instead of the puromycin resistance gene. Plasmid DNA was then commercially sequenced using the primer 5′-GATACAAGGCTGTTAGAGAGATAATT-3′ to determine clones that successfully integrated the sgRNA. BR01 and BR33 iPSCs were generated and characterized in collaboration with the New York Stem Cell Foundation (NYSCF) using previously described methods (Paull et al., 2015; Muratore et al., 2017). BR01 and BR33 were derived from a Caucasian female and male donor respectively, who were deeply phenotyped as part of the ROS/MAP longitudinal aging studies and determined to not be cognitively impaired at death at age >89 and free from genetic variants that confer risk of PD (Bennett et al., 2018). iPSCs were co-transfected with plasmids that express dCas9 (Addgene 61425) and the sgRNA plasmid. One microgram of each plasmid was transfected using 6 μL of Lipofectamine 2000 (Invitrogen) into a well of 90% confluent iPSC cells. After 2 days, cells that were successfully transfected with the two plasmids were selected by puromycin treatment for 4 days. Polyclonal cells were then monoclonally selected by plating ∼1 cell per well in a 96-well dish and allowed to grow for 2 weeks. Monoclonal lines were then expanded, sequenced and stocked. Amplification of GBA1 gene was conducted with primers specifically designed to exclude GBA1 pseudogene (forward 5′-CAGAAAGGCCTGCGCTTCA-3′ and reverse 5′-AAGGCTGAAAGGCCCAGAAG-3′), which was TA cloned according to manufacturer’s protocol (Invitrogen K2030-01) and heterozygous gene editing was confirmed by Sanger sequencing.



Differentiation of Human iPSCs

iPSCs were cultured in StemFlex (Life Technologies A33493) media. 100,000 cells/cm3 were co-transduced with lentivirus packaged with pTet-O-NGN2-puro and Fudelta GW-rtTA plasmids (Zhang et al., 2013) for 2 days and passaged for expansion and frozen as stocks. NGN2-transduced iPSC cells were thawed in StemFlex media with ROCK inhibitor (10 μM; Stemcell Technologies, 72304) and plated at 2 × 106 cells/10 cm plate and grown until 75% confluent. For differentiation, on day 1 these cells were fed with KnockOut media (Gibco 10829.018) supplemented with KnockOut Serum Replacement (Invitrogen 10928-028), 1% MEM non-essential amino acids (Invitrogen 11140), 1% GlutaMAX (Gibco 35050061) and 0.1% BME (Invitrogen 21985-023) (KSR) with doxycycline (2 μg/ml, Sigma, D9891-5g) to induce NGN2 expression. On day 2, they were fed with a 1:1 ratio of KSR:N2B media (DMEM F12 supplemented with 1% GlutaMAX, 3% dextrose and N2-Supplement B; StemCell Technologies 07156) with puromycin (5 μg/ml; Life Technologies, A11138-03) and doxycycline to select for transduced cells. On day 3, the cells were fed with N2B media with B27 (1:100; Life technologies, 17504-044), puromycin, and doxycycline. On day 4, induced neurons (iNs) were frozen down in 10% DMSO/FBS in Neurobasal media (NBM Gibco 21103-049) supplemented with B27, BDNF (Peprotech, 450-02), CNTF (Peprotech, 450-13), and GDNF (Peprotech, 450-10) all at 100 ng/uL, ROCK inhibitor (10 μM), puromycin, and doxycycline. iNs were plated and grown in NBM with B27, BDNF, CNTF, GDNF, puromycin, and doxycycline until day 21. All treatments were carried out at day 18–21.



Western Blot

Cells were lysed in cell lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 0.5 mM EDTA, 0.5% (v/v) sodium deoxycholate, 1% (v/v) NP-40, pH 8) with protease and phosphatase inhibitor for 30 min. The lysates were centrifuged at 14,000 × g for 15 min at 4°C, and the supernatant protein was quantified using BCA assay. Total protein was normalized, mixed with 1x SDS-PAGE loading buffer, denatured at 95°C for 5 min and resolved on an SDS-polyacrylamide gel, and transferred to PVDF membrane. For dot blots, conditioned media was blotted on a nitrocellulose membrane without boiling. Membranes were blocked with 5% bovine serum albumin (Sigma). Blots were probed with primary antibodies to LAMP1 (abcam ab108597), GCase (abcam ab55080), pT73-Rab10 (abcam ab230261), Rab10 (cell signaling 8127S), pT72-Rab8a (abcam ab230260), Rab8a (abcam ab188574), pS935-LRRK2 (abcam 133450), LRRK2 (clone, 8629). αSyn oligomer (abcam ab209538). Secondary antibodies conjugated to horseradish peroxidase were used for detection using autoradiography.



Immunofluorescence

Cells were washed with PBS, fixed with 4% (w/v) paraformaldehyde, blocked with 5% (v/v) BSA in PBS for 30 min, and permeabilized with 0.1% (v/v) Triton X-100 in PBS for 5 min or digitonin for 30 min. Primary antibody to NGN2 (Abnova H00063973-M10), NeuN (Millipore MAB377), MAP2 (abcam ab32454) and αSyn (clone 15G7, Enzo Life Sciences ALX-804-258-LC05) was incubated for 1 h and washed with PBS; the secondary antibody conjugated to Alexa Fluor dye was incubated for 1 h, washed with PBS, and visualized by confocal microscopy (Zeiss LSM710).



Glucocerebrosidase Activity Assay

Cells were resuspended in homogenization buffer (250 mM Sucrose, 10 mM Tris pH 7.5, 1 mM EDTA, 025% Triton X-100) and the cell pellet was disrupted on ice with a probe sonicator thrice for 5 s at 50 W. The cell lysate was centrifuged at 20,000 g for 20 min at 4°C, protein concentration quantified and normalized to 1 μg/μl. In a 96-well plate, 25 μl/well cell lysate, 100 μl of assay buffer (0.2 M sodium phosphate dibasic, 0.1 M citric acid), 25 μl of 4-methylumbelliferyl β-D-glucopyranoside substrate, incubated for 30 min at 37°C, reaction stopped with 75 μl stop solution (1 M Glycine, pH 10.5) and fluorescence read at 355 nm excitation 450 emission.



Neurite Outgrowth Assay

Live-cell imaging using the IncuCyte ZOOM live imaging system (Essen BioScience) was started immediately after plating iNs after differentiation at DIV 5 in 96 well plate, assigning 4 fields per well, 6 wells per genotype for each of three independent differentiations. Neurite length and neurite branch point were measured using the Essen BioScience neurite analysis tool after imaging every 4 h for 3 days.



High Content Analysis of Lysosomal Morphology

Neurons were plated 10,000 cells per well in 96-well black-wall clear-bottom plates (Greiner), labeled with LysoTracker® Red (Invitrogen) according to the manufacturer’s specifications, and 20 ng/ml of Hoechst. Labeled live cells were imaged at 10x magnification, six fields per well, in the DAPI and Cy3 channels using an IN Cell Analyzer 2200 (GE Healthcare). Images were analyzed with the IN Cell Workstation software (GE Healthcare) multi target analysis protocol. Briefly, nuclei were segmented by applying a Top Hat algorithm with a minimum area of 50 square μm and a sensitivity level of 50 to the DAPI channel. Lysosomes were defined as objects with a 1–3 μm diameter, segmented by 2 scales with a sensitivity level of 20 in the corresponding channel. Cell count, lysosome count, mean lysosome area and total lysosome area were calculated.



LysoSensor Assay

For lysosomal pH analysis, the ratiometric dye LysoSensorTM Yellow/Blue (Invitrogen) was used. Neurons were plated 10,000 cells per well on 96-well black-wall black-bottom plates (Thermo Scientific), labeled with dye (1 μM) for 10 min prior to rinsing 2x with HBSS buffer. Cells were imaged using a Synergy H1 hybrid reader (Bio-Tek; reading at excitation 329/384, emission 440/540). Then, cells were incubated for 5 min at 37°C with pH calibration standards (pH of 3.96, 4.46, 4.96, 5.47, and 5.97) prepared in 20 mM 2-(N-morpholino)ethanesulfonic acid, 110 mM KCl, and 20 mM NaCl freshly supplemented with 30 μM nigericin and 15 μM monensin. A pH standard curve was determined for each genotype using GraphPad Prism 7 and individual baseline pH values were interpolated from these standard curves.



DQ-BSA Assay

For lysosomal protease activity analysis, DQ-BSATM conjugate dye (Life Technologies) was used. Neurons were plated 10,000 cells per well in 96-well black-wall clear-bottom plates (Greiner), labeled with dye (1 μM) for 10 min and 20 ng/ml of Hoechst prior to rinsing 2x with HBSS buffer Total fluorescence intensity per well was quantified using a Synergy H1 hybrid reader (excitation 505 nm, emission 515 nm). For normalization, Hoechst staining is quantified (excitation 365 nm, emission 480 nm). For representative images, cells were imaged at 10x magnification, six fields per well, in the DAPI and GFP channels using an IN Cell Analyzer 2200 (GE Healthcare).



Cathepsin Activity Assays

Neurons were plated 10,000 cells per well in 96-well black-wall clear-bottom plates (Greiner), labeled with 1 μM Magic-RedTM dye (Bio-Rad, ICT937 and ICT 941) for 10 min and 20 ng/ml of Hoechst prior to rinsing 2x with HBSS buffer. Total fluorescence intensity per well was quantified using a Synergy H1 hybrid reader (excitation 592 nm, emission 628 nm). For normalization, Hoechst staining is quantified (excitation 365 nm, emission 480 nm). For representative images, cells were imaged at 10x magnification, six fields per well, in the DAPI and Texas-red channels using an IN Cell Analyzer 2200 (GE Healthcare).



RNA Isolation, RT, and qRT-PCR

Total cell RNA was extracted with the RNeasy mini plus kit (Qiagen). Five μg of RNA was reverse transcribed with random primers using the Superscript IV First Strand Synthesis System (Life Technologies). Two μl of a 1:10 dilution of cDNA was used for quantitative PCR with gene specific primers and SYBR Green PCR master mix (Applied Biosystems A25742) according to manufacturer’s instructions. Human gene-specific primer sequences were as follows: GBA1 (forward 5′-CTCCATCCGCACCTACACC-3′ and reverse 5′-ATCAGGGGTATCTTGAGCTTGG-3′), αSyn (forward 5′-CTGCTGCTGAGAAAACCA-3′ and reverse 5′-CCT TGGTTTTGGAGCCTA-3′) and Actin (forward 5′-ATTGCC GACAGGATGCAG A-3′ and reverse 5′-GAGTACTTG CGCTCAGGAGGA-3′)



Statistical Analyses

All experiments were conducted at least three independent times for three differentiations. Error bars indicate mean +SEM. Statistical analysis was performed using GraphPad Prism software, using a one-way ANOVA with Tukey’s post-hoc test.



RESULTS


GBA1 Heterozygous-Null iPSCs and iNs Exhibit a Gene-Dose Dependent Decrease in GCase Protein and Activity

Here we used CRISPR/Cas9 based genome editing technology to create isogenic clones of GBA1 heterozygous-null human iPSCs in two independent wildtype healthy control iPSC lines (BR01 and BR33). These cells were first tested for the loss of GCase protein and two clones for each WT iPSC background were chosen for further studies. We observed a 50–70% loss of protein in each clone (Figure 1A). In addition, we confirmed ∼50% corresponding loss of GCase activity (Figure 1A). Sanger sequencing indicates an insertion at 584 bp (GBA1/BR01 Het 1), a premature stop at 589 bp (GBA1/BR01 Het 2), insertions at 584 and 675 bp (GBA1/BR33 Het 1) and a frameshift from 592 bp (GBA1/BR33 Het 2) (Supplementary Figure S1A). Next, we differentiated these cells to “induced” layer 2/3 cortical neurons (iNs) via the forced expression of NGN2 (Zhang et al., 2013), Immunofluorescence staining of NGN2 confirms the high efficiency of transduction and robust expression of NGN2 in WT and GBA1 heterozygous-null neurons (Figure 1B). In addition, staining with neuronal markers NeuN (which localizes to the nucleus) and MAP2 (which localize to the cell body and neurites) revealed structural integrity of the neurons and confirms equal efficiency of differentiation across different genotypes (Figure 1C). Interestingly, while not apparent by eye, when we quantified the outgrowth of neurites over 3 days, we found a subtle but consistent and significant decrease in average neurite length and neurite branch points in the GBA1 heterozygous-null iNs when compared to their isogenic WT neurons (Figure 1D). Importantly, these iNs maintained the reduction in GCase protein and mRNA after differentiation and maturation for 21 days in culture (Figure 1E). Thus, we successfully generated a human neuronal model that recapitulates partial loss of GCase function in isogenic heterozygous-null GBA1 neurons, a critical aspect of GBA1-linked PD.
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FIGURE 1. GBA1 heterozygous-null iPSCs and iNs. (A) Western blot analysis of GCase and actin proteins in WT and GBA1 heterozygous-null clones in two independent iPSC backgrounds, BR01 and BR33. GCase activity from protein normalized to whole-cell lysates using a GCase-specific fluorogenic substrate. (B) WT and GBA1 heterozygous-null induced neurons (iNs) were analyzed by immunofluorescence assay for neuronal markers NGN2 (green), (C) NeuN (green) and MAP2 (red). Nuclei were counterstained with DAPI (blue). (D) Average neurite length and neurite branch points were quantified every 4 h over 3 days in WT and GBA1 heterozygous-null iNs. Data was collated from 6 wells for each of three differentiations (N = 3, *p < 0.01, 2-way repeated measures ANOVA followed by Tukey’s post-hoc test). (E) Quantitative PCR analysis of GBA1 mRNA in WT and GBA1 heterozygous-null iNs in the BR01 and BR33 background. Western blot analysis of GCase and actin protein levels in GBA1 heterozygous iNs in all the clones. All analyses were collated from three independent experiments for each of three differentiations on 21-day old iNs (N = 3, p < 0.001).




Broad Lysosomal Impairment Is Observed in GBA1 Heterozygous-Null Neurons

Since GCase is a critical lysosomal enzyme, we sought to determine whether partial loss of GCase protein affects lysosome function in neurons. Using high content image analysis, we quantified the number of lysosomes per cell by identifying the organelles with the cellular stain, LysoTracker®. We observed that GBA1 heterozygous-null iNs displayed a significant reduction (-50 to 70%) in the number of lysosomes (Figure 2A and Supplementary Figure S1B), while average lysosomal area of individual lysosomes remained unaffected by GBA1 heterozygosity (Figure 2C), despite being affected by LRRK2 mutation (Schapansky et al., 2018). Since LysoTracker® staining could be affected by changes in lysosomal pH, we also quantified immunofluorescently-LAMP2 stained lysosomes which would not be subject to a pH-dependent signal and observed similar data (not shown). Further, we quantified the number of lysosomes in the cell body vs. those localized within neurites and found that this decrease in lysosomal number in GBA1 heterozygous-null iNs, is primarily due to the loss in lysosomes in the neurites (Figure 2B). To ask whether the decrease in lysosome number was due to a decrease in lysosomal biogenesis, we examined the levels of nuclear TFEB, and observed no change (Figure 2D). Interestingly, we also found no change in levels of the lysosomal protein LAMP1 and LAMP2 (Figure 2D and Supplementary Figures S1C,D). However, biochemical analyses revealed that LAMP1 and LAMP2 from GBA1 heterozygous-null cells migrated more quickly on an SDS-PAGE than from control cells (Figure 2D and Supplementary Figures S1C,D). This observation suggested a differential post-translational modification, such as glycosylation, that is known to alter migration of proteins on SDS-PAGE (Quiza et al., 1997; Unal et al., 2008). Next, we quantified lysosomal pH using LysoSensorTM, a ratiometric pH-sensitive dye. We observed significant alkalinization of the lysosomes in GBA1 heterozygous-null iNs when compared to their isogenic controls (Figure 2E), further indicating a dysfunctional endo-lysosomal pathway. This led us to ask whether this alkalinization event was sufficient to alter lysosomal protease activity, which is known to be pH sensitive. We examined general protease activity in the lysosome using a DQ-BSA conjugate dye, where BSA is fused to a green fluorescent dye such that its fluorescence is auto-quenched. Upon exposure to active proteases, the conjugate is cleaved from the fluorescent peptide fragments that freely diffuse and are thus unquenched. Using this assay, we found that lysosome protease activity was similar in WT and GBA1 heterozygous-null neurons (Figure 2F). Given that there are many individual lysosomal enzymes that contribute to this pooled activity, we then conducted specific enzyme activity assays that are amenable to iN culture. Data showed that both clones of GBA1 heterozygous-null neurons manifested a significant decrease in Cathepsin B (Figure 2G) and Cathepsin L activities (Figure 2H). However, given the DQ-BSA data it is likely that other enzymes are unaffected by GBA1 heterozygosity. Additionally, we observed identical results in two independent clones of GBA1 heterozygous-null iNs generated from BR01 background (data not shown), suggesting robust reproducibility across different iPSC lines.
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FIGURE 2. Broad lysosomal impairment is observed in GBA1 heterozygous-null neurons. High-content image analysis, as detected by LysotrackerTM staining normalized to number of cells, show (A) lysosome number in WT and two clones of GBA1 heterozygous-null iNs, (B) lysosomal number in cell bodies (proximal) vs. neurites (distal) and (C) average lysosomal area in these cells. Cy3 fluorescence from LysotrackerTM staining is observed in representative microscopy images. (D) Western blot analysis of LAMP1, nuclear TFEB, and actin proteins in WT and GBA1 heterozygous iNs. (E) Determination of lysosomal pH using LysoSensorTM in WT and GBA1 heterozygous iNs. (F) General lysosomal protease activity, as detected by DQ-BSA cleavage (green), in WT and GBA1 heterozygous iNs. Green fluorescence due to cleavage of DQ-BSA is observed in representative microscopy images. (G) Cathepsin B and (H) Cathepsin L activities, as detected by cleavage of Magic-Red substrate (red), in WT and GBA1 heterozygous iNs. Red fluorescence from Cathepsin B/L-specific substrate cleavage is observed in representative microscopy images. In all fluorogenic plate-based activity assays, nuclei were detected by Hoechst 33258 (blue) for normalization of fluorescent signal. All lysosomal analyses were collated from 2–3 independent experiments for each of three differentiations with 10–20 wells per genotype, per experiment, on 21-day old iNs (N = 3, *p < 0.0001, ANOVA followed by Tukey’s post-hoc test).




GBA1 Heterozygous-Null Neurons Accumulate Soluble and Insoluble αSyn and Secrete Oligomeric αSyn

Neuronal accumulation of insoluble αSyn is believed to be a key determinant of most forms of PD. Multiple lines of evidence implicate GCase loss-of-function in αSyn accumulation, and thus to PD pathogenesis. To analyze αSyn metabolism, we sequentially extracted total cellular proteins from iNs and determined the levels of detergent-soluble and insoluble αSyn. Similar to previous studies, we observed an accumulation of both soluble and insoluble forms of αSyn in GBA1 heterozygous-null neurons of BR33 (Figure 3A) and BR01 background (data not shown), suggesting that these neurons have a decreased capacity to degrade αSyn. Increased levels of αSyn are readily visible by immunofluorescence of αSyn in GBA1 heterozygous-null neurons, particularly within GBA1 heterozygous-null neurites, compared to WT neurons (Figure 3B). Additionally, the accumulation of αSyn within GBA1 heterozygous-null neurons and their processes is not due to increased neuronal maturity of the GBA1 heterozygous-null iNs. On the contrary, these neurons have decreased neurite outgrowth (Figure 1D) but increased αSyn intensity. Critically, αSyn transcription is unchanged by GBA1 heterozygosity (Figure 3C), indicating a protein clearance defect. Among many views on disease progression, it is also believed that αSyn may manifest with prion-like properties and the cell-to-cell transfer of extracellular αSyn may be a mechanism of spread of Lewy bodies across the brain (Danzer et al., 2012; Volpicelli-Daley et al., 2014). To consider this, we analyzed αSyn levels in conditioned media and observed no significant difference in secretion of total αSyn by GBA1 heterozygous-null iNs (Figure 3A). Next, we sought to determine the levels of oligomeric species of secreted αSyn by using an antibody that specifically recognizes αSyn oligomers. To test the specificity of this antibody, we conducted a dot blot with purified αSyn monomer and pre-formed fibrils and observed that the antibody is unable to detect monomeric αSyn while it robustly recognized fibrillar αSyn, consistent with prior efforts validating this reagent (Lassen et al., 2018; Krashia et al., 2019; Matsui et al., 2019). Finally, we analyzed the conditioned media from WT and GBA1 heterozygous-null iNs and found that secreted αSyn from GBA1 heterozygous-null iNs contain more oligomeric αSyn than that from WT cells (Figure 3D). These data suggest that GBA1 heterozygosity provokes insufficient αSyn degradation, leading to both accumulation and secretion of insoluble oligomeric species.
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FIGURE 3. GBA1 heterozygous-null neurons present with an accumulation of soluble and insoluble αSyn. (A) Western blot analysis of sequentially extracted αSyn in 0.1% triton X-100 (TX-100) followed by SDS, display protein levels of TX-100 soluble (TX-100 sol) and insoluble (TX-100 insol) αSyn in WT and GBA1 heterozygous-null iNs. Secreted αSyn in the conditioned media is also detected by Western blot. (B) WT and GBA1 heterozygous iNs were analyzed by immunofluorescence assay detecting αSyn (green). Nuclei were counterstained with DAPI (blue). (C) Quantitative PCR analysis of SNCA mRNA in WT and GBA1 heterozygous iNs. (D) Dot blot with an antibody specific for oligomeric αSyn species of conditioned media from WT and GBA1 heterozygous iNs. Oligomeric αSyn levels were quantified by normalization to total levels of secreted αSyn. All analyses were collated from three independent experiments for each of three differentiations on 21-day old iNs (N = 3, *p < 0.001).




GBA1 Heterozygosity Does Not Affect Endogenous Wild-Type LRRK2 Kinase Activity

We reported evidence of a crosstalk between GCase and LRRK2 kinase activity in murine astrocytes (Sanyal et al., 2020). Here, we asked whether an interaction of GCase and LRRK2 is observed in this human iPSC derived neurons. We examined multiple markers of LRRK2 activity in GCase-deficient neurons by analyzing phosphorylation status of LRRK2 S935, an indirect marker of LRRK2 activity. We also investigated the LRRK2 substrates, Rab10 and Rab8a. We observed no change in the phosphorylation levels of any of these markers in GBA1 heterozygous-null iNs (Figures 4A–C). In addition, the total protein levels of LRRK2, Rab10 and Rab8a were unchanged across genotypes. As expected, long-term MLi-2 treatment decreased the phosphorylation of the LRRK2 substrate Rab10, confirming the efficacy of the inhibitor. A decrease in Rab8a phosphorylation was not detected, possibly due to the known poor specificity of this phospho-Rab antibody and its ability to detect Rab proteins that are not substrates of LRRK2 kinase activity (Lis et al., 2018).
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FIGURE 4. GBA1 heterozygosity does not affect endogenous wild-type LRRK2 kinase activity. (A) Examination of LRRK2 phosphorylation at S935 using Western blot of WT and GBA1 heterozygous iNs. Phosphorylation of (B) Rab10 and (C) Rab8a, putative LRRK2 kinase substrates, in WT and GBA1 heterozygous iNs was detected by Western blot using phospho-Rab10/8a specific antibodies. Here, cells were treated with 15 nM MLi-2 for 30 min. Images were quantified by normalization to total LRRK2, Rab10, and Rab8a protein levels. All analyses were collated from three independent experiments for each of three differentiations on 21-day old iNs (N = 3, *p < 0.001).




Inhibition of LRRK2 Kinase Activity Does Not Improve αSyn Metabolism in GBA1 Heterozygous-Null Neurons

Prior work from our group demonstrated that small molecule inhibitors of LRRK2 kinase activity increased the metabolism of αSyn in LRRK2 G2019S neurons (Schapansky et al., 2018). Given the cross-talk between LRRK2 and GBA1, and a recent report (Ysselstein et al., 2019), we analyzed whether inhibition of LRRK2 kinase activity affects GBA1-induced defects in αSyn metabolism. We treated WT and GBA1 heterozygous-null iNs with the LRRK2-kinase inhibitor, MLi-2, at sub-nanomolar concentrations, for 14 days and observed no rescue of the accumulation of insoluble αSyn (Figure 5), while the levels of soluble αSyn trended toward a correction. Additionally, we also examined the levels of oligomeric αSyn secreted in the conditioned media and found no evidence for correction in the presence of MLi-2 (Figure 5).
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FIGURE 5. Inhibition of LRRK2 kinase activity does not reduce αSyn accumulation. Western blot analysis of sequentially extracted αSyn in 0.1% triton X-100 (TX-100) display protein levels of TX-100 soluble (TX-100 sol), insoluble (TX-100 insol) αSyn and dot blot analysis of secreted αSyn in conditioned media detect oligomeric or total αSyn in WT and GBA1 heterozygous-null iNs treated with DMSO or 15nM MLi-2 for 14 days. All analyses were collated from three independent experiments for each of three differentiations on 21-day old iNs (N = 3, *p < 0.001).




GBA1-Induced Lysosomal Perturbations Are Normalized by LRRK2 Kinase Inhibition

Prior work demonstrated that reductions in WT LRRK2 kinase activity via small molecule inhibitors reversed both cytokine and lysosomal deficits induced by heterozygous GBA1 mutation in astrocytes (Sanyal et al., 2020). Given the failure of LRRK2 inhibition to rescue changes in αSyn metabolism, we sought to determine whether the underlying lysosomal dysfunction was broadly rescued by LRRK2 inhibition, and if not, whether selective deficits were corrected while others were not. Data showed that MLi-2 treatment resulted in a near-complete rescue of the GBA1-induced decrease in lysosomal number in both isogenic clones, from two independent WT backgrounds (BR33 and BR01) (Figures 6A,B). In addition, the lysosomes were partially re-acidified by LRRK2 inhibitor treatment in the GBA1 heterozygous-null iNs. While GBA1/BR33 heterozygous-null iNs trended toward decreased pH (Figure 6C), GBA1/BR01 iNs had significantly re-acidified lysosomes (Figure 6D). Individual lysosome area was not affected by GBA1 heterozygosity, nor was it influenced by LRRK2 kinase inhibition (data not shown). We also analyzed the effect of LRRK2 kinase inhibition on lysosomal proteases. Data in BR33 and BR01 mutant lines revealed that Cathepsin L activity was normalized by LRRK2 inhibition (Figures 6E,F). Interestingly, Cathepsin B activity was not corrected irrespective of the recovered Cathepsin L activity and the rescue of broader lysosomal properties (Figures 6G,H). It is interesting to note that in our recent work in murine neurons, Cathepsin B-like activity was inversely correlated with αSyn levels (Schapansky et al., 2018), as it was here in human neurons. Lastly, we asked whether LRRK2 kinase inhibition affected GCase activity in either WT or GBA1 heterozygous-null neurons. Our data showed no change in GCase activity upon 7 day (Figures 6I,J), or 3 day (data not shown) treatment with MLi-2 in any of the iPSC derived neurons. These data suggest that while LRRK2 impinges on pathways downstream of GCase deficiency, WT LRRK2 activity does not directly affect GCase activity in these cells.
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FIGURE 6. Inhibition of LRRK2 kinase activity normalizes GBA1-induced lysosomal perturbations. Lysosomal number, as detected by LysotrackerTM staining, in WT and GBA1 heterozygous-null iNs in (A) BR33 and (B) BR01 backgrounds. Lysosomal pH, as measured by LysoSensorTM, in WT and GBA1 heterozygous iNs in (C) BR33 and (D) BR01. Cells were treated with 15 nM MLi-2 for 3 days. Cathepsin L activity, as detected by enzyme specific Magic-Red dye cleavage, in WT and GBA1 heterozygous iNs in (E) BR33 and (F) BR01 backgrounds. Cathepsin B activity, as detected by enzyme specific Magic-Red dye cleavage, in WT and GBA1 heterozygous iNs in (G) BR33 and (H) BR01 backgrounds. GCase activity, as detected by GCase-specific fluorogenic substrate, was analyzed following MLi-2 (15 nM) treatment for 7 days in (I) BR33 and (J) BR01 (N = 3). All lysosomal analyses were collated from three independent experiments with 10 wells per genotype, per experiment, for each of three differentiations on 21-days old iNs (N = 3, *p < 0.0001, ANOVA followed by Tukey’s post-hoc test).




DISCUSSION

The ability to use human iPSCs to model neurological disorders has proven to be a potent and meaningful tool to better understand molecular mechanisms that are altered in these uniquely human diseases. iPSCs can be derived directly from patients or genetically manipulated to mirror a disease state, thus making it possible to study human neurons, an otherwise inaccessible cell type. In this study we sought to model the reductions in GCase activity that impart substantially elevated risk of PD through inheritance of heterozygous loss-of-function mutations in GBA1. To date, the impact of pure, heterozygous loss-of-function in the absence of a mutated missense GBA1 mutation has not been explored. To address this, we used CRISPR/Cas9 genome editing to induce GBA1 heterozygosity by a targeted allelic loss of GBA1 in healthy control human iPSCs (BR33 and BR01). These cells and their isogenic controls were then differentiated to cortical neuronal fate, given the unique prevalence of dementia in GBA1-PD (Liu et al., 2016) and the prevalence of αSyn throughout both cortical and sub-cortical brain regions in PD (Hurtig et al., 2000; Jellinger, 2012). Human iPSC-derived neurons partially deficient in GCase manifested with broad lysosomal defects including decreases in lysosome number and alkalinization of lysosomal pH. These cells displayed decreased lysosomal Cathepsin B and L activities, as compared to their isogenic controls. Lysosomal function was altered similarly in iNs generated from both BR33 and BR01 lines and across multiple clones, suggesting that these observations are robustly reproducible across different genomic backgrounds and are not confounded by variabilities induced by genome targeting, clonal selection, reprogramming or differentiation.

Multiple lines of evidence support the cell-to-cell transfer of insoluble αSyn (Braak et al., 2003; Danzer et al., 2012; Luk et al., 2012; Volpicelli-Daley et al., 2014; Jones et al., 2015). Additionally, GCase-null mice were found to exhibit an accumulation of endogenous αSyn and the formation of its insoluble oligomers (Mazzulli et al., 2011; Sardi et al., 2011). Consistent with observations across multiple GBA1 model systems (Mazzulli et al., 2011; Woodard et al., 2014; BR1, 2018; Kim et al., 2018; Maor et al., 2019), we found an accumulation of both soluble and insoluble αSyn in human heterozygous-null GBA1 neurons with no change in its transcription levels. Interestingly, although the total levels of secreted αSyn remain unaffected by GCase deficiency, αSyn oligomers were selectively enriched in the conditioned media of GBA1 heterozygous-null neurons, when compared to their isogenic wild-type control. These data might suggest a greater propensity for the spread of αSyn pathology, but future work in animal models will be best suited to fully address the implications of this altered αSyn release. Both lysosomal deficiency and αSyn accumulation can contribute to decreased neuronal maturation in primary rodent neurons and neuronal cell culture model (Ramonet et al., 2011; Koch et al., 2015; Wrasidlo et al., 2016; Prots et al., 2018; Srikanth et al., 2018). Accordingly, we observed that GBA1 heterozygous-null iNs display a decrease in neurite length, as well as number of neurite branch points. Further work will be required to dissect the mechanisms underlying this novel phenotype.

Several autosomal dominant missense mutations in LRRK2 are causal for PD and aberrant LRRK2 activity can influence both lysosomal dysfunction and αSyn dyshomeostasis (Henry et al., 2015; Hockey et al., 2015; Bae et al., 2018; Novello et al., 2018; Schapansky et al., 2018). We and others have shown altered lysosomal morphology and decreased lysosomal proteins in LRRK2 G2019S knock-in mice and in primary cultured neurons (Herzig et al., 2011; Hockey et al., 2015; Kuwahara et al., 2016; Schapansky et al., 2018; Wallings et al., 2019). These neurons also showed alkalinized lysosomes and the accumulation of insoluble αSyn, as was the case in GCase-deficient neurons in the present study. Importantly, we have observed rescue of the lysosomal defects by LRRK2 kinase inhibition both in LRRK2 mutant neurons (Schapansky et al., 2018) and GBA1 mutant astrocytes (Sanyal et al., 2020). Here, our data revealed that although endogenous LRRK2 kinase activity was not affected by GBA1 heterozygosity, inhibition by exogenous means (MLi-2) led to the normalization of lysosomal number, pH, and Cathepsin L activity. Results indicate that upon treatment with LRRK2 inhibitor, MLi-2, partial re-acidification of lysosomal pH was observed in GBA1/BR33 heterozygous neurons while lysosomal pH in GBA1/BR01 heterozygous neurons was completely corrected, potentially highlighting the role of patient-to-patient variability commonly observed in disease pathogenesis. Furthermore, we observed that four clones of GBA1 heterozygous iNs that were generated from two independent iPSC backgrounds displayed normalization of lysosomal number and correction of Cathepsin L activity by LRRK2 inhibition. Importantly, Cathepsin B activity was not normalized by LRRK2 inhibition. We have previously demonstrated that Cathepsin B is important for the degradation of αSyn in neurons (Schapansky et al., 2018), consistent with work from another group (Tsujimura et al., 2015). Accordingly, we observed here that LRRK2 inhibition was unable to normalize the increased levels of αSyn in GBA1 heterozygous-null iNs. Given the changes in oligomeric αSyn in the GBA1 heterozygous-null iNs and the lack of effect of LRRK2 inhibition on αSyn and Cathepsin B, we hypothesize that Cathepsin B is essential for the degradation of intracellular αSyn in human neurons.

Broad lysosomal deficits and their normalization by LRRK2 kinase inhibition were observed both in GBA1 heterozygous D409V knockin murine astrocytes (Sanyal et al., 2020) and in GBA1 heterozygous-null human iNs (this study). However, several differences were also noted, possibly as a manifestation of cell-type specific differences or differences occurring from missense mutation vs. allelic loss. The number of lysosomes was decreased ~50% in both cell types, however, the extent of lysosomal alkalinization was greater in iNs (pH∼1 unit) than in astrocytes (pH∼0.5 units. Cathepsin B activity was inhibited in iNs (-30%) to a greater extent than in astrocytes (-20%). While Cathepsin L activity was unaffected in astrocytes, it was significantly decreased in iNs (-40%). The effect of LRRK2 inhibition also exhibited cell-type specific differences. Upon inhibitor treatment, lysosomal pH was normalized in astrocytes but not lysosomal number. In iNs, both the decrease in lysosomal number and alkalinization of lysosomes were normalized. Furthermore, the decrease in Cathepsin B activity, which was rescued in murine astrocytes, remain unchanged by LRRK2 inhibitor in GBA1 heterozygous iNs. Therefore, the cell-type specific changes arising from GCase deficiency, and the effects of LRRK2 kinase inhibition in GBA-PD models are quite complex. Importantly, we observed that MLi-2 did not significantly impact lysosomal functions in WT astrocytes or neurons, indicating another layer of specificity in terms of drug responsiveness in cells. This observation is particularly important since in a recent study MLi-2 at 600 nM was shown to indiscriminately increase GCase activity in WT, GBA1 mutant and LRRK2 mutant neurons (Ysselstein et al., 2019). In contrast to those data, we observed no rescue of GCase activity in any cells tested following treatment with a concentration of 15 nM, where this lower concentration is roughly 10-fold greater than the IC50 (1.4 nM).

LAMP1 and LAMP2 are trafficked to the lysosome via the ER-trans golgi network where they are differentially glycosylated (Carlsson and Fukuda, 1992). Consequently, different glycosylated forms of LAMP1 and LAMP2 have unique migration rates on an SDS-PAGE. We have reproducibly observed the accumulation of a faster migrating species of LAMP1 and LAMP2 in GBA1 heterozygous-null neurons, indicating an irregular glycosylation of these proteins as a function of GBA1 deficiency. These data are consistent with ER stress reported by others in cells expressing GBA1 mutations (Fernandes et al., 2016; Sanchez-Martinez et al., 2016) and importantly indicate that these effects are not limited to conditions where cells express a mis-folded, mutant GBA1 protein but rather are more directly associated with reduced GCase activity in the cell. The improper trafficking of key lysosomal proteins may contribute to the lysosomal alkalinization, or other deficiencies, we found in this study. Our recent data in GBA1 heterozygous D409V knockin astrocytes also revealed alkalinization of lysosomes, highly consistent with the effects of pure GCase deficiency seen here. Key players that coordinate trafficking of lysosomal proteins belong to the Rab family of small GTPase (Cantalupo et al., 2001; del Toro et al., 2009; Chen et al., 2010). Recent studies have shown that several Rab GTPases are implicated in PD progression as they are phosphorylated and thought to be inactivated by LRRK2 (Steger et al., 2016). Thus, it is highly relevant that GBA1 mutant lysosomes could be re-acidified by a LRRK2 inhibitor. Our observation of glycosylation defects and lysosomal alkalinization in GBA1-deficient neurons underscores the potentially broader requirement of proper GCase activity in Rab-dependent trafficking.

Collectively, our findings suggest that inhibition of LRRK2 kinase activity may be sufficient to exert therapeutically relevant effects in neurons and astrocytes in the context of GBA-PD models, but there are also limitations. Our data also indicate a critical role for physiological GCase activity in cellular trafficking and is not restricted to its known function in the lysosome. Finally, LRRK2-GCase interactions not only reveal critical aspects of endogenous LRRK2 signaling but also provide evidence for a functional biochemical intersection between signaling cascades regulated by these two proteins that converge to influence the lysosome.
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FIGURE S1 | (A) Sanger sequencing of GBA1 heterozygous-null clones in WT iPSC backgrounds BR01 and BR33. (B) 63X magnification images of LAMP2 (green) stained lysosomes in BR33 (WT) and GBA HET1/BR33 neurons. Nuclei were stained with DAPI (blue). (C) Western blot analysis of LAMP2 in WT (BR33) and GBA1 heterozygous iNs (GBA HET 1 and GBA HET 2) neurons (D) Western blot analysis of six biological replicates of WT (BR33) and GBA1 heterozygous iNs (GBA HET 1 and GBA HET 2) neurons, detecting glycosylated species of LAMP1. Quantification of LAMP1 was normalized to loading control Actin.
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The Parkinson’s disease-associated Leucine-rich repeat kinase 2 (LRRK2) is a complex multi-domain protein belonging to the Roco protein family, a unique group of G-proteins. Variants of this gene are associated with an increased risk of Parkinson’s disease. Besides its well-characterized enzymatic activities, conferred by its GTPase and kinase domains, and a central dimerization domain, it contains four predicted repeat domains, which are, based on their structure, commonly involved in protein-protein interactions (PPIs). In the past decades, tremendous progress has been made in determining comprehensive interactome maps for the human proteome. Knowledge of PPIs has been instrumental in assigning functions to proteins involved in human disease and helped to understand the connectivity between different disease pathways and also significantly contributed to the functional understanding of LRRK2. In addition to an increased kinase activity observed for proteins containing PD-associated variants, various studies helped to establish LRRK2 as a large scaffold protein in the interface between cytoskeletal dynamics and the vesicular transport. This review first discusses a number of specific LRRK2-associated PPIs for which a functional consequence can at least be speculated upon, and then considers the representation of LRRK2 protein interactions in public repositories, providing an outlook on open research questions and challenges in this field.
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INTRODUCTION

Parkinson’s disease can be divided in two subgroups, the relatively rare familial forms that are caused by mutations in single genes, and idiopathic PD (iPD), the cause of which is generally unknown but can be assumed to involve the same pathophysiological pathways and associated molecular networks. A complete understanding of these is therefore of major importance for the field to develop specific causative therapies. Among the genes responsible for mendelian forms of the disease, variants within the Leucine-rich repeat kinase 2 (LRRK2) show the greatest contribution to the cases with known genetic cause and, together with an altered expression of wild type LRRK2, also represent a risk factor in iPD (reviewed in: Kluss et al., 2019). Furthermore, pathogenic LRRK2 variants lead to an augmented kinase activity (reviewed in: Gilsbach et al., 2018). For this reason, LRRK2 is seen as a promising drug target (Atashrazm and Dzamko, 2016), which is subject to systematic functional investigation. In modern biology, systematic mapping of protein interactions represents a powerful tool to get quick insight into functional cellular networks. In fact, when comparing the networks of normal and disease-variants of proteins, quantitative changes in the number and strength of connections (edges) between proteins (edgotyping) can be used to determine disease-associated functional modules and subsequently to identify the underlying pathophysiology of novel disease genes (Zhong et al., 2009; Sahni et al., 2013). These networks can not only identify connections between established disease genes but can also be analyzed for their mutational load to detect novel risk genes in complex diseases (Zaghloul and Katsanis, 2010). For example, this approach has recently been used to build a comprehensive map of the ciliary protein interactome and to identify connections between known ciliopathy genes (Boldt et al., 2016). Besides its enzymatic core consisting of a Roc (Ras of complex proteins) G-domain and a kinase domain intercepted by the regulatory/dimerization COR (C-terminal of Roc) domain, LRRK2 consists of four tandem repeat domains, including the N-terminal Armadillo, Ankyrin and Leucine-rich repeats as well as a C-terminal WD40 fold. Tandem repeats are an evolutionally preferred mechanism allowing quick adaptation to a changing environment by forming a large diversity of stable protein folds, which can serve as rigid scaffolds for protein-protein interactions (Schaper et al., 2014). For this reason, considerable effort has been dedicated to map LRRK2 protein-protein interaction partners by various methods, including targeted as well as global interactome studies. The resulting LRRK2 PPI network shows the expected links between different Parkinson genes as well as significantly contributed toward an understanding of the cellular functions of the LRRK2 protein. This review discusses the most important LRRK2 interactors and pathways identified by independent studies without attempting to be comprehensive. In addition, to focusing on research specifically aiming at elucidating the function of selected LRRK2 PPIs in more detail, we provide an update on systematic works by reviewing the current state of the dataset available in the IntAct molecular interaction database (Orchard et al., 2014), which is actively gathering data from various studies, including unbiased interactome-screening approaches. Details about the functional background of many of the well-characterized LRRK2 interactors described here are addressed by reviews in the same issue in more detail.



THE ROLE OF 14-3-3 PROTEINS IN THE REGULATION OF LRRK2

In addition to HSP90 and its co-chaperone cdc37 (Gloeckner et al., 2006; Wang et al., 2008), 14-3-3 proteins were one of the first robust interactors identified for LRRK2 by mass spectrometry. The 14-3-3 protein family is a group of adapter proteins implicated in the regulation of a large number of signaling pathways. They have been found to interact with the phosphorylated residues pS910 and pS935 within the interdomain space between the predicted LRRK2 Ankyrin and LRR repeats whose phosphorylation levels correlate with LRRK2 kinase activity and are altered by PD-associated LRRK2 variants (Dzamko et al., 2010; Nichols et al., 2010). In particular, for several pathogenic LRRK2 variants, i.e., R1441C/G/H, Y1699C and I2020T, a reduced phosphorylation at S910/935 as well as 14-3-3 binding have been reported (Nichols et al., 2010; Reynolds et al., 2014). In addition, the PD-related LRRK2 mutation R1441C/G/H was demonstrated to impair PKA phosphorylation of a serine residue downstream of Arginine 1441 (S1444) within the Roc G-domain thereby disrupting its interaction with 14-3-3 proteins (Muda et al., 2014). In a follow up study, published in the same Frontiers research topic, a third binding motif of 14-3-3 has been identified in the LRRK2 C-terminus around the previously described (auto-)phosphorylation site T2524 (Manschwetus et al., 2020). This finding is of potential importance as the first high resolution multi-domain structure of LRRK2 demonstrates, that the far C-terminus of the protein forms a α-helix which interacts with both lobes of the kinase domain, which suggests a potential regulatory role of the phosphorylation site following this helix (Deniston et al., 2020). Recently, a first structural interface between 14-3-3 proteins and LRRK2 was determined by co-crystallization of 14-3-3ε with LRRK2 phospho-peptides containing the prominent phosphorylation sites pS910 and pS935 (Stevers et al., 2017). In addition, works focusing on the biochemical characterization of the interaction of 14-3-3 with its client protein LRRK2 determined binding constants/kinetics for the different docking sites by surface plasmon resonance (SPR) and isothermal calorimetry (ITC), respectively, demonstrating that the pS1444 site within the Roc domain showed highest affinity among the single phosphorylated peptides tested (Muda et al., 2014; Stevers et al., 2017; Manschwetus et al., 2020). However, also avidity effects significantly contribute to the observed binding as shown for the neighboring sites pS910 and pS935. Furthermore, it has been demonstrated that LRRK2 preferentially binds the isoforms 14-3-3γ and 14-3-3η (Li et al., 2011). This finding has recently been corroborated by the comprehensive study of Manschwetus et al. (2020) systematically determining the affinities of the different 14-3-3 isoforms to phospho-peptides mimicking the potential docking sites on LRRK2.

The exact functional consequence of the 14-3-3/LRRK2 interaction is yet to be determined. Nevertheless, the work dedicated to this interaction cumulatively suggests that 14-3-3 binding regulates either LRRK2 protein stability, kinase activity and/or localization of LRRK2. In fact, a role of these scaffold proteins in subcellular localization of LRRK2 has been shown, recently. Lee et al. (2019b) demonstrated that endoplasmic reticulum (ER) membrane localization of LRRK2-G2019S is preceded by its dissociation from 14-3-3 proteins. Inhibition of the LRRK2 upstream kinase CK1, which has been shown to phosphorylate the 14-3-3 acceptor residues within the LRRK2 N-terminus (Chia et al., 2014) leads to a LRRK2 protein destabilization (De Wit et al., 2019). In contrast, N-terminal LRRK2 phosphorylation is counteracted by its physical interactor, the phosphatase PP1α (HGNC symbol: PPP1CA) (Lobbestael et al., 2013). Furthermore, binding to 14-3-3θ has been shown to reduce LRRK2 kinase activity. Overexpression of 14-3-3θ in cultured neurons of BAC-transgenic R1441G mice could reduce LRRK2-induced neurite shortening while inhibition of 14-3-3 proteins by difopein a peptide-based inhibitor, had the opposite effect (Lavalley et al., 2016). This finding is supported by the observation that PKA-mediated phosphorylation of LRRK2 at S1444 and subsequent 14-3-3 binding inhibits LRRK2 kinase activity, in vitro (Muda et al., 2014). However, 14-3-3 has also been demonstrated to be important for the cellular localization of LRRK2 as its inhibition by difopein also interferes with the efficient targeting of LRRK2 to exosomes (Fraser et al., 2013). Another interesting regulatory module has been identified with the finding that PAK6 regulates LRRK2 N-terminal phosphorylation by phosphorylation of 14-3-3γ at Serine 58. In consequence, 14-3-3γ becomes predominantly monomeric and loses its affinity for its client protein LRRK2 subsequently leading to a marked reduction in the phosphorylation at the sites S910/S935 (Civiero et al., 2017). The work of Civiero et al. (2017) could demonstrate that PAK6-mediates 14-3-3γ neurite shortening caused by LRRK2 in a kinase-activity dependent manner in primary neurons from BAC-LRRK2-G2019S transgenic mice which is in agreement with the findings of Fraser et al. (2013). Interestingly, also the phosphorylation of the physiological LRRK2 substrate Rab10 was found to be markedly reduced in MEFs derived from a murine knock-in model for S910A/S935A phospho-null Lrrk2, which has previously been shown to be impaired in 14-3-3 binding (Ito et al., 2016).

In conclusion, one major obstacle to all studies focusing on 14-3-3 dependent effects on LRRK2 signaling at a cellular level remains the central role of this scaffold protein family in cellular signaling. In fact, 14-3-3 proteins bind 100s of client proteins, including various kinases, which makes it very difficult to identify specific effects on particular cellular pathways (Tinti et al., 2014). In consequence, a perturbation of 14-3-3s in cells certainly affects various pathways. In addition, some of the results appear to be contradictory with respect to the impact on LRRK2 activity, which, in part, suggests a highly dynamic regulatory mechanism underlying the 14-3-3 LRRK2 interaction. Clearly, further studies are needed to identify the mechanisms by especially focusing on discrete aspects, i.e., control of cellular localization vs. stabilization of defined LRRK2 conformations or monomer/dimer equilibrium, both of which have been suggested by protein structures as well as biochemical work.



LRRK2 INTERACTION WITH THE CYTOSKELETON AND PROTEINS REGULATING CYTOSKELETAL DYNAMICS

One of the first reports on the systematic analysis of the LRRK2 interaction network was the mapping of the LRRK2 interactome in NIH3T3 fibroblasts by co-immunoprecipitation (coIP) coupled to quantitative mass spectrometry. This study also described the first cellular interactome of LRRK2 at endogenous expression levels. In this work, a target-specific antibody has been used in combination with a short-hairpin RNA-based LRRK2 knock-down as a negative control (Meixner et al., 2011). The so called QUICK (Quantitative Immune Precipitation combined with Knock-down) approach allows the identification of specific interactors (Selbach and Mann, 2006). Interestingly, the LRRK2 interactome mapped by the QUICK approach was enriched in cytoskeletal proteins. Beside tubulin, which is a well-studied interactor of LRRK2 (Kett et al., 2012; Law et al., 2014) that has also been suggested as a putative substrate of its enzymatic activity (Gillardon, 2009b), the interactome was enriched in elements of the regulatory network associated with actin cytoskeleton dynamics, such as the actin branching complex Arp2/3. These results fit well with a study showing that LRRK2 knock-down in SH-SY5Y neuroblastoma cells impacts mainly the actin cytoskeleton (Habig et al., 2008). LRRK2 also functionally interacts with another important regulatory protein of actin cytoskeletal dynamics, the Cdc42/Rac guanine nucleotide exchange factor β1Pix/ArhGEF7 (Haebig et al., 2010; Chia et al., 2014). Furthermore, together with its physical interactor ArhGEF7 and Tropomyosin 4, LRRK2 also guides the actin cytoskeleton at cellular growth cones (Habig et al., 2013). Another functional link to cytoskeletal dynamics has recently been contributed by the identification of the p21-activated kinase 6 (PAK6) as an interactor of the LRRK2 G-domain Roc (Civiero et al., 2015). In this work, it has been shown that LRRK2 and PAK6 coordinately regulate neurite outgrowth. LRRK2 has also been shown to interact with GSK3β and increase tau (MAPT) phosphorylation (Kawakami et al., 2014; Ohta et al., 2015), which is also part of the pathomechanisms linked to the most frequent pathogenic LRRK2 variant G2019S (Lin et al., 2010).

In addition to its interaction with microtubules (Kett et al., 2012), which has recently been structurally investigated in detail (Watanabe et al., 2019; Deniston et al., 2020), LRRK2 has also been shown to interact with other microtubule binding proteins such as MAP1B (Chan et al., 2014). The interaction of LRRK2 with specific beta-tubulin isoforms also seems to play a role in the regulation of the microtubular dynamics. The interaction has been mapped to the LRRK2 G-domain Roc and is perturbed by the pathogenic variant R1441G. In addition, Law et al. (2014) reported an increased tubulin acetylation in LRRK2 knock-out mice. Furthermore, the interaction of LRRK2 with the elongation factor 1α impairs microtubule bundling, in vitro (Gillardon, 2009a).



LRRK2 INTERACTION WITH MAPK SIGNALING CASCADES

Leucine-rich repeat kinase 2 combines a Ras-like G-domain with a kinase domain which, together with the one of LRRK1, forms a distinct subgroup within the tyrosine-like kinase family (TKL) of the kinome which also comprises MAPKKKs (Manning et al., 2002). Furthermore, by combining a G-protein function with a kinase, LRRK2 shares a central theme with MAP kinase pathways. For this reason, potential links of LRRK2 to MAPK signaling have been studied in depth. Although Roco proteins represent a unique family of G-proteins with defined features different from Ras-like proteins (reviewed in: Gilsbach et al., 2018), links to MAP kinase signaling have been found by several works. For example, LRRK2 has been shown to phosphorylate MKKs, in vitro (Gloeckner et al., 2009). MAPK signaling has been shown to be spatially organized by scaffold proteins, which is critical for the cellular response upon receptor-mediated stimuli of growth factors (Kolch, 2000). Indeed, different studies have established LRRK2 as a direct binder and scaffold protein in MAPK signaling pathways. LRRK2 has been found to bind MKK3/6 (Hsu et al., 2010a) and JIP1-4 (Hsu et al., 2010b). Interestingly, MKK7 is among the proteins that were shown to be phosphorylated by LRRK2 (Gloeckner et al., 2009). Together with APLIP1/JIP1, Hemipterous, the MKK7 ortholog in drosophila, has been shown to regulate the kinesin-1 cargo in the vesicular transport along microtubules (Horiuchi et al., 2007). Furthermore, LRRK2 has been demonstrated to act as scaffolding protein in ASK1 signaling (Yoon et al., 2017). In this study, Yoon et al. (2017) demonstrated that LRRK2 directly phosphorylates ASK1 and interacts in a Ksr-like manner, a well-established scaffold of the ERK pathway (Kolch, 2000), with each member of the ASK1–MKK3/6–p38 signaling cascade, in consequence inducing apoptosis.



LRRK2 ACTS AS A SCAFFOLD PROTEIN IN WNT SIGNALING

Global approaches to identify the LRRK2-associated interactome have identified LRRK2 as a modulator of WNT (Wingless/Int)-signaling. The first link to Wnt/β-catenin signaling was established by an unbiased yeast two hybrid screen using the LRRK2 RocCOR tandem as bait protein identifying Dishevelled proteins (DVL1-3) as LRRK2 interaction partners. Furthermore, LRRK2 showed co-localization DVL proteins in neurites of SH-SY5Y cells. Together with other pathways, WNT signaling plays a crucial role during the development of the mDA neurons (reviewed in: Brodski et al., 2019) and has previously been associated with AD pathology (reviewed in: Tapia-Rojas and Inestrosa, 2018). Steady-state levels of LRRK2 are stabilized by the interaction with DVL proteins. PD-associated variants, however, do show pleiotropic effects on protein stability of the LRRK2-DVL interaction, leading to either a stabilization or a destabilization of the complex (Sancho et al., 2009). In a follow-up work, several interactions with DVL and the β-Catenin destruction complex (BCD) have been described in a targeted study suggesting that LRRK2 acts as a scaffold protein in the Wnt signaling pathway by bridging cytosolic signaling proteins with the membrane-localized LRP6 protein, thereby modulating the pathway activity (Berwick and Harvey, 2012). This work was corroborated by a recent proteomic study, which demonstrated the co-purification of multiple elements of the Wnt pathway using full-length LRRK2 as bait protein. In addition to the DVL isoforms, other proteins associated with WNT-signaling such as the Prickle-like protein 1 (PRICKLE1), the “Cadherin EGF LAG seven-pass G-type receptor 1” (CELSR1), FLOTILLIN-2 and CULLIN-3 have also been shown to co-purify with LRRK2 (Salasova et al., 2017).



LRRK2 INTERACTION WITH FADD

Interaction with LRRK2 signaling have also been described for signaling pathways associated with the FADD (FAS-associated death domain protein) protein. Being part of most signalosome complexes, FADD is also involved in innate immunity, and inflammation (Mouasni and Tourneur, 2018). In fact, LRRK2 has been shown to transduce death signals via FADD and caspase-8 in a cellular model of neurodegeneration (Ho et al., 2009). Pathogenic LRRK2 variants have recently been shown to induce apoptotic death of cultured neurons in a FADD-dependent manner (Melachroinou et al., 2016). Furthermore, the induction of death pathways is the result of a direct physical interaction with LRRK2. The epitope has subsequently been mapped to the N-terminal Armadillo repeats (Antoniou et al., 2018).



LRRK2 INTERACTION WITH E3 LIGASES AND POTENTIAL ROLES IN PD-PATHOLOGY

Leucine-rich repeat kinase 2 has also been shown to interact with different E3 ligases or ligase complexes. One of the first reports was on the specific binding of the E3-ligase and PD-associated protein Parkin (Smith et al., 2005). Later reports demonstrated that the E3-ligase CHIP (STUB1) is critically regulating LRRK2-stability (Ding and Goldberg, 2009). Missense mutations in CHIP itself, leading to a destabilization of the E3-ligase, have recently been found to be associated with spinocerebellar ataxia autosomal recessive type 16, another motor-neuron disease (Kanack et al., 2018). Another functional link to E3-ligases was established by the finding that LRRK2 interacts with the SOCS-box containing protein WSB1 (Nucifora et al., 2016). This work could demonstrate that WSB1 ubiquitinates LRRK2 and causes LRRK2 aggregation thereby rescuing LRRK2-dependent neuronal toxicity. The authors also demonstrated the presence of WSB1 in Lewy bodies in human PD post-mortem tissue, indicating a role of the E3-ligase WSB1 in the LRRK2-associated human pathology.


THE LRRK2-ASSOCIATED PPI SUB-NETWORK CONNECTED TO SYNAPTIC VESICLES

A domain-based approach was used to systematically map the LRRK2 interactome by GST-pull down (Piccoli et al., 2014). By this approach various vesicle-associated proteins were pulled out from rodent brain derived lysates and suggested that LRRK2 plays a role at the presynapse. Of note, the study revealed some key proteins of the synaptic vesicle turnover to interact with the C-terminal LRRK2 WD40 domain, namely NSF (N-ethylmaleimide sensitive fusion protein), SNAP-25, Dynamin 1, Synapsin 1/2, Endophilin A1/B2, Syntaxin 1B, and Synaptojanin-1. Furthermore, LRRK2 has recently been demonstrated to bind and phosphorylate SNAPIN, which in consequence, loses its affinity to its binding partner SNAP-25 (Yun et al., 2013). Interestingly, a follow-up study showed that the PD-risk variant G2385R leads to quantitative changes in the synaptic protein interactome of the LRRK2 WD40 domain (Carrion et al., 2017). Work based on a transgenic Drosophila model expressing human LRRK2 in the eye, confirmed these proteins as physiological interactors under close to endogenous expression levels (Islam et al., 2016). Interestingly, two of them, Endophilin A and NSF, have also been suggested as in vivo LRRK2 substrates (Matta et al., 2012; Belluzzi et al., 2016). Furthermore, it has been demonstrated that LRRK2 controls the synaptic endocytosis and macroautophagy within the presynaptic terminals via Endophilin A1 (Matta et al., 2012; Arranz et al., 2015; Soukup et al., 2016; Soukup and Verstreken, 2017). Of note, mutations in one of these LRRK2 interactors, the phosphoinositide phosphatase Synaptojanin-1, have recently been associated with inherited forms of Parkinsonism (Krebs et al., 2013; Quadri et al., 2013). Along these lines, it has also been demonstrated, that shRNA-mediated LRRK2 silencing in cortical neurons induces – at the presynaptic site – a redistribution of vesicles within the boutons and altered recycling dynamics as well as increased vesicle kinetics. Furthermore, by paired recording, the same work indicated that LRRK2 silencing affects evoked post-synaptic currents (Piccoli et al., 2011). This work was among the first studies indicating that the LRRK2-associated pathophysiology is caused by a perturbed regulation of vesicular trafficking. Furthermore, the resulting PPI networks from different interactome studies suggest a distinct pathophysiological action of mutant LRRK2 in the presynapse. This would be in good agreement to the observation that striatal dopaminergic terminal loss is an early feature in PD (Burke and O’Malley, 2013).



LRRK2 INTERACTS WITH PROTEINS OF THE ER AND THE ENDOSOMAL COMPARTMENT

Various studies demonstrated that the LRRK2 pathophysiology is in part associated with an altered autophagy, a process which is tightly connected to the vesicle dynamics at the post-Golgi site. Recently, a direct interaction of LRRK2 with the autophagy adaptor protein p62/SQSTM-1 (Sequestosome-1) has been reported (Park et al., 2016). Sequestosome-1 is critical for PINK1/Parkin-mediated mitophagy (Geisler et al., 2010) and its loss has been robustly linked to accelerated aging and to age-related pathologies (Bitto et al., 2014). In addition, Sequestosome-1 has also been suggested as a LRRK2 substrate (Kalogeropulou et al., 2018). The previously described association of LRRK2 with the ER has been suggested to play a role PD-associated LRRK2 in the pathomechanisms underlying variants. The R1441C variant interfered with the interaction of the Sec16a protein with the LRRK2 Roc G-domain which lead to an impaired ER-export also observed upon LRRK2 depletion (Cho et al., 2014). Later, Lee et al. (2019b) demonstrated the interaction of LRRK2 with SERCA2 (ATP2A2), an ATPase, which translocates calcium ions from the cytosol to the ER lumen. A perturbation of this function by the LRRK2 G2019S variant leads to a depletion of the ER Calcium store in astrocytes (Lee et al., 2019b).

One of the best characterized direct protein interactions, besides its interaction with 14-3-3 proteins, is the physical interaction of LRRK2 with Rab proteins. A defined subset of Rab proteins, among them Rab8a and Rab10, has been identified as physiological substrates (reviewed in the same research topic by Kuwahara and Iwatsubo, 2020). Besides this, different Rab proteins have been identified as direct LRRK2 interactors by unbiased PPI screens. Rab5b has been found as a LRRK2 interactor by a yeast two hybrid screen (Shin et al., 2008). The physical interaction between these proteins has been functionally linked to synaptic vesicle endocytosis (Shin et al., 2008) and neurite outgrowth (Heo et al., 2010). In addition, different phylogenetically closely related Rab isoforms have been identified to interact with the LRRK2 N-terminus – Rab29 (Rab7L1), Rab32 and Rab38 (Beilina et al., 2014; Waschbusch et al., 2014). Rab29 is one among five transcripts spanned by the PARK16 locus in chromosome 1q32 which showed PD association in a GWAS study (Simon-Sanchez et al., 2009). Although Rab29 has not yet been identified as the causative gene, a coding variant of Rab29 (K157R) has been identified in an iPD patient as a result of systematic analysis of genetic variability at the PARK16 locus in a PD cohort (Tucci et al., 2010). Interestingly, this coding variant is localized within the G5-loop which is the last of five conserved motifs in small G-proteins involved in nucleotide binding and, together with the G4-loop, provides the most important contributions to tight binding (Vetter and Wittinghofer, 2001). A functional connection between the two PD-associated proteins LRRK2 and Rab29 was functionally identified in a Drosophila model (MacLeod et al., 2013) and subsequently independently confirmed in an unbiased protein-array screen (Beilina et al., 2014). Independent evidence for the interaction of LRRK2 with the Rab29/32/38 sub-family came from a yeast two-hybrid screen, with a LRRK2 N-terminal fragment encompassing its Armadillo domain binding to a Rab32 bait protein (Waschbusch et al., 2014). Furthermore, Rab29, has been shown to activate LRRK2 in cellulo (Liu et al., 2018; Purlyte et al., 2018), potentially also being itself a direct substrate of LRRK2 (Liu et al., 2018; Steger et al., 2017). The related protein Rab32 has been shown to play a role in autophagy and in mitochondrial fission via recruitment of PKA (Alto et al., 2002; Wang et al., 2016). This is of particular interest, given the functional interaction of PKA with LRRK2 (Muda et al., 2014; Parisiadou et al., 2014). Rab32, together with Rab38, plays a key role in melanosome biogenesis and potentially other lysosome-related organelles (Wasmeier et al., 2006). All three members of the Rab32 (Rab29/32/38) subfamily only bind to LRRK2 in their GTP form at lower μMolar affinity (McGrath et al., 2019). This observation is in agreement with previous findings of Liu et al. (2018) demonstrating that Rab29 activates LRRK2, specifically in its GTP-bound form. Although so far no protein structures have been obtained for the LRRK2 N-terminus, the work by McGrath et al. (2019) suggests a conserved negatively charged epitope within the Armadillo domain as essential Rab32 subfamily binding epitope. In contrast, a highly conserved hydrophobic patch within the Armadillo domain has been described as Rab29 binding epitope (Purlyte et al., 2018). Interestingly, this epitope shows high similarity to the one found in the Ankyrin domain of the Rab32 effector VARP. Both proteins have recently been co-crystalized (Hesketh et al., 2014). In spite of its striking similarity to known effector binding sites, the study by Purlyte et al. (2018) only provides indirect evidence for this epitope using functional assays in combination with point mutations of the putative binding epitope. The different results of the two studies addressing Rab29 binding might indicate that two functional relevant Rab29 binding sites exist within LRRK2, a high and a low affinity site. Rab29 is involved in the trans-Golgi network localization of LRRK2 (Beilina et al., 2014) and it has recently been shown that Rab29 recruits LRRK2 to stressed lysosomes (Eguchi et al., 2018) and phagophores (Lee et al., 2019a). The latter work also demonstrated a potential co-recruitment of Rab8a and Rab10 with their effector kinase LRRK2 to the phagophore. The picture of LRRK2 as a nexus in endosomal vesicle trafficking is further completed by the finding that LRRK2 interacts with the retromer complex protein VPS35 (MacLeod et al., 2013), another player in familial forms of PD. VPS35 variants have previously been associated with late-onset PD (Vilarino-Guell et al., 2011; Zimprich et al., 2011). In addition, it has recently been demonstrated that the insect ortholog of vertebrate VPS35 in cooperation with the LRRK2 ortholog dLrrk regulates synaptic vesicle endocytosis through the endosomal pathway in Drosophila (Inoshita et al., 2017). Although a direct/physical interaction of LRRK2 with VPS35 is still controversially discussed, like Rab29, the PD-associated variant VPS35 D620N has been demonstrated to enhance LRRK2-mediated Rab protein phosphorylation (Mir et al., 2018).



ROLE OF LRRK2 PROTEIN COMPLEXES IN THE REGULATION OF MITOCHONDRIAL DYNAMICS

The analysis of protein-protein interactions also supports a functional interaction of LRRK2 with mitochondrial proteins. In fact, LRRK2 has been shown to directly interact with the mitochondrial dynamin-like protein (DLP1/HGNC symbol: DNM1L). The overexpression LRRK2 wild-type or its pathogenic variants lead to an increased DLP1-dependent mitochondrial fragmentation (Niu et al., 2012; Wang et al., 2012). Another link between LRRK2 and mitochondrial dynamics has recently been provided by a work demonstrating that a novel N-terminal variant (E193K) reduces MPP + induced mitochondrial fission. In agreement with the first study, the observed effects on mitochondrial fission could directly be linked to an altered binding of DLP1 to the E193K variant compared to wild type LRRK2 (Perez Carrion et al., 2018).

As already described in the previous section, Lee et al. (2019b) found that a perturbed interaction with the Ca2+ translocase SERCA at the ER by the pathogenic LRRK2 variant G2019S leads to a depletion of the ER calcium store. In consequence, this induces the formation of mitochondria-ER contacts and subsequent Ca2+ overload in mitochondria, which results in mitochondrial dysfunction (Lee et al., 2019b).

Finally, the interaction of LRRK2 with Bcl-2 has been shown to be essential for the G2019S dependent and P62/SQSTM1 mediated excessive mitophagy (Su et al., 2015).



THE SYSTEMATIC SEARCH FOR LRRK2 EFFECTOR PROTEINS

Given that LRRK2 contains a G-domain with structural similarity to Ras-like proteins, considerable effort has been spent on the identification of LRRK2-specific canonical effectors of small G-proteins such as GTPase-activating proteins (GAPs) or the G-nucleotide exchange factors (GEFs). As a result of these efforts, ARFGAP1 has been suggested to be a LRRK2 effector protein. It is able to bind LRRK2 and has been described to possess GAP-activity toward LRRK2 (Stafa et al., 2012; Xiong et al., 2012). With ARHGEF7, also GEF protein has been described for LRRK2. Originally, found among the strongest regulated proteins in a LRRK2 RNA-interference micro array expression analysis (Habig et al., 2008), this G-protein effector has been shown to directly interact with LRRK2 and to possess nucleotide exchange activity for LRRK2 (Haebig et al., 2010). However, in depth biochemical analysis of LRRK2 and its orthologs has awakened doubts about the general dependence of Roco proteins on conserved effectors of the canonical G-protein cycle. As Roco proteins have a unique G-cycle different from small G-proteins, are able to dimerize and have a low nucleotide affinity in common (Deyaert et al., 2017; Wauters et al., 2018), the effectors ARHGAP1 and ARHGEF7 might act downstream of LRRK2 or modulate its activity in a non-canonical fashion.



THE ROLE OF CONTEXT-/CELL-TYPE SPECIFIC REGULATORY SUBNETWORKS IN HUMAN DISEASE

Comprehensive interactomics studies can also be helpful to understand the organ-specific pathologies of mutant proteins. LRRK2 is ubiquitously expressed, with highest expression levels in kidney, lung and monocytes. Of note, in these organs LRRK2 is even more highly expressed than in dopaminergic neurons which are the primary site of LRRK2-mutant associated pathology. One explanation could be the tissue- and cell type-specific expression of LRRK2 interaction partners, which lead to a formation of distinct protein complexes serving different functions in a cell type-specific context (Lewis and Manzoni, 2012). Well-studied examples are isoforms of the Transport protein particle (TRAPP). These ubiquitously expressed isoforms share a core of subunits which serve as a GEF for Rab1. Nevertheless, mutations in different subunits cause specific diseases, suggesting that some of these subunits may have cell- or tissue-specific functions (Brunet and Sacher, 2014).



EFFORTS ON THE SYSTEMATIC CURATION AND META-ANALYSIS OF PPI DATA – THE CURRENT STATE OF THE INTACT LRRK2 DATASET

Representation of PPI data in publicly available databases is necessary for the systematic study of any protein interactome. However, repositories hosting PPI data have limitations both in terms of coverage and extent of the information they provide and often only contain limited detail about cellular context and stimulus. Database members of the IMEx Consortium (Orchard et al., 2012) tackle this problem by recording multiple aspects of the experimental setup used to detect interactions including the system in which an interaction was experimentally detected, the “interaction host.” Hosts range from a specific cell line or tissue to in vitro setups. Information about altered expression levels is also provided. However, the fraction of interactions that are monitored in close-to-native hosts and expression conditions remains very low, even for well-characterized targets such as LRRK2 (Porras et al., 2015).

This publicly available data is commonly analyzed in the form of networks, which mostly end up visualized as “hairballs” of extreme complexity and low interpretability. One strategy to cope with this challenge is to extract context-specific information by an integrative approach where multiple omics data types are considered, such as expression, epigenetic and phosphoproteomic data, which reflect the activity state of distinct pathways (Tuncbag et al., 2016). These approaches have been used in cancer biology with some success (Kedaigle and Fraenkel, 2018). Certainly, integrative approaches, similar to those conducted in the cancer field, would also be highly valuable for the PD-associated PPI networks, as they would allow a better window into the molecular pathomechanisms.

This review has very much focused on individual protein-protein interactions so far, we now want to give a broader view on the interaction data available for LRRK2 through public databases. As part of a project funded by the LEAPS (Linked Efforts to Accelerate Parkinson’s Solutions) program of the Michael J. Fox Foundation for Parkinson’s Research, a systematic curation for proteins associated with PD was undertaken and has since been updated, resulting in a Parkinson’s data set hosted in IntAct containing 8366 binary interactions representing 4835 unique molecule pairings (data for IntAct release: 2019-09-30). The data set is available at1 and an analysis published in Porras et al. (2015).

A similar meta-analysis of the LRRK2 PPI network has been conducted by another group (Manzoni et al., 2015) using largely the same PPI dataset in combination with scoring systems to obtain confidence-weighted networks. The same authors also conducted a comparative study comparing the interactome of LRRK2 with those of other human Roco proteins, i.e., LRRK1 and MASL1, to identify common and specific interactors for these proteins (Tomkins et al., 2018).

At the time of writing this review, IntAct contained 4953 binary interactions representing 2414 unique molecule pairings in which LRRK2 (human or mouse) is involved2. A full network representation of these interactions, extended to include interactions in which LRRK2 binding partners are involved, can be found in Figure 1. This subset of interactions contains a large number of non-validated, putative interacting protein partners for LRRK2, with most protein partners (over 70%) described in just one publication and validated via a single alternative detection method, generally some form of affinity purification technique combined with mass-spectrometry detection (AP-MS).


[image: image]

FIGURE 1. Full LRRK2 interactome as extracted from the IntAct database. Edges represent composite of multiple physical interaction evidence. Interactions between LRRK2 interacting partners have been also added and dimmed to emphasize connection to LRRK2 specifically and roughly interconnected communities have been clustered together. Node size has been mapped to the number of publications in which that protein/gene has been mentioned according to NCBI gene2pubmed table (available at ftp://ftp.ncbi.nih.gov/gene/DATA/gene2pubmed.gz and downloaded on 18/11/2019). Red-rimmed nodes represent proteins with annotations about mutations affecting interaction outcome in IntAct. For the rest of the visual features, see in-figure legend. An interactive and downloadable version of this network can be found at http://ndexbio.org/#/network/e6af2dc5-42b7-11ea-bfdc-0ac135e8bacf.


There is no common standard for the quality assessment of curated PPI data, although orthogonal validation of interaction evidence is commonly accepted as a strong indicator of biological validity. Several well-accepted confidence-weighed scores are based on scoring systems that weight accumulated interaction evidence deposited in the literature. One of these is MIscore (Molecular Interactions score), a customizable, heuristic scoring system that uses the Proteomics Standards Initiative Molecular Interactions standards to provide a measure on how well characterized an interaction is. MIscore has been implemented for the IntAct database and is reported together with extracted PPI information (Villaveces et al., 2015). A heuristic threshold of MIscore ≥ 0.6 was used to select bona fide LRRK2 interacting partners and represent them in the network depicted in Figure 2. This representation highlights the best characterized LRRK2 interacting partners as found in the IntAct database and groups them using both loose biological function criteria and their reported interactions, with function taking precedence over reported links. IMEx Consortium curation model also captures whether the experimental evidence behind every record points to a direct binding event. According to the curation guidelines, only experiments performed with two purified molecules, where there is no room for third partners mediating the binding, can be qualified as direct interactions. We have highlighted those interactions that have experimental evidence for being direct as dashed lines in Figure 2. Full detail of the evidence behind these interactions can be found in the IntAct database.
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FIGURE 2. Selected, bona fide LRRK2 interacting partners as found in the IntAct database. Top bona fide LRRK2 interactors have been grouped in different categories depending on the processes they play a role in, groups are highlighted with gray round boxes and titled accordingly. Known LRRK2 interactors that did not meet the MIscore ≥ 0.6 threshold are represented as rounded squares and those that are missing from Intact are represented as gray squares. Both have been located in the figure next to the broad categories defined for top bona fide LRRK2 interactors. Edges connecting lower confidence LRRK2 interactors to LRRK2/Lrrk2 have been omitted for the sake of clarity. Edges represented as dashed lines identify interactions for which there is experimental evidence for direct binding. For the rest of the visual features, please refer to in-figure legend and figure 1 legend. An interactive and downloadable version of this network can be found at http://ndexbio.org/#/network/5a2bb7fe-53fc-11ea-bfdc-0ac135e8bacf.


Representation of interaction data in public databases requires significant time and resources, so coverage of the published literature is never perfect. Despite LRRK2 being a well-represented protein in public datasets, some well-known interacting partners such as SQSTM, ASK1 (MAP3K5), SERCA2 (ATP2A2), GEF or Bcl-2 are not found in the IntAct database as LRRK2 interactors. Others such as FADD, Parkin, WSB1 or ARFGAP1 are indeed represented, but do not achieve the MIscore cutoff for bona fide interactors. We have also highlighted LRRK2 interacting partners that were cited in the previous sections of this review, but are not found in IntAct (represented as gray squares in Figure 2) or are present in IntAct but did not make the MIscore ≥ 0.6 threshold (represented as rounded squares in Figure 2). These cases highlight the need to maintain dynamic and constant communication between the interaction data producers and the databases in order to ensure accurate and meaningful representation of the data.

Literature-based datasets are vulnerable to representation biases rooted in structural and social causes that naturally result in more papers being published on well-characterized proteins (Rolland et al., 2014). Node sizes in Figures 1–3 reflect the number of publications linked to each of the proteins depicted, highlighting how disease- and chaperone-related proteins such as CHIP (STUB1) and Tau (MAPT) are clearly among the best studied LRRK2 interacting partners. Interactions among these proteins also have high MIscores, reflecting the interest of the scientific community.
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FIGURE 3. Mutagenesis-tested LRRK2 high-confidence interactors as reported in IntAct. Edges represent composite of multiple interaction evidence where a LRRK2 mutation has been tested. Reported effects have been collated and simplified from their original designation following the PSI-MI controlled vocabulary “mutation” branch (www.ebi.ac.uk/ols/ontologies/mi/terms?iri=http://purl.obolibrary.org/obo/MI_0118). The simplified nomenclature uses “deleterious” if they impair the interaction, “enhancing” if they cause or strengthen it, and ‘complex reports’ if there are conflicting reports on mutation effect or there are different mutations with different effects over the same interaction. “unspecified” effects are those where the evidence does not allow to infer a consequence in comparison to the wild type version of LRRK2. For the rest of the visual features, see in-figure legend and figure 1 legend. An interactive and downloadable version of this network can be found at http://ndexbio.org/#/network/04be80a8-4754-11ea-bfdc-0ac135e8bacf.


Leucine-rich repeat kinase 2 has been shown to interact with various ribosomal proteins which are also represented in the high confidence interactomic datasets curated in IntAct. As these proteins are commonly seen as a contamination in interactomic screens, especially in systems based on ectopic expression of bait proteins, these interactions have to be taken with caution and need thorough validation. Nevertheless, one ribosomal subunit, S15, has been suggested as LRRK2 substrate and functional studies provide indirect support for a relevance of this phosphorylation in a fly model, which may indicate a potential role of LRRK2 in the regulation of protein translation (Martin et al., 2014).

Full-detail database representation of molecular interactions can capture information that goes beyond the mere binding event between proteins. The IMEx Consortium guidelines have enabled the representation of mutagenesis experiments and their effect on interaction outcome, recording an archive of over 50,000 mutation annotations (The IMEx Consortium Curators et al., 2019). These include 475 annotations involving human or mouse LRRK2 and reporting interaction effects of 51 different mutations, including those of known clinical relevance such as G2019S. G2019S is also the most reported LRRK2 mutation, with 137 annotations that mainly describe how this variant tends to strengthen LRRK2 interactions and/or increase its phosphorylating activity. The most abundant mutagenesis studies report effects on the LRRK2 self-interaction (auto-phosphorylation or homomerization), but there is also ample evidence for effects on all main bona fide LRRK2 interactor groups (Figure 3).



CONCLUSION AND PERSPECTIVES

In conclusion, the cumulative result of various studies allowed the building of a LRRK2 core PPI network which is enriched in proteins involved in cytoskeletal dynamics and the vesicular transport. In addition, it shows various connections to the endosomal/lysosomal trafficking. Furthermore, several genes linked to the onset of PD are part of the LRRK2 interaction network indicating that the altered expression/functionality of these proteins effect largely the same few pathways of sub-network of proteins. Our review shows that LRRK2 is well represented in public interaction repositories, but also identifies gaps in the information content, highlighting the need of close collaboration between data producers and databases. In fact, given that the current dataset mainly represents highly stable interactions while transient interactions are underrepresented, future studies are highly desirable investigating dynamic changes in the LRRK2 interactome. One emerging and promising technology is proximity-labeling, which particularly offers to study transient protein-protein interaction. Approaches based on engineered promiscuous biotin transferases (BioID) or peroxidase-generated radicals of biotin-derivatives (APEX) allow to covalently modify proteins in proximity of a bait with biotin followed by their affinity enrichment and mass spectrometry-based identification (Gingras et al., 2018). These technologies may fill the gap in future as they allow, to certain extend, to cover dynamic and context specific changes within the protein interactomes, especially when integrated in multi-omics approaches. In combination with the iPS technology and gene editing, proximity labeling might also be suitable to identify cell-type specific interactions with relevance to the disease phenotypes in future. Yet, in many cases, sensitivity and scalability appears to be a major challenge for the analysis of cell-type specific interactomes. For this reason, the majority of unbiased studies was done in immortalized cell lines, while just a few studied the interactomes of LRRK2, in vivo.

Despite that, the current dataset clearly represents a valuable foundation for further focused studies, addressing the mutational load in this network thus potentially leading to the discovery of novel risk variants relevant for idiopathic PD, especially when combined with other omics data. In addition, as discussed, emerging high resolution multi-domain structures of the complex LRRK2 protein already gave insight into first intramolecular domain-domain interactions at an atomic level. Future biochemical and structural investigation of defined LRRK2 effector complexes might shed light into the underlying activation mechanism of LRRK2 potentially allowing the identification novel druggable epitopes.
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It is becoming increasingly accepted that there is an interplay between the peripheral immune response and neuroinflammation in the pathophysiology of Parkinson’s disease (PD). Mutations in the leucine-rich-repeat kinase 2 (LRRK2) gene are associated with familial and sporadic cases of PD but are also found in immune-related disorders, such as inflammatory bowel disease (IBD) and leprosy. Furthermore, LRRK2 has been associated with bacterial infections such as Mycobacterium tuberculosis and Salmonella typhimurium. Recent evidence suggests a role of LRRK2 in the regulation of the immune system and modulation of inflammatory responses, at a systemic level, with LRRK2 functionally implicated in both the immune system of the central nervous system (CNS) and the periphery. It has therefore been suggested that peripheral immune signaling may play an important role in the regulation of neurodegeneration in LRRK2 as well as non-LRRK2-associated PD. This review will discuss the current evidence for this hypothesis and will provide compelling rationale for placing LRRK2 at the interface between peripheral immune responses and neuroinflammation.
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INTRODUCTION

Parkinson’s disease (PD) is a complex, multifactorial neurodegenerative disease. The aetiology of PD is largely unknown, thought to involve a complex interaction between various genetic and environmental factors. Although typically thought of as a disease limited to the central nervous system (CNS), evidence has accumulated in recent years suggesting a crucial and fundamental role of neuroinflammation in the pathogenesis of PD. Although mainly associated with the presence of activated microglia and elevated cytokine levels in the CNS, active participation of the peripheral immune system has also been noted with infiltration and reactivation of peripheral immune cells into the CNS as a potential mechanism that could exacerbate neuroinflammation and perpetuate the neurodegenerative process.

Mutations in the LRRK2 gene are the most frequent cause of familial PD (Singleton et al., 2013), with seven pathogenic mutations, which cluster around the catalytic domains of the protein, currently identified. Clinically, mutant LRRK2-PD patients are often considered indistinguishable from sporadic and idiopathic patients (Haugarvoll and Wszolek, 2009; Gatto et al., 2013). Therefore, deciphering the role of LRRK2 in PD pathogenesis may reveal common pathological mechanisms underlying idiopathic PD and is consequently of great research importance.

LRRK2 is expressed in both innate and adaptive immune cells and this expression is tightly regulated by immune stimulation. LRRK2 is a member of the receptor interacting protein (RIP) kinase family, which are a group of proteins that detect and respond to cellular stress by regulating cell death and activation of the immune system (Rideout and Re, 2017), highlighting a potential role of LRRK2 in immune system regulation. This is supported by reports biochemically linking LRRK2 to the pathways regulating inflammation, autophagy and phagocytosis in immune cells (Wallings and Tansey, 2019). Furthermore, polymorphisms in the LRRK2 gene have been linked to inflammatory diseases such as leprosy and the IBD, Crohn’s disease (CD), highlighting a critical role of LRRK2 in inflammation.

This review will outline the current evidence for the presence of systemic inflammation in PD, and what is currently understood about the role of LRRK2 in both central and peripheral immune cells. Furthermore, we discuss evidence that implicates LRRK2 as a mediator of the cross-talk between the central and peripheral immune system at both the blood–brain barrier (BBB) and the gut-brain axis. Such evidence makes LRRK2 an appealing target for future therapeutics aimed at curbing inflammation. However careful consideration must be taken when targeting LRRK2-kinase activity levels in the periphery, as will be discussed.


Systemic Inflammation in Parkinson’s Disease

Once thought to be immune-privileged, it is now clear that the brain has its own resident immune cells and that there is extensive bi-directional communication with the peripheral immune system. Some of these bi-directional communications between the CNS and the peripheral immune system have been shown to be critical in maintaining healthy brain function and may be important for learning and memory (Filiano et al., 2015; Louveau et al., 2015; Kipnis, 2016). Activation of immune cells is a healthy response to protect and repair the body; however, chronic activation and therefore chronic inflammation is deleterious and damaging. Brain-resident microglia can become chronically activated with increasing age, traumatic brain injury, and in response to chronic systemic disease. Detrimental neuroinflammation ensues from such chronic activation and is believed to compromise neuronal survival and promote circuit dysfunction.

The first observation supporting a role of neuroinflammation in PD came from post-mortem analysis which reported the presence of human leukocyte antigen DR isotype (HLA-DR) positive reactive microglia in the substantia nigra pars compacta (SNpc) of PD patients (McGeer et al., 1988). Alterations in cytokine levels have been observed in PD brains, with elevated immunoreactivity of interleukin-1β (IL-1β), interleukin-2 (IL-2), interleukin-6 (IL-6), tumour necrosis factor (TNF), and transforming growth factor-β1 (TGF-β1) detected specifically in the striatal dopaminergic regions of PD brains (Mogi et al., 1994a, b). In the SNpc of PD patients, a significant increase in the density of glial cells expressing TNF, Il-1β, and interferon-γ (IFN-γ) has been reported relative to controls (Hunot et al., 1999). In agreement with these findings, elevated levels of TGF-β1, IL-6, and IL-1β have been observed in the cerebrospinal fluid (CSF) of PD patients (Chen et al., 2018). Furthermore, inflammatory biomarkers correlate with more severe motor symptoms and cognitive impairment in PD, indicating an association between inflammation and more aggressive disease course (Hall et al., 2018). Such findings suggest increased neuroinflammation in PD brains.

For the last two decades research has focused on neuroinflammation processes involved in PD. However, it is becoming increasingly evident that peripheral inflammatory responses contribute to PD pathogenesis (Gelders et al., 2018; Skaper et al., 2018). For example, reports have demonstrated that levels of inflammatory cytokines, such as TNF (Bu et al., 2015; Williams-Gray et al., 2016), IL-1β (Bu et al., 2015; Dursun et al., 2015; Hu et al., 2015) and IL-6 (Bu et al., 2015; Dursun et al., 2015; Williams-Gray et al., 2016), are elevated in the serum of PD patients (Qin et al., 2016). Alterations in cytokine receptors have also been noted, with serum levels of TNF and the soluble forms of their receptors (sTNFRs) significantly increased in patients with PD relative to healthy controls (McCoy et al., 2006) which was associated with a later disease onset (Scalzo et al., 2010). In addition, alterations in immune cell subsets in peripheral blood of PD patients have been reported. For example, increased classical monocytes have been observed in peripheral blood of PD patients (Grozdanov et al., 2014). As well, monocytes from PD patients exhibit an increased response to the toll-like receptor 4 (TLR4) ligand, lipopolysaccharide (LPS) and display a distinct transcriptome signature and inflammatory profile relative to healthy controls (Grozdanov et al., 2014). In conjunction with this, increased number of pro-inflammatory Th17 cells have been found in peripheral blood from newly diagnosed PD patients (Chen X. et al., 2017; Yang et al., 2017). Similarly, PD patients have been reported to show a predominant expression of CD8+ T cells and an increase in the ratios of IFN-γ-producing to IL-4-producing T cells (Baba et al., 2005). Increased effector/memory T cells have also been reported, with this elevation correlating with scores on the Unified Parkinson’s Disease Rating Scale III (UPDRS-III) (Saunders et al., 2012). Similarly, D1-like and D2-like dopamine receptor expression on CD4+ naïve T cells is also correlated with scores on the UPDRS-III (Kustrimovic et al., 2016). Interestingly, α-synuclein peptides can trigger helper and cytotoxic T cells to secrete cytokines, including IFN-γ, IL-2, and IL-5 (Sulzer et al., 2017). In addition, one of these peptide regions strongly binds to major histocompatibility complexes encoded by HLA (DRB1∗15:01, DRB5∗01:01) that are associated with PD by genome-wide association studies (GWAS) (Hamza et al., 2010; Greenbaum et al., 2011; Wissemann et al., 2013; Hill-Burns et al., 2014; Kannarkat et al., 2015). Collectively this data supports the idea that systemic inflammation is important to, and may contribute to, the pathogenesis of PD.

Circulating peripheral monocytes are known to enter tissue, including the brain, during active disease states and mediate pro and anti-inflammatory responses. A key regulatory mechanism for tissue entry is the monocyte chemoattractant protein, CCL2. Interestingly CCL2 has been observed to be elevated in both the blood and CSF of PD patients (Reale et al., 2009; Grozdanov et al., 2014), suggesting increased infiltration of peripheral monocytes in the brains of PD patients. Evidence from animal models of PD support a role of peripheral immune cell CNS-infiltration in pathogenesis. For example, it has been demonstrated in a viral mouse model overexpressing human α-synuclein that dopaminergic neuronal loss is dependent on peripheral monocyte infiltration into the CNS. Genetic deletion of the chemokine receptor that interacts with CCL2, CCR2, prevents monocyte entry and blocks neuronal degeneration (Harms et al., 2018). Furthermore, it has also been reported that α-synuclein fibrils, but not the monomeric species, are able to recruit peripheral monocytes and macrophages into the brain, causing increased microglia activation and axonal loss in the striatum of wild-type (WT) rats (Harms et al., 2017). However this has not been replicated in an acute MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) model of PD, which demonstrated that CCR2+ monocytes did not contribute to dopaminergic neuronal loss (Parillaud et al., 2017). Whilst the MPTP-toxin model of PD is a useful for tool for the rapid study of the consequences and mechanisms of dopamine dysfunction in vivo, it is unable to capture the insidious and progressive effects of PD. Given that peripheral immune cell infiltration into the CNS is likely to be an early event in disease (Johnson et al., 2019), this may account for the inability of this model to replicate such results. Collectively, these studies provide evidence that the inflammation in the CNS involves both microglia and peripheral immune cells prior to neurodegeneration, and peripheral immune cell infiltration may be instrumental in PD progression.

GWAS provide additional support for the importance of an immunological mechanism driving disease, showing that polymorphisms in the HLA-DR locus, which encodes for the major histocompatibility complex class II (MHC-II) that is involved in antigen presentation, are associated with sporadic, late-onset PD (Hamza et al., 2010). Furthermore, GWAS has more recently identified 17 novel loci which overlap between PD and autoimmune diseases, including known PD loci adjacent to GAK, HLA-DRB5, LRRK2, and MAPT for rheumatoid arthritis and IBD (Witoelar et al., 2017). Epidemiological studies have suggested that the incidence of PD development is decreased in long-term users of non-steroidal anti-inflammatory drugs (Chen et al., 2003; Wahner et al., 2007). In addition, ibuprofen has been highlighted in a meta-analysis to provide significant protection from PD (Gao et al., 2011). This data from genetic and epidemiological studies, coupled with the post-mortem and biochemical data previously discussed, provide compelling evidence for a fundamental role of systemic inflammation in PD.



LRRK2 Expression in Cells of the CNS and Peripheral Immune Cells

As PD has typically been thought of as a disease limited to the CNS, research has overwhelmingly focused on the role of LRRK2 and the effects of LRRK2 mutations in neurons. However, LRRK2 expression is considerably lower in the brain relative to organs in the periphery (Biskup et al., 2007; Melrose et al., 2007; Westerlund et al., 2008), with low LRRK2 gene expression observed in both human neurons and astrocytes (Zhang et al., 2016). Furthermore, although detected, LRRK2 immunoreactivity is reportedly weak in neurons of the SNpc and cortex of post-mortem PD brains (Dzamko et al., 2017).

Astrocytes provide an important contribution during neuroinflammatory responses. These cells are able to become reactive and work as immune mediators in the brain when elicited by proper stimuli. Thus far, inconsistent reports have been published regarding the expression of LRRK2 in astrocytes. For example, although post-mortem PD brain analysis suggests that LRRK2 is expressed in astrocytes (Dzamko et al., 2017), LRRK2 mRNA could not be unequivocally identified in astrocytes in post-mortem brains of healthy controls and protein expression was only noted in occasional glial cells with astrocytic morphology (Sharma et al., 2011). Whether LRRK2 expression increases in astrocytes of PD-brains relative to healthy controls remains to be empirically determined. Despite low expression levels, it is increasingly evident that LRRK2 may play a functional role in astrocytes. For example, TGFβ1, which has been shown to inhibit microglial inflammatory responses in a rat model of PD (Chen S. et al., 2017), and matrix metallopeptidase 2 (MMP2), which has been shown to degrade α-synuclein aggregates (Oh et al., 2017), were found to be down-regulated in LRRK2-G2019S astrocytes derived from patient-induced pluripotent stem cells (iPSC) (Booth et al., 2019). Furthermore, overexpressing G2019S, R1441C or Y1699C-LRRK2 impairs the lysosomal degradation capacity of primary mouse astrocytes (Henry et al., 2015) which may promote α-synuclein accumulation and propagation. Further research is still required in order to investigate the expression levels and role of LRRK2 in astrocytes in order to understand how potential non-cell-autonomous processes contribute to development of disease pathology [reviewed in detail in Booth et al. (2017)].

Under homeostatic conditions LRRK2 expression is also low or absent in microglia, as seen post-mortem in healthy control brains (Miklossy et al., 2006; Sharma et al., 2011). Although increased LRRK2 levels have previously been observed in response to LPS in primary murine microglia (Moehle et al., 2012), it has been demonstrated that, despite inducing neuronal loss in the SNpc, in vivo LPS treatment failed to increase microglia LRRK2 protein levels in R1441C and G2019S mice (Kozina et al., 2018). Similar results have been observed ex vivo, with neither LPS (Russo et al., 2015) or priming with α-synculein pre-formed fibrils (PFFs) (Russo et al., 2019) increasing LRRK2 protein expression in cultured murine microglia. Collectively, these results suggest that LRRK2 levels in microglia may not have a direct effect on neuroinflammation in PD. It has been suggested that impaired peripheral immune cell functions, as a consequence of LRRK2 mutations, have a deleterious impact on brain microglia and dopaminergic neurons as a secondary effect. The role of peripheral immune cell activation and cytokine release on the CNS in LRRK2 models will be discussed later in this review.

It is notable that a loss of Lrrk2 is insufficient to induce neurodegeneration in rodent models of disease (Hinkle et al., 2012; Tong et al., 2012). Similarly, no changes in LRRK2 expression levels were observed in the brains of PD patients (Dzamko et al., 2017), despite changes being reported in the periphery in other studies, as discussed below. Collectively such findings suggest that LRRK2 may exert its effects on PD in areas outside of the CNS. LRRK2 expression has been observed in peripheral immune cells, with LRRK2 expression increasing in response to pro-inflammatory signals, strongly implicating LRRK2 as a regulator of these immune responses. For example, increased LRRK2 expression in response to microbial pathogens has been observed in human B cells, T cells, macrophages and non-classical monocytes (Gardet et al., 2010; Hakimi et al., 2011; Thévenet et al., 2011; Moehle et al., 2012; Kuss et al., 2014; Cook et al., 2017). Furthermore, LRRK2 is upregulated in unstimulated sporadic-PD neutrophils (Atashrazm et al., 2019), B cells, T cells and non-classical monocytes which is accompanied by increased secretion of pro-inflammatory cytokines from monocytes and T cells (Cook et al., 2017) [reviewed in detail in Lee et al. (2017) and Wallings and Tansey (2019)].

In addition to LRRK2 expression levels, recent investigations into the role of LRRK2 kinase activity in peripheral immune cells and microglia have been reported. For example, it has been reported that increased phosphorylated LRRK2 at s935, an indirect autophosphorylation site of LRRK2, is observed in human peripheral blood monoculear cells (PBMCs) upon stimulation with an immune stimulation cocktail of phorbol 12-myristate 13-acetate (PMA) and IFN-γ (Thirstrup et al., 2017). Similarly, toll-like receptor 2 (TLR2) and TLR4 stimulation have been shown to increase LRRK2 phosphorylation on s935 in bone-marrow derived macrophages (BMDMs) from WT mice (Dzamko et al., 2012). However, it was also observed that Lrrk2 knock-out (KO) macrophages do not have an altered pattern of pro-inflammatory cytokines secretion after TLR2 or TLR4 stimulation, indicating that LRRK2 function might be regulated by PAMP signaling without affecting downstream cytokine responses.

With regards to cells of the CNS it has recently been shown that nigrostriatal dopamine neurons from healthy controls express extremely low basal levels of LRRK2 phosphorylated at s1292. However, detectable levels of pS1292 signal was observed in nigral microglia (Di Maio et al., 2018). It seems therefore that LRRK2-kinase activity may be increased in microglia relative to neurons. Interestingly however, surviving dopamine neurons and also microglia from idiopathic-PD patients had a significant increase in phosphorylated LRRK2 at s1292 and phosphorylation of the LRRK2 substrate Rab10 at t73 relative to healthy controls. It seems therefore that, although exhibiting low activity levels in healthy neurons, that endogenous WT LRRK2 is activated in dopamine neurons in idiopathic PD.

Increased kinase activity associated with LRRK2 mutants has been linked to pathological function of LRRK2 in disease. Peripheral pro-inflammatory cytokine levels are higher in a percentage of asymptomatic subjects carrying the G2019S-LRRK2 mutation (Dzamko et al., 2016), which consistently increases LRRK2 kinase activity (Smith et al., 2006; West et al., 2006; Luzon-Toro et al., 2007; Anand and Braithwaite, 2009; Covy and Giasson, 2009), suggesting an early role of inflammation in the periphery in disease. Interestingly, increased phosphorylated s1292 proximity ligation signal, indicative of increased LRRK2 kinase activity, has been reported in the nigral microglia of idiopathic PD cases as well rodents treated with rotenone, a pesticide used to model PD due to its selective degeneration of the nigrostriatal pathways (Di Maio et al., 2018). Similarly, increased expression of phosphorylated LRRK2 on s935 has been observed in the PBMCs of idiopathic-PD patients (Dzamko et al., 2013). Surprisingly it has recently been reported that the PBMCs of G2019S-carriers with manifesting PD exhibit a decrease in LRRK2 phosphorylated on s935 relative to non-manifesting G2019S-carriers and idiopathic patients (Perera et al., 2016). The s935 residue of LRRK2 is proposed to be a constitutive phosphorylation site that is amenable to regulation by LRRK2 kinase activity through other kinases and signaling pathways (Zhao et al., 2012). Given the higher kinase activity of G2019S-LRRK2, the decrease in s935 expression in G2019S patients may therefore reflect compensatory biological mechanism that lead to de-phosphorylation of the s935 residue in disease manifesting carriers. Similarly, reduced LRRK2 s910 and s935 phosphorylation has also been observed in post-mortem brain tissue from patients with idiopathic PD (Dzamko et al., 2017), suggesting a potential pathogenic role for these residues in PD. A significant age-dependent reduction in astrocytes in the striatum of LRRK2 s910/s935 phosphorylation deficient mice inoculated with α-synuclein PFFs with concomitant increased α-synuclein accumulation has previously been reported (Zhao et al., 2018). It was suggested that the reduction in astrocytes may promote α-synuclein accumulation and propagation.

It has recently been suggested that LRRK2 may promote mitochondrial fission via Drp1 in a kinase-dependent manner, with increased fission due to G2019S-LRRK2 expression resulting in increased TNF-α production in the brains of mice (Ho et al., 2018). Brain lysates of G2019S-LRRK2 knock-in mice exhibited reduced NFkB p50 s337 phosphorylation, decreasing NFkB p50 inhibitory signaling and pro-inflammatory gene transcription, compared to WT mice (Russo et al., 2018). Such results strongly implicate a role of increased LRRK2 kinase activity levels in microglia and peripheral immune cells in a disease relevant manner [the role of LRRK2 kinase activity in various signaling pathways in different immune cell subsets has been reviewed recently in detail in Wallings and Tansey (2019)].

Recently, transcriptome analysis of Lrrk2-KO microglia cells revealed altered inflammatory related pathways upon α-synuclein fibril treatment (Russo et al., 2019). This data suggested that, whilst Lrrk2-KO microglia had only a subtle influence on basal gene expression, this effect became more pronounced upon treatment with α-synuclein preformed fibrils (PFFs) or LPS. Furthermore, phosphorylated s935 LRRK2, an indirect readout of LRRK2 kinase activity, was increased upon inflammatory insults in primary microglia from WT mice, suggesting LRRK2 is influenced by intracellular signaling of microglia after a PD-related insult. Such data is also in keeping with the “multiple-hit” hypothesis which suggests that PD is triggered by environmental factors, such as bacterial and viral infection and microbiome perturbation, and is subsequently facilitated and exacerbated by factors such as genetics and aging (Johnson et al., 2019; Patrick et al., 2019). Collectively, such data highlights LRRK2 and its kinase activity as a mediator of inflammatory responses in both the periphery and the CNS. It is therefore possible that LRRK2 is a potential regulator of the crosstalk between periphery and the CNS, and may lie center stage of the inflammation observed in PD.



LRRK2 Expression in Peripheral Organs

It is important to note that LRRK2 is expressed highly in peripheral organs such as the lung, spleen and kidneys, relative to the brain (Biskup et al., 2007; Melrose et al., 2007; Westerlund et al., 2008). With regards to the kidneys, although not typically implicated in PD pathology, proper kidney function is implicated in immune function, with the removal of cytokines from the blood limiting inflammation (Betjes et al., 2013; Kurts et al., 2013), and the clearance of bacterial components reducing would−be immune cell activation by pattern recognition receptors (PRRs) (Betjes, 2013; Hato and Dagher, 2015). Lrrk2-KO rats exhibit enlarged kidneys with pigment accumulation and irregular hyaline droplets, indicative of irregular phagocytic activity, in proximal tubule endothelial cells (Baptista et al., 2013). Lrrk2-KO animals have been reported to show dramatic α-synuclein pathology in the kidneys, as well as biphasic, age-dependent changes in autophagy proteins (Tong et al., 2010). Collectively, such data highlights an important role of LRRK2 in proper kidney function.

Regarding LRRK2 in the lungs, studies in Lrrk2-KO mice have found morphological and histopathological abnormalities in lung tissue that have been associated with impairments in the autophagy pathway (Tong et al., 2010, 2012; Hinkle et al., 2012). Increased number and size of lamellar bodies has also been found in the lungs of Lrrk2-KO but not kinase-dead (KD) mice, suggesting that the LRRK2 protein-protein binding domains, rather than the kinase domain, may be crucial for normal lung function (Tong et al., 2012). However, inhibition of the LRRK2 kinase domain in non-human primates induces abnormal cytoplasmic accumulation of secretory lysosome-related organelles known as lamellar bodies in type II pneumocytes of the lung (Fuji et al., 2015), which has also been observed in the lungs of 16-month old Lrrk2-KO rats (Baptista et al., 2013). Lamellar bodies are the secretory organelles that store surfactant, which play a pivotal role in innate immunity of the lung (Takahashi et al., 2006). Given that LRRK2 is also associated with infections of the lung such as tuberculosis (discussed later in this review), it appears that LRRK2 expression, perhaps specifically LRRK2 kinase activity, may be crucial for immunity in the lung.

The spleen plays multiple supporting roles in the body, such as filtering blood as part of the immune system, storing white blood cells, and helping fight bacteria. Interestingly, Lrrk2-KO leads to alterations in the cellular composition of the spleens of rats, with an increase in the number of CD4+ helper T cells and CD11b+ monocytes and a decrease in B cells (Ness et al., 2013). However, splenocytes from Lrrk2-KO mice infected with Rat adapted Influenza Virus (RAIV) and Streptococcus pneumoniae exhibit decreased CD11b+ monocytes and increased CD8+ cytotoxic T cell numbers. Such data suggests that a loss of LRRK2 may alter host resistance to infection.

Collectively, these data suggest that LRRK2 has a diverse functional role in many organs outside of the CNS, and is required for the healthy function of organs such as the lung and kidneys, and may be associated with efficient host responses to infections (Figure 1). Such data has great implications on the use of LRRK2 kinase inhibitors for PD treatment, as such inhibitors may have deleterious and harmful effects on health in the periphery.
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FIGURE 1. LRRK2 is implicated in health and disease in both the CNS and the periphery, with a crucial role in the immune system. LRRK2 in the healthy brain: (A) LRRK2 may not be essential for neuronal development as global LRRK2 deficiency in rodents is not accompanied by neurodegeneration in dopamine-striatal and other pathways. (B) In the healthy brain, LRRK2 is absent or expressed at low levels in microglia, suggesting a minimal role of LRRK2 in brain-resident innate immune cells under homeostatic conditions. Role of LRRK2 in health in peripheral organs and the immune system: (C) LRRK2 is required for spleen, (D) kidney and (E) lung health, as well as (F) pathogen control and host response to infections such as Salmonella typhirium and Lysteria monocytogenes. LRRK2 in the brain in PD: (G) In LRRK2-PD, LRRK2 expression is increased in microglia, with increased activation of microglia observed with LRRK2-PD mutations. (H) LRRK2 may exert its effects on the brain from the periphery in PD, with increased circulating cytokines potentially increasing BBB permeability with LRRK2 mutations, causing microglia activation and neurodegeneration, leading to bi-directional interplay between neuronal death and microglia priming. Role of LRRK2 in disease in peripheral organs and the immune system: (I) LRRK2 expression is increased in peripheral immune cells in both LRRK2 and non-LRRK2 PD, with concomitant increases in cytokine release. (J) LRRK2 is associated with gut inflammation, with an increased risk of both Crohn’s disease (CD) and ulcerative colitis (UC) with mutations. (K) LRRK2 risk and protective genetic variants are associated with the infectious and autoimmune disease leprosy. (L) LRRK2 mutations have been shown to alter infection control and host response to Reovirus encephalitis and Mycobacterium tuberculosis. Created with BioRender.com.




LRRK2 Is Associated With Infection and Inflammation

Peripheral infections may enhance neurodegeneration either via direct toxicity of bacterial or viral toxins, or by circulating cytokines. PD patients with viral or bacterial infections exhibit deterioration of both motor and cognitive function, suggesting that inflammation caused by infections may be deleterious and a contributor to disease (Brugger et al., 2015). Interestingly, the highly pathogenic H5N1 avian flu virus is capable of entering the CNS and induces neuroinflammation via microglia activation and increases α-synuclein aggregation in mice (Jang et al., 2009). Furthermore, the H1N1 influenza virus has been observed to have synergistic effects with MPTP, leading to increased SNpc dopaminergic neuronal loss than MPTP treatment alone, which could be eliminated by influenza vaccination or treatment with anti-viral medication (Sadasivan et al., 2017). Such observations further support the hypothesis that CNS disorders of protein aggregation such as PD can be initiated or exacerbated by bacterial and viral pathogens.

A role of LRRK2 in regulating inflammation and pathogen defense has been suggested by reports implicating LRRK2 in several bacterial infections. For example, meta-analysis of human gene expression identified the LRRK2 pathway to be significantly enriched in response to Mycobacterium tuberculosis (Mtb) infection, with LRRK2 being a highly significant differentially enriched gene (DEG) (Wang et al., 2018). This is supported by the observation that a loss of LRRK2 enhances Mtb control and decreases bacterial burdens in both primary mouse macrophages and human iPSC−derived macrophages (Hartlova et al., 2018). LRRK2 has also been implicated in the control of the enteric pathogen Salmonella typhimurium via NLRC4 inflammasome regulation in macrophages from Lrrk2-KO mice (Gardet et al., 2010; Liu et al., 2017). Furthermore, paneth cells from Lrrk2-KO mice are more susceptible to infection from Listeria monocytogenes, with a loss of Lrrk2 decreasing lysozyme levels, an antimicrobial enzyme responsible for the degradation and lysis of bacteria (Zhang Q. et al., 2015). Whilst the precise mechanisms underlying the regulation of pathogens via LRRK2 remains to be determined, it has been suggested that these may be dependent on sex, pathogen type and cell-type (Herbst and Gutierrez, 2019; Shutinoski et al., 2019).

Polymorphisms in the LRRK2 gene have been linked to increased susceptibility to leprosy (Fava et al., 2016). Of particular interest is the recently reported antagonistic, pleiotropic effects of LRRK2 in PD and leprosy type-1 reactions (T1R), with the gain-of-kinase function R1628P mutation found to be a risk-variant for PD but as protective for T1R (Fava et al., 2019). This R1628P mutation reduces apoptosis, with apoptotic cells known to increase inflammation locally (Yang et al., 2015) as well as release multiple anti-inflammatory mediators (Zhang L. et al., 2015). It was therefore hypothesized that the resulting reduction in anti-inflammatory molecules in the CNS would be disease promoting, whilst the decrease in apoptotic debris is protective in leprosy patients. Similar antagonistic pleiotropic effects of the gain-of-kinase function G2019S mutation have recently been reported in models of S. typhimurium-induced sepsis and reovirus-induced encephalitis (Shutinoski et al., 2019). It was observed that the G2019S mutation controlled S. typhimurium infection better, with reduced bacterial growth and longer survival during sepsis; an effect which was dependent on myeloid cells. However, animals with reovirus-induced encephalitis that expressed the G2019S mutation exhibited increased mortality, increased reactive oxygen species and higher concentrations of α-synuclein in the brain. Such data implies potential opposing effects of LRRK2 kinase-mediated inflammation in the CNS versus the periphery.



LRRK2 and the Gut-Brain Axis

The gut-brain axis describes the bidirectional communication between the central and enteric nervous and endocrine systems, as well as the regulation of immune responses in the gut and the brain (Houser and Tansey, 2017). The microbiome is particularly concentrated in the gastrointestinal tract, and is now known to influence the systems incorporated in the gut-brain axis (Mulak and Bonaz, 2015; Ghaisas et al., 2016; Kowalski and Mulak, 2019). Furthermore, gut microbiota upregulates local and systemic inflammation through different mechanisms including the release of lipopolysaccharides from pathogenic bacteria (Villaran et al., 2010). Gut bacteria are also able to produce numerous neurotransmitters and neuromodulators, such as short chain fatty acids, however the role of these in neuroinflammation is not yet fully understood (Mulak, 2018).

In the last few years, there have been new findings identifying a relationship between gut microbiome dysbiosis and PD (Lin et al., 2018; Sun and Shen, 2018; Mulak et al., 2019). For example, analysis of immune profiles of stool from PD patients revealed increased levels of intestinal inflammation in PD patients, as well as greater incidence of intestinal disease and digestive problems (Houser et al., 2018). Reduced abundance of the bacteria Prevotellaceae has been reported in fecal samples from PD patients (Scheperjans et al., 2015). Interestingly, low levels of this bacteria increases gut permeability leading to increased enteric nervous system (ENS) environmental exposure and increased α-synuclein expression in the colon (Bedarf et al., 2017). Such increases in α-synuclein have been proposed to function as a messenger to alert the immune cells in the CNS to the presence of certain pathogens (Fitzgerald et al., 2019). For example, recent studies have reported aggregated α-synuclein causing activation and migration of neutrophils, microglia and dendritic cells in the CNS (Sampson et al., 2016; Sun and Shen, 2018). Furthermore, Prevotellaceae is believed to be important for not only maintaining healthy gut but also healthy BBB (Keshavarzian et al., 2015), which may increase circulating cytokine permeability into the CNS, as will be discussed later in this review. Collectively, such data suggests that gut microbiome dysbiosis may be instrumental in systemic inflammation and the aetiology of PD.

CD and ulcerative colitis (UC) are the two major subtypes of IBD and are associated with inflammation in different regions of the gut. Interestingly, patients with IBD have a 22% increased incidence of PD compared to non-IBD individuals (Villumsen et al., 2019). It has recently been demonstrated that early exposure to anti-TNF therapy is associated with substantially reduced PD incidence in individuals with IBD, highlighting systemic inflammation as a potential link between these two diseases (Peter et al., 2018). Interestingly, genetic variances and mutations in the LRRK2 gene have been demonstrated to increase the incidence of PD in both CD (Witoelar et al., 2017) and UC patients (Villumsen et al., 2019). Furthermore, LRRK2 has been identified by GWAS as a major susceptibility gene for CD (Liu et al., 2015; Hui et al., 2018). The LRRK2 risk allele, N2081D, is located in the kinase domain and is associated with increased kinase activity, whereas the protective variants, N551K nor R1398H, had no effects on kinase activity. Interestingly, the protective variant R1398H was shown to increase GTPase activity, deactivating LRRK2. Furthermore, the PD-associated G2019S mutation has been shown to be increased in CD patients in the Ashkenazi Jewish population (Rivas et al., 2019). It is evident therefore that LRRK2 is associated with both PD and IBD, and increased LRRK2 activity may increase susceptibility to inflammation of the gastrointestinal tract which may play a role in PD.

Although there is evidence for a link between PD and IBD with LRRK2 at the interface, the concept of gut inflammation in PD has only been tested in LRRK2 animal models in two studies to date. The use of dextran sodium sulfate salt (DSS), a chemical colitogen with anticoagulant properties, is the most widely used method to model colitis in mice. A recent study demonstrated that the overexpression of LRRK2 leads to increased susceptibility to DSS-induced colitis in mice (Takagawa et al., 2018). Furthermore, the normalization of LRRK2 kinase activity blocked the release of TNF by cultured cells from patients with CD with no LRRK2-mutations, suggesting that targeting LRRK2 activity could be a therapeutic approach for IBD regardless of whether a LRRK2 risk allele is involved. However, it has previously been demonstrated that the down-regulation of Lrrk2 enhances the susceptibility of mice to DSS-induced colitis (Liu et al., 2011), suggesting that a loss of LRRK2 is also sufficient to increase inflammation in the gut. Differences in experimental paradigm between these two studies make it difficult to conclude the role of LRRK2 activity in colitis. A large number of factors affect susceptibility to DSS and can modify results, making it difficult to compare across study designs. Factors such as the background strain of the experimental animal, age, microbial state (specific pathogen free vs. open cages), and the DSS treatment dosage and duration (Perse and Cerar, 2012) all influence outcomes of DSS-induced colitis studies. Furthermore, differences in the control mice used in the two studies may also contribute to these discrepancies. For example, it was observed by Takagawa and colleagues that littermate control mice manifested a different degree of colitis than mice directly obtained from the mouse supplier. Therefore assessment of the severity of colitis required utilization of control mice with identical genetic and microbiological features to the experimental mice. Future research utilizing consistent experimental colitis paradigms in LRRK2-animal models of PD are required in order to examine the effects of intestinal inflammation on PD-associated pathology in both the nigrostriatal pathway and gastrointestinal system.

One proposed model of the link between gastrointestinal inflammation and PD proposes that increased intestinal inflammation increases expression and aggregation of α-synuclein, which spreads to the brain via the vagal preganglionic innervation of the gut (Houser and Tansey, 2017; Rolli-Derkinderen et al., 2019). Such a model would be in accordance with the Braak staging system that suggests α-synuclein pathology initiates in the enteric neurons of the upper gastrointestinal tract and propagates to the CNS via the vagus nerve. There it progresses in a predictable fashion along a caudo-rostral axis in the brain (Braak et al., 2003a, b). Based on this model, to explore the role of LRRK2 and gut inflammation further, future research should investigate neurodegeneration and α-synuclein pathology in the ENS and the CNS of LRRK2 transgenic mice subjected to DSS-induced colitis. Despite studies showing increased α-synuclein observed in the colon of CD patients, pathological changes such as aggregation are yet to be observed (Prigent et al., 2019). It is therefore of interest to investigate LRRK2 expression and phosphorylation in gastrointestinal samples of PD patients to determine the involvement of enteric α-synuclein in PD associated gastrointestinal inflammation.



LRRK2, Systemic Inflammation and the Blood–Brain Barrier

Interestingly, it has recently been hypothesized that increased intestinal permeability and subsequent systemic inflammation may lead to the disruption of the BBB and, potentially, neuroinflammation and disruption of dopamine pathways (Houser and Tansey, 2017; Rolli-Derkinderen et al., 2019). Likewise, it has also been proposed that prolonged systemic inflammation caused by pathogen exposure and chronic immune cell activation in the periphery may amplify microglia activation, known as microglia priming (Perry and Teeling, 2013; Lee et al., 2017). Given the evidence for the role of LRRK2 in gastrointestinal inflammation, infection, peripheral immune responses and PD, LRRK2 may be situated in the center of this model (Figure 1).

A recently published study demonstrated that, when R1441C and G2019S-LRRK2 mice are subjected to an acute, high-dose of LPS in the periphery, significant neuronal loss and an exacerbated immune response is observed in the brain and periphery relative to WT mice (Kozina et al., 2018). Furthermore, no infiltrating peripheral immune cells were observed in the parenchyma upon LPS stimulation and neuroinflammation was not directly mediated through resident microglia. It was therefore proposed that LPS-induced neuronal loss in LRRK2 mutants are most likely initiated through circulating inflammatory mediators. It has also been observed that, whilst G2019S-LRRK2 mice exhibit increased neuroinflammation upon LPS treatment, dopamine neuronal integrity was unaltered, implying that repeated exposure to inflammatory triggers may be needed in order for LRRK2 mutations to cause dopaminergic neuronal loss (Schildt et al., 2019). Such data supports a role of LRRK2 in peripheral-to-centrally mediated immune signaling. Although the mechanisms connecting the peripheral immune response and neuroinflammation are not fully understood, increased circulating pro-inflammatory cytokines may induce a disruption of the BBB and passively diffuse and promote microglia-mediated inflammation and toxicity as a secondary effect (Alvarez-Arellano and Maldonado-Bernal, 2014; Bodea et al., 2014). Alternatively, cytokines may actively be transported via saturable transport systems on endothelial cells (Pan et al., 2011). It would be of interest to future research to determine if disruptions in BBB permeability induced by LRRK2-mediated peripheral inflammation is also accompanied by increased uptake of α-synuclein from circulation into the CNS, as has been observed in other models (Sui et al., 2014).



LRRK2 Interacting Partners and Inflammation

Although a number of proteins have been reported to be directly regulated by LRRK2, few have been validated and replicated by numerous groups (Price et al., 2018). Recent studies have identified a subset of Rab GTPases as bona fide substrates of LRRK2 in cells (Steger et al., 2016, 2017; Fujimoto et al., 2018; Liu et al., 2018). The role of these Rab GTPases and LRRK2 in immune cells has been reviewed recently (Wallings and Tansey, 2019). However, of note here is the role of Rab GTPases in the regulation of transcytosis (Preston et al., 2014). Transcytosis is a type of transcellular transport in which macromolecules are transported across the interior of a cell. Maintaining a low rate of transcytosis in the endothelial cells that constitute the BBB is critical to maintaining a functioning barrier (Ayloo and Gu, 2019). Rab35, a known LRRK2 substrate, is instrumental in the docking and recycling of vesicles as well as transcytosis (Mrozowska and Fukuda, 2016). Interestingly, it has recently been demonstrated that LRRK2 mediates α-synuclein propagation via increased phosphorylation and activation of Rab35 (Bae et al., 2018). It is interesting to note that Rab35 expression is elevated in the serum of PD patients and in brain tissue of PD mouse models, including G2019S-LRRK2 mice (Chiu et al., 2016). It is therefore feasible to hypothesize that increased LRRK2 activity may increase Rab35 activity in endothelial cells and subsequently elevate the rate of transcytosis, leading to the BBB becoming compromised, and is of interest to future research.

It is important to note that LRRK2 expression has been found to be expressed highly in human neutrophils (Fan et al., 2018). Neutrophils are first responders to sites of infection, where they utilize novel bacterial sensing pathways leading to phagocytosis and production of bactericidal factors (Witter et al., 2016). The LRRK2 kinase substrate, Rab10, has also been shown to be highly expressed and phosphorylated by LRRK2 in isolated human neutrophils (Fan et al., 2018). Rab10 is known to regulate phagosomal recycling (Chua and Tang, 2018) and up-regulates lysosomal secretion during lysosomal stress alongside Rab8, Rab7L1 and LRRK2 (Eguchi et al., 2018). Given that the intracellular killing of microorganisms in phagocytes such as neutrophils involves the fusion of lysosomes containing bactericidal factors with phagosomes, it would be of interest to future research to investigate LRRK2-regulation of immune responses in neutrophils and the effects of mutations in lysosome stress, pathogen control, and neuroinflammation.

LRRK2 and α-synuclein have been shown to share a complex relationship, and it seems that LRRK2 dysfunction can modulate α-synuclein and its relevant cellular pathways [reviewed in detail in Cresto et al. (2018)]. Furthermore, α-synuclein is implicated in neuroinflammation observed in PD, suggesting these two PD-related proteins may be associated in the context of inflammation. For example, activated microglia are observed in the midbrain of animals after intra-striatal injection of α−synuclein PFFs prior to dopaminergic neuronal loss (Duffy et al., 2018). Furthermore, the use of agonists of the Glucagon−like peptide−1 receptor (GLP1R), which inhibits microglia−induced activation of astrocytes, protects against α-synuclein toxicity in α-synuclein PFF mouse model of PD as well as the human A53T α-synuclein transgenic mouse model (Yun et al., 2018). As previously mentioned, Lrrk2-KO alters inflammatory gene changes in response to α−synuclein PFFs, suggesting LRRK2 is involved in the cellular pathways implicated in α−synuclein inflammation (Russo et al., 2019). This is supported by observed LRRK2 immunoreactivity in CD68+ cells in the SNpc which are recruited in response to α-synuclein transduction, with Lrrk2-KO decreasing this recruitment as well as microglia activation and dopaminergic neuronal loss (Daher et al., 2014). Furthermore, LRRK2 kinase inhibition attenuates neuroinflammation in G2019S-LRRK2 transgenic rats after α−synuclein transduction (Daher et al., 2015). Whether such interactions between LRRK2 and α−synuclein is also seen in peripheral immune cells remains to be determined. Collectively such data, taken with the fact that LRRK2 is capable of modulating the propagation of α-synuclein (Bae et al., 2018), suggest LRRK2 dysfunction may influence α−synuclein and its pathology through mechanisms altering cellular functions and signaling pathways in the immune system.



CONCLUSION

PD is typically thought of as a disease of the CNS. However, evidence discussed in this review emphasizes a crucial role of the immune system, both peripherally and centrally, in PD pathophysiology. It appears that LRRK2 plays a fundamental role in the regulation of inflammation in both the central and peripheral immune system, and therefore may be instrumental in PD-associated inflammation. Furthermore, LRRK2 may lie center stage in the cross-talk between the peripheral and central immune system, with increased inflammation in the gut or in response to pathogens with LRRK2 mutations potentially leading to increased gut dysbiosis, BBB permeability and microglia priming.

One model of PD touched upon in this review was the “multiple-hit” hypothesis which identifies factors such as bacterial and viral infection and microbiome perturbations as triggering events of PD, with genetics and aging facilitating and exacerbating disease onset and progression (Westerlund et al., 2008; Gao et al., 2011). Given the evidence discussed implicating LRRK2 in the regulation of immune responses to pathogens, it is curious to speculate if epidemiological research would demonstrate increased rates of previous infections in LRRK2-PD patients relative to non-manifesting LRRK2 carriers.

The LRRK2 kinase domain has become an appealing target for therapeutics, with increased LRRK2 kinase activity seen in PD mutations, and increased LRRK2 expression and kinase activity observed in sporadic patients (Di Maio et al., 2018; Atashrazm et al., 2019). The evidence discussed in this review suggests LRRK2-mediated inflammation may be an early event in PD and may therefore be a preventative target for the disease. However, it is important consider that a complete abolition of LRRK2 kinase activity in the peripheral immune system may have deleterious effects, with increased risk of infection and decreased pathogen control, as suggested by data from Lrrk2-KO models (Gardet et al., 2010; Zhang Q. et al., 2015; Liu et al., 2017; Wallings and Tansey, 2019). Therefore, such malignant side-effects would need to be taken into consideration if such inhibitors were to be therapeutically beneficial.
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Leucine-rich repeat kinase 2 (LRRK2) mutations are among the most significant genetic risk factors for developing late onset Parkinson’s disease (PD). To understand whether a therapeutic can modulate LRRK2 levels as a potential disease modifying strategy, it is important to have methods in place to measure the protein with high sensitivity and specificity. To date, LRRK2 measurements in cerebrospinal fluid (CSF) have used extracellular vesicle enrichment via differential ultracentrifugation and western blot detection. Our goal was to develop a methodology which could be deployed in a clinical trial, therefore throughput, robustness and sensitivity were critical. To this end, we developed a Stable Isotope Standard Capture by Anti-peptide Antibody (SISCAPA) assay which is capable of detecting LRRK2 from 1 ml of human CSF. The assay uses a commercially available LRRK2 monoclonal antibody (N241A/34) and does not require extracellular vesicle enrichment steps. The assay includes stable isotope peptide addition which allows for absolute quantitation of LRRK2 protein. We determined that the assay performed adequately for CSF measurements and that blood contamination from traumatic lumbar puncture does not pose a serious analytical challenge. We then applied this technique to 106 CSF samples from the MJFF LRRK2 Cohort Consortium which includes healthy controls, sporadic PD patients and LRRK2 mutation carriers with and without PD. Of the 105 samples that had detectable LRRK2 signal, we found that the PD group with the G2019S LRRK2 mutation had significantly higher CSF LRRK2 levels compared to all other groups. We also found that CSF LRRK2 increased with the age of the participant. Taken together, this work represents a step forward in our ability to measure LRRK2 in a challenging matrix like CSF which has implications for current and future LRRK2 therapeutic clinical trials.
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INTRODUCTION

Leucine-rich Repeat Kinase 2 (LRRK2) is a large (280 kDa) GTPase/kinase involved in intracellular vesicle dynamics, autophagy and inflammation processes (Fraser et al., 2013; Arranz et al., 2015; Wallings and Tansey, 2019). Given that LRRK2 mutations are among the most frequent genetic cause of Parkinson’s disease (PD), it has become an attractive therapeutic target with at least 2 ongoing interventional clinical trials at the time of this publication1. To advance LRRK2 therapeutic development, measuring LRRK2 in cerebrospinal fluid (CSF) as an indirect central nervous system (CNS) target engagement and/or patient stratification biomarker would be advantageous. For instance, CSF LRRK2 concentrations could serve as a patient enrichment tool and/or a pharmacodynamic endpoint if a therapy aims to modulate aberrant CNS levels, e.g., with an antisense oligonucleotide (ASO) or gene therapy approach. Importantly, an outstanding question in the field is whether PD patients with LRRK2 mutations (such as G2019S) have altered expression of total or phosphorylated LRRK2 in brain and CSF. To date, CSF LRRK2 detection has proven technically challenging. This has led the Michael J Fox Foundation (MJFF) to sponsor the LRRK2 Detection Consortium which is an industry/academia initiative aimed at promoting the development of technologies enabling LRRK2 detection in different matrices including PBMCs, urine and CSF.

LRRK2 in human CSF has been successfully measured using extracellular vesicle enrichment strategies (Fraser et al., 2013, 2016; Wang and West, 2019). Differential ultracentrifugation has been the preferred approach to isolate LRRK2-containing vesicles in CSF and urine followed by western blot (WB) for detection and quantitation (Fraser et al., 2013; Wang et al., 2017). Unfortunately, there are several difficulties in implementing this approach in a clinical trial setting. Processing CSF samples by ultracentrifugation may introduce variability which may be difficult to control. For instance, centrifuge type (swing bucket vs fixed angle), speed and performance consistency would be difficult to standardize across testing sites. Following CSF enrichment, a protein pellet may or may not be visible, therefore, resuspension of LRRK2 containing vesicles itself may be unreliable. WB analysis is considered low throughput, difficult to standardize, not sufficiently quantitative, and thus not amenable to clinical trials. Another important point to consider for a LRRK2 clinical endpoint is that CSF LRRK2 appears to vary greatly between subjects (Fraser et al., 2016; Wang et al., 2017) and therefore a clinical trial ready LRRK2 assay must have a wide dynamic range to capture biological variance.

An alternative to WB-based protein detection is enzyme-linked immunosorbent assay (ELISA) which is suited toward measuring proteins with far higher throughput. A number of high quality total LRRK2 mAbs and commercially available ELISA kits are available, however, to date there have been no reports demonstrating reliable CSF LRRK2 detection with these. Internal efforts from Biogen and other industry groups with support from the MJFF have developed ultrasensitive immunoassays (Singulex Erenna, Quanterix Simoa, MSD S-plex) to enable CSF LRRK2 detection (Padmanabhan et al., 2020). Despite single digit pg/ml sensitivity limits, and robust detection in rodent and primate tissues these assays were unable to reliably detect LRRK2 in human CSF (unpublished internal Biogen data).

Because of the limited applicability of ultracentrifugation/WB analyses and issues developing a high sensitivity ELISA based platform, our group sought to develop a SISCAPA (stable isotope standards and capture by anti-peptide antibody; Anderson et al., 2004) assay as an alternative approach This approach has the advantage of entirely denaturing biological samples with a protease such as trypsin. Following proteolysis, peptides (unique to protein of interest) are isolated by anti-peptide antibodies and then analyzed using high sensitivity mass spectrometry techniques. Isotopically labeled peptide (with identical amino acid sequence as detection peptide) is spiked into the sample to control for immunoprecipitation efficiency, LC-MS variability and is a convenient method for quantifying endogenous peptide (and thus protein).

We demonstrate that this approach enables consistent CSF LRRK2 detection from 1 ml of human CSF. Following assay qualification steps, we analyzed samples from the MJFF LRRK2 Cohort Consortium to understand whether LRRK2 levels were different between healthy controls and PD patients with and without G2019S LRRK2 mutations. The assay described here opens a new door into LRRK2 research where reliable quantitative measurements are needed to establish changes in the context of a LRRK2 therapeutic clinical trial.



MATERIALS AND METHODS


SISCAPA Antibody Selection

According to epitope mapping data provided by MJFF (Table 1), several commercially available antibodies had epitopes that are contained within in silico determined tryptic peptides (i.e., do not contain a K or R within their sequence) including 8G10 (DEDGHFP), SIG-39840 (FPNEF) and N241A/34 (EGDLLVNPDQ). Of these three antibodies, preliminary experiments led us to select N241A/34 as a candidate anti-peptide antibody to isolate and measure the tryptic peptide AEEGDLLVNPDQPR (AA 1834–1847). This peptide was shown to be unique to LRRK2 protein (NIH, Standard Protein BLAST).


TABLE 1. Epitope mapping data showing the main epitopes of commercially available total LRRK2 monoclonal antibodies.
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Post Immunoprecipitation Peptide Mapping

To test the hypothesis that N241A/34 could isolate the unique LRRK2 peptide that contains its epitope (i.e., AEEGDLLVNPDQPR), we conjugated Neuromab N241A/34 (Antibodies Inc, Davis CA) onto M-280 Tosylactivated Dynabeads (Thermo Fisher, Waltham, MA, United States) at a concentration of 1 ug N241A/34 per 1 μl of beads. We then digested 10 μg wild type recombinant LRRK2 (rLRRK2; Life Technologies) using 5 μg TPCK-treated trypsin (Worthington Biochemical, Lakewood, NJ, United States) at 40°C for 3 h shaking at 1400 RPM on an Eppendorf Thermomixer. Digestion was stopped by adding 5 μg of protease inhibitor AEBSF (Thermo Fisher, Waltham, MA, United States). Ten μl of N241A/34 bead solution (i.e., 10 μg of N241A/34) was added to the protein digest and immunoprecipitation was performed on an end over end Hula Mixer (Thermo Fisher, Waltham, MA, United States) for 1.5 h at 4°C. Sample was then placed on a DynaMag-2 magnetic tube holder (Thermo Fisher, Waltham, MA, United States) and beads were isolated from digest mixture. Beads were then washed using 1 ml of PBS + 0.05% Tween (PBST) on and end over end mixer for 1 min. PBST was removed and then washed twice using 1 ml PBS. Peptides were eluted off beads with 50 μl of H20 + 0.1% formic acid and 5% acetonitrile (I). A Thermo Q Exactive Plus (Thermo Fisher, Waltham, MA, United States) orbitrap mass spectrometer was operating in data dependent acquisition (DDa) mode to search for the most abundant peptides eluted from beads. Full MS settings were 60,000 resolution, AGC target 1e6 and max IT time was 100 ms with a scan range of 200–2000 m/z. dd MS2 settings were 15,0000 resolution, AGC target 1e6, max IT time was 100 ms and scan range was 200–2000 m/z.



N241A/34 Biotinylation and Magnetic Bead Conjugation

One hundred ug Neuromab N241A/34 monoclonal antibody (Antibodies Inc, 75–253) was desalted with a Zeba Spin desalting column, 7 K MWCO, 0.5 ml (Thermo Fisher, 89882) and then biotinylated using a One-Shot biotinylation kit (TriLink Biotechnologies, San Diego, CA, United States). Degree of biotinylation was measured according to One-Shot protocol using a Thermo Fisher NanoDrop spectrophotometer (Waltham, MA, United States) where 2 μL of biotinylated antibody is loaded to read the absorbance at 280 and 354 nm. Absorbances at both wavelengths are input into ChromaLink Biotin Molar Substitution Ratio (MSR) calculator to determine precise degree of biotinylation. An average of six biotin molecules was calculated per one N241A/34 antibody. Biotinylated N241A/34 was combined with streptavidin-coated magnetic beads (M280 Dynabeads, Thermo Fisher, Waltham, MA, United States) at a ratio of 100 μg antibody to 1 mg of beads according to the manufacturers protocol. Final conjugated antibody mixture was stored in 0.1% BSA PBS solution at 4C until use.



SISCAPA Workflow for Targeted CSF LRRK2 Detection

For rLRRK2 calibration curve and human CSF experiments, all samples were made up to 1 ml then 100 μl of 10× radioimmunoprecipitation assay (RIPA) buffer (Sigma Aldrich, St. Louis, MA, United States) was added. Twenty micrograms of TPCK-treated trypsin were added to each sample and digested at 40°C for 1.5 h at 1400 RPM shaking on a Thermomixer (Thermo Fisher, Waltham, MA, United States). Following digestion, samples were placed on ice for 5 min then 50 μl of 2 pg/ml (100 fg) heavy synthetic peptide 13C1215N6 KAEEGDLLVNPDQPR (New England Peptide, Gardner, MA, United States) labeled at both C (K) and (R) termini (m/z 566.9641+++) was added to each sample. Then, 10 μl of N241A/34 on beads was added to each sample and incubated at 4°C for 1.5 h on an end over end Hula Mixer (Thermo Fisher, Waltham, MA, United States). Beads were then washed using 1 ml of PBS + 0.05% Tween (PBST) on and end over end mixer for 1 min. PBST was removed and then beads were washed twice using 1 ml PBS at 1 min each time. Peptides were eluted off beads with 50 μl of H20 + 0.1% formic acid and 5% acetonitrile (ACN; Figure 1).
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FIGURE 1. Schematic representation of the SISCAPA workflow used here to detect total LRRK2 levels. CSF is incubated with RIPA buffer and trypsin for 1.5 h at 40C. Samples are put on ice for 5 min and then two pg of heavy labeled 136C15N4 KAEEGDLLVNPDQPR is spiked into the sample. Biotinylated N241A/34 conjugated to M280 streptavidin beads are added to samples to isolate both heavy and light KAEEGDLLVNPDQPR peptides. Beads are washed and eluted. Analysis of light:heavy ratio is done using nanoflow LC and orbitrap mass spectrometry.




HPLC-Mass Spectrometry Peptide Analysis

A RSLC (Thermo Fisher, Waltham, MA, United States) nanoflow autosampler and HPLC system was used for sample separation. Peptide eluent was injected onto a Thermo C18 Pepmap nano trap column (100 μm i.d. × 20 mm, 5 μm particles) at 20 μl/min for 4.5 min. Peptides were then eluted onto an E800A EasySpray nanoLC column (75× 15 cm, 3 μm particles) nanoLC column at 0.3 μl/min. For all other experiments Q Exactive HFX was operating in parallel reaction monitoring (PRM) mode at 120,000 resolution, AGC target set to 1e^6, maximum injection time (IT) set to 240 ms and isolation window set to 1.0 m/z. Inclusion list contained both light (m/z 560.9566+++) and heavy (m/z 566.9641+++). Samples were analyzed using Skyline 64-bit (University of Washington, MacCoss lab, WA, United States) software and signal was considered detectable if cumulative peak area was >5000 units and contained a minimum of four fragment ions. Most intense fragment ions typically observed were y5, y6, y7, and b6, b7, b8.

To determine the concentration of each sample (in pg/ml), the light:heavy ratio was taken and then multiplied by two since the internal standard was 2 pg/ml. Finally, we considered the fraction of the entire protein that is being detected, i.e., the peptide is 1/170.4 of the total mass of total LRRK2 (i.e., 1069Da/280,000Da) protein. Therefore, we multiplied the ratio by 170.4 to give us an accurate concentration of the total LRRK2 protein in the sample. This is expressed by:

[image: image]



Detergent Addition Effects on CSF LRRK2 Levels

Since previous work showing LRRK2 measurements in CSF used a vesicle enrichment step followed by vesicle lysis with detergents, we aimed to determine whether detergent addition (i.e., RIPA) was necessary for the detection of LRRK2 in our CSF samples. Four 2 ml pools of CSF were made and then aliquoted into separated 1 ml tubes. Half the samples (four) had 100 μl 10X RIPA (Sigma Aldrich, St. Louis, MO, United States) while the other half (four) did not. Signals were compared using a paired two-tailed T-test.



CSF Blood Contamination on Total LRRK2 Levels

An 8 ml pool of CSF (BioIVT, Hicksville, NY, United States) was split into 8–1 ml aliquots. Each aliquot had a different volume of fresh whole blood spiked in, ranging from 10 ηl to 10 μl, i.e., 0.001 to 1% v/v whole blood in 1 ml CSF. To be consistent with sample processing at a clinical trial site, samples were frozen at −80°C following whole blood addition then thawed. After thawing the samples, a small volume of the blood-spiked CSF (5 μl) was removed from each aliquot to assess hemoglobin (HgB) levels (Abcam, Cambridge, MA, United States). The rest of the sample was processed using the SISCAPA workflow described here for total LRRK2 detection. To measure Hgb, we used a commercial ELISA kit from Abcam(ab157707). CSF was diluted 1:100 in assay diluent to a final volume of 500 μL. HgB present in the test samples was captured by anti-HgB antibody pre-adsorbed on the surface of microtiter wells after a 20 min incubation under room temperature no shaking. After sample binding, unbound proteins and molecules were washed off, and an enzyme-antibody conjugate was added to the wells and allowed to bind to captured HgB. After 20 min incubation, unbound proteins and molecules were washed and Chromogen substrate solution was then added to catalyze the reaction. After 10 min incubation, stop solution was added. Light intensity, which was proportional to the amount of HgB present, was measured at 435 nm on a SpectraMax plate reader (Molecular Devices, San Jose, CA, United States). HgB concentrations were determined on a standard curve by plotting OD vs concentration using a five-parameter logistical curve-fit. The calibration curve range of this method is 6.25 ηg/ml-200 ηg/ml.



Michael J Fox Foundation LRRK2 Cohort Consortium CSF

106 CSF samples were collected as part of the MJFF LRRK2 Cohort Consortium and were shipped to Biogen, blinded, in 200 μl aliquots. Five aliquots were pooled (1 ml) in 1.5 ml Eppendorf LoBind tubes and then processed by two separate operators according to the protocol described here including detergent, trypsin and internal standard addition to all samples. Unblinding only took place until after all sample analyses were conducted and raw data was submitted back to MJFF. Age of cohort ranged from 26 to 83 years old. LRRK2+PD+ group included G2019S mutation carriers while the LRRK2-PD+ group had no known mutations. Of the 106 samples analyzed, 105 of samples had evaluable levels of LRRK2.



RESULTS


Peptide Mapping of Digested LRRK2 Pull Down With N241A/34

We confirmed that N241A/34 could isolate AEEGDLLVNPDQPR, but also unexpectedly found that it isolated a second high confidence peptide containing a missed cleavage, i.e., KAEEGDLLVNPDQPR (AA 1833–1847). Proteome Discoverer (Thermo Fisher, Waltham, MA, United States) processed the DDa data against the human proteome and showed that KAEEGDLLVNPDQPR gave an 8X higher peak (2.68e8) area than AEEGDLLVNPDQPR (3.27e7; Table 2). In addition, the KAEEGDLLVNPDQPR showed 4 peptide spectral matches (PSMs) compared to 2 for the AEEGDLLVNPDQPR peptide (Table 2).


TABLE 2. Peptide mapping results following N241A/34 immunoprecipitation of tryptic digested recombinant LRRK2.
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Recombinant LRRK2 Detection Calibration Curve

To determine if the SISCAPA workflow using KAEEGDLLVNPDQPR could give reliable results using rLRRK2 at physiological concentrations, we diluted the protein from 5 to 200 pg/ml in a PBS-BSA (0.1%) solution (Figure 2 and Table 3). We also included 3 QC levels (LCQ = 7.5, MQC = 40, and HQC = 150 pg/ml) to assess assay precision and accuracy. Six calibration curves were generated by two different analysts. Data show that the full SISCAPA process can generate linear calibration curves (R2 = 0.999) at these concentrations. Bias was calculated for each of the concentration points. Furthermore, endogenous QC (EQC) was included in 4 of the runs (Table 3). Based on these data, we have assigned a 5 pg/ml quantitative limit for this assay. Assay precision was assessed by taking the mean of the LQC, MQC, and HQC across all six individual runs (12.6%) and accuracy was assessed by comparing the determined values of the three QC samples against their nominal values, i.e., the signal bias (10.8%) (Figure 2 and Table 3).
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FIGURE 2. Calibration curve using recombinant LRRK2 from 5–200 pg/ml. Curve includes LQC (7.5 pg/ml), MQC (40 pg/ml) and HQC (150 pg/ml) samples. Curve was run a total of six times and showed acceptable reproducibility.



TABLE 3. Analytical performance characteristics of the LRRK2 SISCAPA assay using recombinant LRRK2 and an endogenous QC (EQC) CSF sample.
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Human CSF LRRK2 Detection Reproducibility and Effect of Detergent

Since the SICAPA workflow appeared to provide consistent data using rLRRK2 (Figure 2 and Table 3), we moved to using human CSF (Figure 3). In order to confirm that the assay could be performed reliably in this context we made 6 different pools of CSF (A-F) ranging from 3 to 8 ml (Figure 3A). Each pool was then divided into separate 1 ml aliquots. Each pool was fully processed in parallel. Different pools were run at different times by a total of four separate analysts. LRRK2 levels within each pool ranged from 4 to 54 pg/ml. Individual %CV from each pool was between 3% (Pool B,D) to 27% (Pool A). The mean CV% across all six different experiments was 12% (Figure 3A).
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FIGURE 3. Remnant CSF samples were pooled (A–F) and then split into separate 1 ml aliquots. Samples were then processed in parallel to determine run to run variability (A). Overall variability was limited to 12% across pools A–F. Addition of radioimmunoprecipitationassay (RIPA) buffer which contains detergents greatly enhances signal of LRRK2 in CSF (B). ∗p < 0.05.


To determine whether or not detergent addition (RIPA buffer) had an effect on LRRK2 detection, presumably through vesicle disruption during proteolysis, we compared CSF with and without 100 μl RIPA in each sample (Figure 3B). Data show that CSF containing RIPA had 48.7 ± 8.5 pg/ml LRRK2 while CSF samples without RIPA had 11. 7 ± 9.7 pg/ml therefore detergent contributed to a >four-fold increase in LRRK2 levels as analyzed by a paired two-tail T-test, p = 0.0165 (Figure 3B).



Effect of Blood Contamination on CSF LRRK2 Levels

CSF blood contamination caused by traumatic lumbar puncture can have a negative impact on CSF measures particularly when protein analyte is highly expressed in blood such as alpha synuclein (aSYN). Since LRRK2 is expressed in circulating white blood cells including monocytes, macrophages and leukocytes (Hakimi et al., 2011), we wanted to determine to what extent blood contamination would affect LRRK2 protein levels. We performed both LRRK2 analysis and hemoglobin analysis following whole blood addition to 1 ml CSF. Data show that LRRK2 levels are not greatly affected by whole blood addition to CSF until >5 μl/1 ml of CSF (i.e., 0.5% v/v), when CSF is visibly discolored by blood (Figure 4B). At this level, hemoglobin levels exceed their assay quantitation limit (Figure 4A).
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FIGURE 4. Spiking in whole blood into CSF dramatically increases measured hemoglobin levels (A) with all samples more than 1 ul (0.01% v/v whole blood spiked in) having levels above the limit of quantification (ALQ) of the assay. LRRK2 levels in those same samples did not increase significantly until 5 μl of whole blood was spiked into 1 ml [i.e. when blood made up 0.5% of the entire sample by volume; (B)].




Analysis of CSF LRRK2 Levels From the LRRK2 Cohort Consortium

One hundred and six (106) human CSF samples were received from the MJFF LRRK2 Cohort Consortium in a blinded fashion. Of the 106 samples, 105 had evaluable levels of LRRK2 (Figures 5, 6). Mean LRRK2 concentrations ± SD for healthy controls (n = 28) was 31.7 ± 22.7 pg/ml (range = 5–104 pg/ml). For sporadic (non LRRK2 carriers) PD (n = 34) it was 31.1 ± 24.8 pg/ml (range = 7–120 pg/ml). For LRRK2+PD- non manifesting carriers (n = 29) it was 40.8 ± 32.1 pg/ml (range = 9–122 pg/ml). For LRRK2+PD+ patients (n = 14) mean levels were 67.8 ± 39.6 pg/ml (range = 19–139 pg/ml). The effect of age was measured by plotting total LRRK2 levels against age for each of the 4 groups separately (Figures 5A–D). Data show that LRRK2 gradually, yet significantly increased with age in the PD-LRRK2- (healthy control; R = 0.52, p = 0.0044; Figure 5A) and the PD+LRRK2+ groups (R = 0.57, p = 0.037) but not in the PD-LRRK2+ (Figure 5B) or PD+LRRK2- groups (Figure 5D).
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FIGURE 5. 106 CSF samples were analyzed using the LRRK2 SISCAPA assay. Of the 106 samples analyzed, 105 had measurable LRRK2 levels. Overall correlation between CSF LRRK2 levels and age in the LRRK2 Cohort Consortium samples using Spearman’s rank correlation in the PD-LRRK2- (A), PD-LRRK2+ (B), PD+LRRK2– (C), and PD_LRRK2+ (D) groups.
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FIGURE 6. Analysis of mean CSF LRRK2 levels in the LRRK2 Cohort Consortium samples shows that LRRK2 was significantly higher in the PD+ LRRK2+ group compared to all other groups. No other groups were significantly different from each other. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.


We then analyzed group differences in total LRRK2 levels. A one-way ANOVA showed a significant effect between the four groups (F3, 101 = 2.04, p = 0.0007; Figure 6). A Bonferroni post hoc analysis showed that the LRRK2+ PD group had significantly higher CSF LRRK2 compared to healthy controls (p = 0.0013), idiopathic PD (p = 0.0007), and compared to non-manifesting LRRK2 carriers (p = 0.029).

We then applied an ANCOVA model and included the term for Cohort and adjusted for age as a continuous variable, and gender as a categorical variable. The adjusted mean is the expected mean value of the outcome calculated from the model with the value of age being the average age across cohort, and with an equally weighted gender covariate value (50% being in each gender) in the model, for each cohort (Table 4). A Bonferroni post hoc analysis for multiple comparisons with a 95% confidence interval adjustment is shown on Table 4.


TABLE 4. ANCOVA Statistical analysis of CSF LRRK2 levels following age and gender adjustment.
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DISCUSSION

The current work describes a novel quantitative methodology for reliably detecting total LRRK2 levels in 1 ml of human CSF. The method does not require an exosome isolation step and uses a commercially available antibody (N241A/34) within the SISCAPA workflow which is scalable and amenable to higher throughput analyses. We demonstrated that the assay meets our basic fit for purpose qualification criteria such as dilutional linearity across a physiological dynamic range and acceptable precision (12.6%) and accuracy (10.8%). Furthermore, we show that blood contamination in CSF does not pose a serious analytical challenge compared to other analytes that are more highly expressed in blood such as aSYN. Finally, using this methodology we showed that PD patients harboring the G2019S LRRK2 mutation have significantly higher CSF LRRK2 levels compared to healthy individuals, sporadic PD patients, and non-manifesting LRRK2 carriers.

The search for a sensitive and high throughput assay to detect LRRK2 and/or pLRRK2 levels in CSF has been a challenge for both academic investigators and industry teams seeking to advance clinical stage LRRK2 therapeutic programs. Our internal work suggested that a number of high quality antibody reagents could be used to develop ultrasensitive immunoassays (e.g., Quanterix Simoa, Sinuglex Erenna, MSD S-plex) that could measure low pg/ml concentrations (Biogen Internal; Padmanabhan et al., 2020). Although those assays performed well in tissues such as rodent and primate brain and human PBMCs, they could not reliably detect LRRK2 in human CSF with or without exosome isolation. One hypothesis for this was that the native conformation of LRRK2 protein in CSF (whether folding, dimerization or aggregation) could limit epitope accessibility, while WB analysis would provide sufficient denaturation to allow binding to antibodies such as MJFF2 or N241A/34. Indeed, several reports from the West lab have demonstrated LRRK2 detection by WB analysis of vesicle enriched CSF (Fraser et al., 2013, 2016; Wang et al., 2017). Since WB analysis is not amenable to clinical trials, we sought an alternative CSF LRRK2 detection approach. The SISCAPA workflow is ideal for proteins requiring strong denaturation since it relies on total proteolysis to generate peptides which are targeted by a capture antibody. This peptide level enrichment greatly reduces sample complexity and increases mass spectrometer signal by removing interferents and other matrix effects. Another advantage of the SISCAPA workflow is high confidence signal specificity (encoded by high resolution mass spectrometry), which can be difficult to prove in standard immunoassays.

The assay was enabled by the discovery that N241A/34 performed well as an anti-peptide antibody and could isolate the sensitive missed cleavage peptide KAEEGDLLVNPDQPR which was confirmed only to exist in mammalian LRRK2 protein (Standard Protein BLAST, NIH). The use of a missed cleavage peptide as a surrogate for LRRK2 protein detection was initially a concern because it was not clear how well we could control its generation compared to the fully cleaved peptide (i.e., AEEGDLLVNPDQPR). Tryptic miscleavage occurs for many reasons such as adjacent cleavage sites, nearby glutamic or asparatic acid residues or phosphorylation (Šlechtová et al., 2015). In the current context, sequential K residues (AA 1832–1833) are considered a classic missed cleavage pattern which greatly reduces digestion efficiency. Once KAEEGDLLVNPDQPR is generated, trypsin does not efficiently cleave the N terminal K because in this position (far N term) it is no longer a good trypsin substrate (Yen et al., 2006). Furthermore, because of the proximity of several negatively charged glutamic acids (E), trypsin would be even less efficient cleaving the N terminal K. Šlechtová et al. (2015) characterized the efficiency of digestion of different K and R containing peptides, including missed cleavage peptides. They found digestion efficiency of a peptide containing a single K to be similar to a peptide containing KK (32 vs 26% efficiency, respectively). However, they also found that the missed cleavage product is subsequently digested at a 6,000 X slower rate than a single K residue in the middle of a peptide sequence (Šlechtová et al., 2015). In other words, AEEGDLLVNPDQPR and KAEEGDLLVNPDQPR are generated at approximately the same rate, but once KAEEGDLLVNPDQPR is generated, the likelihood that it is cleaved further to AEEGDLLVNPDQPR remains low. We can use these digestion kinetics to our advantage and apply a rapid digestion protocol which stably generates the KAEEGDLLVNPDQPR peptide. A number of reproducibility experiments both with recombinant LRRK2 and endogenous LRRK2 (Figures 2, 3A) gave us confidence that the missed cleavage peptide could be reliably generated. Parallel processing of the same CSF gave reproducible results and if the generation of KAEEGDLLVNPDQPR was stochastic in nature, then processing the same sample would generate more variable results. Our data show that across a number of runs, a CV of ∼12% was observed across 4 different operators analyzing the same CSF sample (Figure 3A). This variability also takes into account immunoprecipitation efficiency and LC-MS performance, suggesting that digestion is highly reproducible.

Using this assay we showed that blood contamination did not cause a significant pre-analytical issue for LRRK2 detection as it does for aSYN (Mollenhauer et al., 2017), consistent with a previous study which showed that CSF samples with high HgB levels had normal pS1292 LRRK2 (Wang et al., 2017). This is likely because LRRK2 (unlike aSYN) is not expressed in erythrocytes (Hakimi et al., 2011) which make up approximately half of whole blood volume. Similar to previous reports (Fraser et al., 2013; Wang et al., 2017), our human CSF data did show a wide range of concentrations between subjects which is likely due to true biological variability and not blood contamination arising from traumatic lumbar puncture. We observed from 4 to 55 pg/ml in our reproducibility study and levels between 5 and 139 pg/ml in the MJFF LRRK2 Cohort Consortium samples. The significance of these differences is not clear, and it is also not known if these levels would correspond to total LRRK2 levels in the brain, which is not testable in the absence of matched ante-mortem CSF and post-mortem brain samples. It is conceivable that elevated LRRK2 protein would translate into greater LRRK2 kinase activity which is thought to be involved in the pathogenicity of LRRK2 mutations (Greggio et al., 2006; Henry et al., 2015; Alessi and Sammler, 2018; Di Maio et al., 2018) and data from Skibinski et al. (2014) suggests that higher LRRK2 protein expression itself is an important driver of elevated kinase activity and pathological inclusion body formation. Conversely, multiple reports have shown that reductions in LRRK2 kinase activity may also reduce total LRRK2 levels pointing toward a tight relationship between total LRRK2 levels and its activity state (Lin et al., 2009; Herzig et al., 2011; Skibinski et al., 2014).

The main finding of the current study is that LRRK2+ PD patients have elevated CSF LRRK2 levels compared to healthy controls, sporadic PD patients or LRRK2+ non-manifesting carriers. Even after adjusting for age and gender (Table 4), LRRK2 levels in CSF were still statistically higher in the PD+LRRK2+ group compared to the non LRRK2+ groups. One hypothesis that could explain this observation is that the LRRK2+ PD+ group has higher levels of cytosolic LRRK2 localization and enhanced secretion which is controlled through 14-3-3 interactions (Nichols et al., 2010; Fraser et al., 2013). Previous preclinical studies using cell models have shown that LRRK2 kinase activity modulates the interaction between LRRK2 and 14-3-3, and pathogenic LRRK2 mutations cause LRRK2 to accumulate in the cytoplasm (Greggio et al., 2006; Nichols et al., 2010; Di Maio et al., 2018). Another study described how increased LRRK2-14-3-3 interactions result in enhanced extracellular release through exosomes (Fraser et al., 2013). Although that study failed to show that G2019S mutations were sufficient to enhance LRRK2+ exosome release, they did show that kinase inhibition using a small molecule inhibitor could reduce LRRK2+ exosome release (Fraser et al., 2013). Therefore, it is plausible that G2019S carriers with PD have enhanced cytosolic LRRK2 levels and trafficking into exosomes which would be reflected in higher CSF LRRK2. Although the current assay did not strictly target exosome contents in CSF, trypsin and detergent were added (RIPA buffer used contains deoxycholic acid and NP40) to samples which may be enough to disrupt vesicles storing LRRK2 protein and our data show that when samples were processed without detergent, this resulted in significantly lower LRRK2 levels (Figure 3B). Therefore, it is likely that the LRRK2 detected in the current study reflects all CSF LRRK2 content, including vesicular and non-vesicular derived protein. The data provided here also suggest the LRRK2 mutation alone is not sufficient to increase CSF LRRK2 since the PD- LRRK2+ group did not have significantly elevated levels compared to the healthy controls or the sporadic PD group, though a trend was observed. This suggests a potential interaction with LRRK2 and another process that occurs in PD. One hypothesis is that mutated LRRK2-aSYN interactions promotes LRRK2 expression and/or mistargeting within the cell and subsequent release into interstitial fluid / CSF. A previous study showed that reducing aSYN in G2019S rat neurons could reduce total LRRK2 levels (Skibinski et al., 2014). Perhaps our observation reflects an interaction between mutated LRRK2 and aggregated aSYN that promotes LRRK2 expression which is not seen in the PD- LRRK2+group. Similar mechanisms have been proposed by Eguchi et al. (2018), where they demonstrated that lysosomal overload stress induced the recruitment of endogenous LRRK2 onto lysosomal membranes via Rab7L1 (Rab29). The complexity of PD pathogenesis and the incomplete penetrance of the LRRK2 mutations clearly indicate that multiple factors contribute to LRRK2’s role in disease. Multiple lysosomal / endosomal genes have been linked to PD (Nalls et al., 2019; Ebanks et al., 2020) and it is likely that even in absence of known pathogenic mutations in the cohorts included in the present study, polygenic risk factors (see Iwaki et al., 2020) and/or environmental factors act synergistically with the mutant LRRK2 to drive pathogenesis. These hypotheses are speculative and additional preclinical and postmortem CNS tissue work, together with a more detailed genetic analysis of disease-manifest LRRK2 mutation carriers (compared to carriers without disease), will be needed to support these claims. The development of the assay described here provides a critical tool for future experiments which will detail whether within subject longitudinal CSF LRRK2 is stable enough to be useful in clinical trials aimed at modifying LRRK2 levels over time.

In summary, the assay described here provides a reliable means to measure total LRRK2 levels in human CSF which could be used to support interventional clinical trials where LRRK2 is targeted. Future iterations of the assay should include techniques to capture kinase activity (i.e., multiplexing with pRab10, for example) and should be optimized to reduce sample volume requirements. Additional steps can also be taken to automate this assay to improve throughput. Importantly we showed that in a set of 105 CSF samples that the LRRK2+PD+ group had roughly 2× higher CSF LRRK2 levels compared to other groups. Although the precise reasoning for this increase has yet to be elucidated, future studies can use this quantitative methodology to probe the relationship between disease progression and longitudinal CSF LRRK2 levels.
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It has been 15 years since the Leucine-rich repeat kinase 2 (LRRK2) gene was identified as the most common genetic cause for Parkinson’s disease (PD). The two most common mutations are the LRRK2-G2019S, located in the kinase domain, and the LRRK2-R1441C, located in the ROC-COR domain. While the LRRK2-G2019S mutation is associated with increased kinase activity, the LRRK2-R1441C exhibits a decreased GTPase activity and altered kinase activity. Multiple lines of evidence have linked the LRRK2 protein with a role in the autophagy pathway and with lysosomal activity in neurons. Neurons rely heavily on autophagy to recycle proteins and process cellular waste due to their post-mitotic state. Additionally, lysosomal activity decreases with age which can potentiate the accumulation of α-synuclein, the pathological hallmark of PD, and subsequently lead to the build-up of Lewy bodies (LBs) observed in this disorder. This review provides an up to date summary of the LRRK2 field to understand its physiological role in the autophagy pathway in neurons and related cells. Careful assessment of how LRRK2 participates in the regulation of phagophore and autophagosome formation, autophagosome and lysosome fusion, lysosomal maturation, maintenance of lysosomal pH and calcium levels, and lysosomal protein degradation are addressed. The autophagy pathway is a complex cellular process and due to the variety of LRRK2 models studied in the field, associated phenotypes have been reported to be seemingly conflicting. This review provides an in-depth discussion of different models to assess the normal and disease-associated role of the LRRK2 protein on autophagic function. Given the importance of the autophagy pathway in Parkinson’s pathogenesis it is particularly relevant to focus on the role of LRRK2 to discover novel therapeutic approaches that restore lysosomal protein degradation homeostasis.
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INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder worldwide, with more than 4 million people over 50 affected by the disease, with a projection for the number of individuals with PD to double by 2030 (Dorsey et al., 2007). PD is characterised by a loss of DAn in the SNpc region of the midbrain as well as their projections to the striatum. This specific dopaminergic neurodegeneration within an important regulator of voluntary movements results in the hallmark clinical symptoms of PD such as bradykinesia, resting tremor, and muscle rigidity (Antony et al., 2013). Moreover, post-mortem analysis reveals the presence of α-synuclein protein aggregates, known as LBs, throughout the brain (Spillantini et al., 1997). Alpha-synuclein forms the main component of LBs and is thought to spread to interconnected brain regions in a prion-like manner, a process that is currently not fully understood (Wang and Hay, 2015).

Currently, 5–10% of patients present with a familial form of PD, illustrating how research into these genes and their neuropathological pathways is vital. Familial mutations have been described in a number of genes including SNCA and LRRK2 which are responsible for autosomal dominant PD forms, while mutations in Parkin, PINK1, DJ-1, and ATP13A2 are accountable for autosomal recessive PD (Klein and Westenberger, 2012). GWAS have uncovered numerous low-risk susceptibility variants for sporadic PD, namely in the LRRK2, GBA, MAPT, Parkin, PINK1, DJ-1, and VPS35 loci (Hardy, 2010; Singleton et al., 2013; Nalls et al., 2014). Moreover, the study identified a LRRK2 variant in a non-coding region (rs76904798h), which confers around 15% increased risk of developing sporadic PD (Nalls et al., 2014). A recent meta-analysis of GWAS has reported a list of 17 additional loci associated with disease, altogether implicating pathways such as neuronal survival, neuroinflammation, vesicle trafficking, mitochondria metabolism, autophagy, and lysosomal function with PD (Chang et al., 2017).

Two recent studies independently showed that GBA mutation carriers can also carry the LRRK2-G2019S mutation, with no impact on age of onset (Yahalom et al., 2019; Blauwendraat et al., 2020). However, when compared to non-carriers, LRRK2-G2019S carriers displayed higher activity levels of GCase, the lysosomal membrane enzyme encoded in the GBA gene that cleaves the glycolipid glucosylceramide. Since GBA mutations are linked to reduced GCase activity and more aggressive PD pathology, it was hypothesised LRRK2 mutations could have a protective effect on GBA mutation carriers through a mechanism that still remains unknown (Alcalay et al., 2015). Contrary to this observation, and importantly in iPSC-derived DAn, LRRK2-G2019S and LRRK2-R1441C patients showed lower GCase activity, which was then increased after treatment with the LRRK2 inhibitor MLi-2, in neurons with either LRRK2 or GBA mutations (Ysselstein et al., 2019). It is hypothesised that reduced GCase activity leads to impaired lysosomal function and therefore accumulation of insoluble α-synuclein (Beavan and Schapira, 2013). Moreover, a recent report showed that LRRK2 inhibitor MLi-2 rescued lysosomal pH levels and corrected cathepsin B activity in GBA mutant knock-in astrocytes (Sanyal et al., 2020). Taken together, these results suggest an interplay between GBA and LRRK2, albeit still not fully understood, that paves the way for more research to be conducted on this subject.

The first familial mutation to be linked to PD was the A53T mutation in the α-synuclein (SNCA) gene which was identified in an Italian family (Polymeropoulos et al., 1997; Hardy, 2010). The A53T mutation in α-synuclein has been associated with altered autophagy and mitochondrial dysfunction (Smith et al., 2005; Pupyshev et al., 2018). Since then, multiple rare genetic alterations such as duplication, triplication and other point-mutations such as A30P, E46K, H50Q, and G51D, have been reported in the SNCA gene. SNCA-related PD is usually associated with early onset disease with a more rapid progression and with dose dependent effects on both of these outcomes (Wang and Hay, 2015; Schneider and Alcalay, 2017; Zeng et al., 2018). Although the exact role of α-synuclein remains elusive, numerous pathological mechanisms, such as synaptic dysfunction, ER-Golgi trafficking disruption, ER stress, Golgi fragmentation and perturbation of the ALP have been associated with α-synuclein mutations (Colla et al., 2012; Chung et al., 2013; Ryan et al., 2013; Wang and Hay, 2015; Zambon et al., 2019). Other PD associated genes have also been implicated in the autophagy and mitophagy pathways including GBA, VPS35, ATP13A2, PINK1, and Parkin (Ramirez et al., 2006; Vives-Bauza et al., 2010; Zavodszky et al., 2014; Fernandes et al., 2016; Taguchi et al., 2017).

This review focuses on the role of LRRK2 in autophagy. Different LRRK2 models have been widely used and show a cell-specific role for this protein, as well as phenotypic alterations related to the autophagic flux when LRRK2 is mutated. Impaired autophagy leads to alterations in lysosomal degradation that could be linked to accumulation of misfolded proteins that form aggregates and lead to neurodegeneration.



LRRK2 AND PARKINSON’S DISEASE

Mutations in the Leucine-Rich Repeat Kinase 2 (LRRK2) gene, located in the PARK8 loci, are the most common mutations found in familial autosomal dominant PD (Paisán-Ruíz et al., 2004; Zimprich et al., 2004; Singleton et al., 2013). Due to their similar age of onset, symptom progression and neuropathology LRRK2-PD patients cannot be clinicopathologically distinguished from idiopathic patients. LRRK2 is mainly considered to be a cytoplasmic protein, but it can also be found on organelle membranes, such as the mitochondria and lysosomes (Orenstein et al., 2013). Mutations in the LRRK2 gene account for 2 to 40% of PD cases, depending on populations (Klein and Westenberger, 2012). The two most common mutations, G2019S and R1441C, account for up to 10 and 2.5% of sporadic PD cases, respectively, depending on population group. The difference in frequency between the two mutations may be explained by incomplete, age-dependent penetrance. The G2019S mutation presents a penetrance ranging from 17% at 50 years old to 85% at 70 years old, and the R1441C mutation presents with more severe phenotypes (Healy et al., 2008; Kluss et al., 2019). These findings along with the evidence from GWAS, showing LRRK2 variants impact on the risk of developing PD, show how understanding the role of LRRK2 in PD pathology will be critical to fully comprehend both familial and sporadic forms of disease.

LRRK2 comprises a large homodimeric protein (285 kDa) that is ubiquitously expressed, with the highest levels of LRRK2 being detected in the kidneys, lungs, and brain. Although the role of LRRK2 is not yet fully defined, it has several functional domains including an ARM region, ANK region, and a leucine-rich repeat (LRR) domain, which are important for mediating protein-protein interactions. There is also a ROC-COR domain which consists of a GTPase of the ROCO family. The C-terminal of LRRK2 contains a functional kinase MAPKKK-like domain, regulated by the GTPase activity of LRRK2, and also a WD-40 domain that regulates protein-protein interactions (Guaitoli et al., 2016). Therefore, LRRK2 has both kinase and GTPase function and can also operate as a scaffolding unit in signalling pathways (Paisán-Ruíz et al., 2004; Outeiro et al., 2019). LRRK2 has been reported to phosphorylate several substrates, including GTPases of the Rab superfamily Rab3, Rab5, Rab7L1, Rab8, Rab10, Rab12, Rab29, and Rab32, indicating a role in endosomal and vesicle trafficking pathways (Dodson et al., 2012; MacLeod et al., 2013; Beilina et al., 2014; Cho et al., 2014; Yun et al., 2015; Steger et al., 2016; Connor-Robson et al., 2019). LRRK2 also interacts with microtubules, suggesting a role in cytoskeleton dynamics and neurite outgrowth (Godena et al., 2014; Parisiadou et al., 2014). Studies in LRRK2 mutant models also implicate a role in mitochondria morphology and homeostasis (Yue et al., 2015). LRRK2 regulates pathways in immune cells, such as cytokine release and phagocytosis [reviewed by Wallings and Tansey (2019)]. More recently, LRRK2 has been described to regulate nuclear envelope integrity by interacting with lamin A/C (Shani et al., 2019).

The G2019S mutation, located in the kinase domain, increases the kinase activity of LRRK2 whereas the R1441C mutation, located in the GTPase domain, decreases GTPase activity (Chen and Wu, 2018; West et al., 2005; Lewis et al., 2007). There is evidence suggesting LRRK2-R1441C increases kinase activity (West et al., 2005), yet other reports suggest it does not directly enhance kinase activity (Lewis et al., 2007; Nichols et al., 2010; Steger et al., 2016), thus indicating this effect is still unclear. As discussed above, LRRK2 likely has numerous functions and disruption to its normal physiological roles would result in a broad array of phenotypes within cellular structures. For instance, pathogenic LRRK2 leads to impairment of late stages of endocytosis, trafficking to lysosomes and synaptic vesicle endocytosis (Gómez-Suaga et al., 2012; Rivero-Ríos et al., 2016; Connor-Robson et al., 2019). LRRK2-G2019S models present increased sensitivity to mitochondrial toxins and accumulation of damaged mitochondria while both LRRK2-G2019S and LRRK2-R1441C cause increased mitochondrial fragmentation, suggesting a toxic gain-of-function phenotypic alteration (Mortiboys et al., 2010; Ramonet et al., 2011; Wang et al., 2012; Karuppagounder et al., 2016). Both LRRK2-G2019S and LRRK2-R1441C seem to alter actin cytoskeleton stability and LRRK2-R1441C shows disruption of microtubule-dependent organelle and vesicle transport (Godena et al., 2014; Parisiadou et al., 2014; Caesar et al., 2015). LRRK2-G2019S has reduced interaction with lamin A/C, causing nuclear lamina disorganisation and leakage of nuclear proteins in a loss-of-function manner (Shani et al., 2019). Considering the many potential roles of LRRK2 it is important to understand how it plays a role in each pathway. Studies focused in specific cellular contexts will help uncover the full extent of mutant LRRK2 effects.



LINKS BETWEEN PARKINSON’S DISEASE AND AUTOPHAGY

Focused investigation into LRRK2 mutations revealed the first evidence for impaired autophagy and lysosomal dysfunction in cells (Plowey et al., 2008; Alegre-Abarrategui et al., 2009; Gómez-Suaga et al., 2012). Autophagy can be defined as the process that regulates recycling of cellular components by degrading dysfunctional or damaged proteins and organelles. There are several types of autophagy, macroautophagy, microautophagy, CMA, and the recently discovered precision autophagy (Cuervo et al., 2004; Kimura et al., 2015; Manzoni and Lewis, 2017). Contrary to macroautophagy, CMA requires chaperone protein Hsc70 to recognise the target substrate through KFERQ-like motifs. Subsequently, Hsc70 binds to lysosomal protein LAMP2A to internalise substrates, which are then degraded by cathepsins. CMA is largely responsible for α-synuclein clearance, since α-synuclein contains a recognition motif, and is translocated into lysosomes for degradation (Cuervo et al., 2004). The physiological role of LRRK2 and dysfunction in CMA have been recently reviewed by Berwick et al. (2019). It is reported that LRRK2-G2019S acts on LAMP2A and blocks CMA, affecting lysosomal degradation of proteins and precipitating the accumulation of α-synuclein in neuronal cells (Orenstein et al., 2013). In concordance, both LRRK2-G2019S iPSC-derived astrocyte cultures and LRRK2-R1441C knock-in mouse embryonic fibroblasts showed decreased CMA levels (di Domenico et al., 2019; Ho et al., 2019). In parallel to macroautophagy, these effects will undoubtedly contribute to PD pathology through lysosomal damage.

In this review we focus on macroautophagy (henceforth referred to as autophagy). Briefly, cells will respond to certain conditions, such as starvation, through signalling pathways to initiate autophagy. This triggers the formation of the phagophore around the cargo to be degraded, and when the encapsulation is complete it forms an autophagosome. The autophagosome will then fuse with a lysosome (autolysosome) where the cargo will be degraded by lysosomal enzymes (as summarised in Figure 1).
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FIGURE 1. LRRK2 and the neuronal autophagy-lysosomal pathway. Representation of the autophagic process in neuronal cells, initiated with the generation of the phagophore surrounding the cargo to be degraded (1). Once the cargo is fully encapsulated by a bi-layered membrane the autophagosome (2) fuses with the lysosome (3) to produce the autolysosome (4). Proteins/organelles are degraded via lysosomal enzymes. The diagram shows how LRRK2 wildtype and the two most common LRRK2 mutations are likely to impact autophagic flow and lysosomal protein degradation. LRRK2 is represented by its respective domains (ANK, LRR, ROC, COR, Kinase, and WD-40). LRRK2 mutations are represented by asterisks in the respective domains where they are located. G2019S, yellow asterisk in kinase domain; R1441C, purple asterisk in ROC domain; interactions represented by arrows; flow of autophagic phases represented by dashed arrows.


The main regulators of autophagy are mammalian/mechanistic target of rapamycin complex 1 (mTORC1), AMPK, and phosphoinositol 3 kinase (PI3K)/Beclin-1 that act to activate or repress the formation of autophagic vesicles in response to cellular conditions (Noda and Ohsumi, 1998; Meley et al., 2006; Chan et al., 2007; Alers et al., 2012). To initiate autophagy, mTORC1 is inhibited, thus reducing mTORC1-dependent phosphorylation of ULK1 which consecutively switches to an active state. Subsequently, ULK1 activation stimulates phagophore formation (Kamada et al., 2000). Beclin-1 and the vacuolar sorting protein 34 (VPS34), together with other proteins, form a complex that is recruited to the phagophore to stabilise ULK. VPS34 converts phosphoinositol into phosphoinositol-3-phosphate [PI(3)P] which in turn binds to WIPI proteins, to recruit autophagy-related proteins (Atg) (Behrends et al., 2010; Dikic and Elazar, 2018). The ubiquitin signal in tagged proteins binds to p62 which interacts with microtubule-associated proteins 1A/1B light chain 3A (LC3) to target cargo to be enveloped by the newly forming phagophore (Mizushima et al., 2002; Gan-Or et al., 2015; Manzoni and Lewis, 2017). Moreover, cytosolic LC3-I covalently conjugates to PE, is cleaved by Atg-4 and is then converted to LC3-II before being incorporated into the autophagosome membrane. Notably, p62 and LC3 conversion are widely used as markers of autophagosome formation (Mizushima and Yoshimori, 2007; Yoshii and Mizushima, 2017). Once the phagophore completely engulfs its cargo, it forms an autophagosome, which in turn fuses with the lysosome to form the autolysosome.

The final step in autophagy is the lysosomal degradation of proteins or organelles, such as the mitochondria (designated as mitophagy), mediated by acidic lysosomal hydrolases (Mizushima et al., 2002; Manzoni and Lewis, 2017). Maintenance of acidic pH within the range of 4.5–5.0 in lysosomes is essential to activate hydrolytic enzymes and to degrade targeted cellular content (Hu et al., 2015). The low pH in lysosomes is regulated by the vATPase that pumps protons to the lysosomal lumen against their electrochemical gradient, using the energy obtained from ATP hydrolysis. A counterion flux is established to prevent the lysosome from over-acidifying, by coupling the movement of cations to the cytosol or entry of anions to dissipate the transmembrane voltage generated by the vATPase (Mindell, 2012). The TRPML1 cation channel (transient receptor potential cation channel, mucolipin subfamily, member 1) is expressed in lysosomes and late-endosomes and it releases local calcium by transporting Ca2+ from the lumen to the cytosol (Ghislat and Knecht, 2013; Li et al., 2017). The luminal pore structure of TRPML1 seems to be important for the Ca2+ and pH mediated regulation of the channel, where increased pH in lysosomes leads to decreased TRPML1 activity (Li et al., 2017). Additionally, high levels of lysosomal Ca2+, sustained through the maintenance of an acidic pH, are necessary for the Ca2+ release that precedes the fusion of lysosomes with autophagosomes or endosomes (Ghislat and Knecht, 2013; Li et al., 2017).

Considering neuronal cells are in a post-mitotic state, it is crucial that protein recycling is well maintained to ensure normal cellular and synaptic function. Furthermore, α-synuclein can be degraded via proteasome, CMA, and autophagy in neurons (Webb et al., 2003; Cuervo et al., 2004; Vogiatzi et al., 2008). Hence, impaired autophagy could cause decreased lysosomal protein degradation and lead to accumulation of aggregated α-synuclein in LBs. This proposed pathology model has been demonstrated in studies where in vitro treatment of neuronal cells with the inhibitor of autophagy initiation 3-MA or knocking out autophagy genes precipitated α-synuclein aggregates to accumulate in vesicle fractions, increased exocytosis of α-synuclein and transcellular transfer of α-synuclein, apoptotic cell death in the recipient cells to rise and dopaminergic axonal and dendritic degeneration to increase (Ahmed et al., 2012; Friedman et al., 2012; Lee et al., 2013). The intricate relation between LRRK2 and α-synuclein will be further addressed in the context of lysosomal function in this review.

The complexity of the ALP, combined with a broad spectrum of LRRK2 functions and the variety of PD models used, ultimately contribute to LRRK2-associated phenotypes that appear to be conflicting and seemingly difficult to integrate (Manzoni and Lewis, 2017). Our aim is to carefully review the current field of LRRK2 biology, dissecting different models and LRRK2 mutations to provide a clearer insight into the interplay of LRRK2, autophagy and lysosomal function in fibroblasts, neurons, microglia and astrocytes.



LRRK2 IN THE AUTOPHAGY-LYSOSOME PATHWAY

The LRRK2 literature on autophagy is extensive and, although it is clear that LRRK2 has a role in this pathway, the exact point, and the direction in which mutations in LRRK2 affect the pathway have been referred to as uncertain or contradictory (Wallings et al., 2015; Cookson, 2016, 2017; Manzoni, 2017). Nevertheless, multiple studies have concluded that this complex protein is implicated in PD and linked to impaired autophagy and dysfunctional lysosomal activity (Manzoni et al., 2013b; Henry et al., 2015; Wallings et al., 2015, 2019; Cookson, 2017; Manzoni and Lewis, 2017; Cherubini and Wade-Martins, 2018; Schapansky et al., 2018; di Domenico et al., 2019). Therefore, it is crucial to understand the role of LRRK2 in autophagy to allow the development of new therapies.



PHAGOPHORE BIOGENESIS

Once autophagy is initiated through canonical mTORC1, AMPK, or PI3K/Beclin-1 signalling pathways, the phagophore starts to encapsulate the cargo for degradation. In this early stage of autophagy, increased phosphorylation of p62 selectively binds to both ubiquitinated proteins and LC3, recruiting them to the nascent phagophore.

Treatment of mouse astrocyte primary cultures with LRRK2 kinase inhibitor LRRK2-in-1 has been reported to activate autophagy and increase LC3-II levels through an active Beclin-1 complex non-canonical pathway that is mTORC1 and ULK1 independent (Manzoni et al., 2016). In parallel, LRRK2-G2019S iPSC-derived astrocyte cultures showed increased autophagic vacuoles, decreased autophagosome-lysosome fusion and scattered, rather than perinuclear, distribution of lysosomes (di Domenico et al., 2019). Taken together, these findings imply that LRRK2 kinase activity represses autophagy in astrocytes (Figure 2).
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FIGURE 2. Autophagic flux alterations in different cell types and LRRK2 models. In LRRK2-G2019S fibroblasts under basal culture conditions there is an increase in autophagic flux, whereas in starvation conditions LRRK2-G2019S, R1441C, and Y1699C all show a decrease in autophagic flux. In neuronal Lrrk2-KO and KD models there is an increase in autophagic flux, whilst in LRRK2-G2019S, R1441C and Lrrk-DKO it is decreased. In microglia or astrocyte cultures, there was an increase in autophagic flux mediated by endogenous LRRK2 and in Lrrk2-KO models. On the other hand, Lrrk2-KD and LRRK2-G2019S overexpression cultures presented a decrease in flux. Green upward arrow (Increase in autophagic flux), Red downward arrow (decrease in autophagic flux).


Interestingly, prolonged inhibition of LRRK2 kinase activity in primary astrocyte cultures also showed an altered phosphorylation state of ULK1, in a mTORC1 independent manner. This uncovers a non-canonical ULK1 pathway, independent from mTORC1, that is still poorly characterised and raises the possibility that LRRK2 inhibitors for PD treatment could ultimately have the undesired effect of astrocyte autophagy dysregulation (Manzoni et al., 2018). Kalogeropulou et al. (2018) showed the cargo sequestration protein p62 has been reported to be a novel phosphorylation substrate of LRRK2 in vitro in human embryonic kidney 293 (HEK) cells and rat neuronal cultures. The N-terminus of LRRK2, the Ser910/935 phosphorylated residues of LRRK2 and the C-terminus of p62 are all necessary for this interaction, at which LRRK2 phosphorylates the Thr138 residue in the ZZ domain of p62. Moreover, LRRK2 mutations (N1437H, R1441C/G/H, Y1699C, and G2019S) all increase phosphorylation of p62 (Table 1). Phosphorylation of p62 was blocked when treating cells with LRRK2 kinase inhibitors MLi-2, PF745, and GNE1023. Co-expression of LRRK2-G2019S with p62 exhibited an increased neurotoxicity compared to LRRK2-G2019S with unphosphorylatable p62 (Kalogeropulou et al., 2018). However, previous work in overexpressing LRRK2-WT HEK models has also demonstrated that both LRRK2-WT and mutant LRRK2-G2019S indirectly reduce phosphorylation of p62, which in turn decreases its affinity to ubiquitinated cargo, thus decreasing autophagic protein degradation (Table 1). Notably, two different sites of p62 demonstrated increased phosphorylation in LRRK2 knock-down cells, using a lentivirus-mediated shRNA Lrrk2 knock-down in rat primary cortical neurons (Park et al., 2016). This is supported by the fact that p62 phosphorylation is associated with initiation of autophagy (Liu et al., 2016). Additionally, the relationship between LRRK2 and p62 seems to be bidirectional, where LRRK2 phosphorylates p62 (Figure 1) and p62 overexpression leads to LRRK2 degradation through the ALP. LRRK2 indirectly regulates the phosphorylation of two different residues in the SMIR domain of p62 (Ser351 and Ser403), leading to p62-mediated autophagy that degrades ubiquitinated LRRK2 (Park et al., 2016). As is apparent from the above, the interplay between LRRK2 and p62 is not fully understood as of yet and examining this will be vital to characterise its role in autophagy initiation.


TABLE 1. LRRK2 Models and alterations in different stages of the autophagy-lysosomal pathway.

[image: Table 1]Leucyl-tRNA synthetase (LRS) is a modulator of autophagy as it is responsible for the attachment of leucine to tRNALeu, followed by activation of mTORC1 which blocks autophagy (Han et al., 2012). LRRK2 has been reported to regulate LRS by phosphorylating its conserved editing domain at residue T293, which increases the amount of misfolded proteins that accumulate, leading to ER stress and induced autophagy. Introducing the LRRK2-G2019S mutation increased kinase activity causing LRS to be phosphorylated, culminating in exacerbated autophagy (Figure 1; Ho et al., 2018). This unveils a new pathological pathway for LRRK2 in PD and investigation of other LRRK2 mutations should be pursued in the future to corroborate this model. Nevertheless, it seems that LRRK2 is involved in regulating autophagy for auto-degradation through interaction with p62 and could contribute to phagophore biogenesis in ER stress conditions.



AUTOPHAGOSOME FORMATION

Following the formation of the phagophore and respective closing around the cargo, a vacuole composed of a lipidic bilayer membrane is formed, designated as the autophagosome.

LC3-I and LC3-II are present in phagophores and autophagosomes, so it is difficult to discern between these two autophagic components (Mizushima and Yoshimori, 2007; Klionsky et al., 2016; Yoshii and Mizushima, 2017). Moreover, the LC3-II/LC3-I ratio is used as an autophagy marker, however, this ratio alone does not provide sufficient data to distinguish between increased autophagosome biogenesis and reduced autophagosome clearance, therefore requiring additional immunohistochemistry techniques to properly measure this phase of autophagy (Mizushima and Yoshimori, 2007; Cookson, 2016; Klionsky et al., 2016).

A transgenic mouse model of human WT and mutant LRRK2 overexpression, showed LRRK2-G2019S cultured DAn demonstrate age-dependent degeneration and also manifest an increased number of autophagic vacuoles, which reduced neurite complexity. LRRK2-G2019S transgenic mice also showed enlarged autophagic vacuoles in vivo (Ramonet et al., 2011). Yet, in neuronal cultures treated with LRRK2 kinase inhibitor LRRK2-in-1, there was an increase in LC3-II and p62 levels (Manzoni et al., 2013a). Combining LRRK2-in-1 treatment with bafilomycin A1, which blocks autophagosome-lysosome fusion by inhibiting vATPase activity, resulted in increased LC3-II levels. This suggests LRRK2 acts to block autophagosome formation (Manzoni et al., 2013a). Since then, a new generation of more specific LRRK2 kinase inhibitors have been developed, such as MLi-2, PF-06447475, and GSK2578215A (Atashrazm and Dzamko, 2016). Concomitantly, an increase in LC3B and p62 protein levels in LRRK2-G2019S 12–19 month-old mice brain lysate corroborates this observation in vivo (Ho et al., 2018). This finding was also confirmed in vitro using primary astrocytes cultured from a Lrrk2 knock-out (Lrrk2-KO) mouse model (Manzoni et al., 2016) and by treating SH-SY5Y neurons and astrocyte cultures with the potent GSK2578215A inhibitor (Saez-Atienzar et al., 2014; Manzoni et al., 2016; Table 1). In concordance with these findings, a study in human induced pluripotent stem cell derived DAn differentiated from idiopathic or LRRK2-G2019S-PD patients, reported increased p62 and LC3-II levels after treatment with leupeptin and NH4Cl to inhibit lysosomal degradation, when compared to control DAn, indicating a blockage of autophagosome clearance (Sánchez-Danés et al., 2012). Similarly, a recent characterisation of the autophagic pathway in rat cortical primary cultures expressing human wildtype LRRK2 (LRRK2-hWT) or human LRRK2-G2019S detected decreased levels of LC3 puncta compared to nTG after treatment with trehalose, a compound to induce lysosomal biogenesis, but no changes in LAMP1, which is a well-established lysosomal marker (Wallings et al., 2019). Hence, these data suggested that LRRK2-hWT and LRRK2-G2019S inhibit autophagosome biogenesis.

Taken together, these results demonstrate that overexpressing LRRK2-hWT or LRRK2-G2019S blocks autophagosome formation in neuronal cells (Ramonet et al., 2011; Sánchez-Danés et al., 2012; Manzoni et al., 2013a, 2016; Saez-Atienzar et al., 2014; Wallings et al., 2019), which is ameliorated by LRRK2 kinase inhibition (Manzoni et al., 2013a; Saez-Atienzar et al., 2014; Figure 2). Even though the reports mentioned in this section take advantage of different models and conditions, they consistently show increased levels of LC3-II. Thus, it is possible to speculate that both overexpression of LRRK2-WT or LRRK2-G2019S would act to block autophagosome biogenesis and clearance, giving rise to non-processed autophagic vacuoles.



AUTOPHAGOSOME AND LYSOSOME FUSION

The next step in the autophagy process is the fusion of the autophagosome with a lysosome to form the autolysosome. Recent efforts to characterise the autophagic pathway in rat cortical primary cultures expressing human LRRK2 demonstrated an increased co-localisation of LRRK2-R1441C puncta to LAMP1, placing mutated LRRK2 at the lysosome. Furthermore, decreased co-localisation of LC3 and LAMP1 puncta in LRRK2-R1441C cultures indicates decreased autolysosome count. Hence, this suggested a deficient autophagosome-lysosome fusion in LRRK2-R1441C neuronal primary cultures (Figure 2; Wallings et al., 2019). Contrastingly, work using a mouse conditional transgenic model under the ROSA26 promoter in a Cre-recombinase-dependent system to selectively express LRRK2-R1441C in midbrain DAn did not show any abnormality in autophagic markers p62 and LC3 in vivo (Tsika et al., 2014). However, the authors do not reference any lysosomal markers to assess autophagic flux and this conditional transgenic model did not present any motor deficits or nigral dopaminergic neurodegeneration, contrary to other LRRK2 transgenic models (Li et al., 2009; Ramonet et al., 2011; Sloan et al., 2016).

In parallel, in a culture of iPSC-derived LRRK2-G2019S astrocytes, there was a decreased co-localisation of LC3 and LAMP1 in astrocytes, suggesting the autophagosome-lysosome fusion step was repressed (di Domenico et al., 2019). Together this work demonstrates that mutations in LRRK2 can affect the autophagy pathway in both neurons and astrocytes in the same way (Table 1). When exposing SH-SY5Y neuronal cultures to the LRRK2 kinase inhibitor GSK2578215A for a prolonged period, autolysosome count was also reduced (Saez-Atienzar et al., 2014). Furthermore, the impaired autophagosome-lysosome fusion reported in LRRK2-G2019S models might result in the presence of enlarged, dysfunctional autophagic vacuoles (Figure 1; Plowey et al., 2008). These structures could be interpreted either as abnormal large autophagosomes (Sánchez-Danés et al., 2012) or as enlarged lysosomes (MacLeod et al., 2006), which could lead to confounding conclusions on G2019S-related autophagy phenotypes. It is noteworthy to state these two reports were carried out in human iPSC-derived DAns and rat primary cortical cultures, respectively, thus this role of LRRK2 appears to be conserved across the two species and cell types.

Work by Manzoni et al. (2016) concluded that a LRRK2-dependent increase in autophagosomes was not caused by a decline in autophagosome-lysosome fusion but by an increase in autophagosome biogenesis. Although, a caveat of that study was that measurement of autophagosomes (LC3-II/LC3-I) and lysosomal function was conducted in H4 neuroglioma cell cultures. Caution should be taken given that autophagy has been reported to be upregulated in H4 neuroglioma cancer cells to overcome stress induced apoptosis (Zhou et al., 2016), unlike in PD neuronal models where autophagy is deficient. On the other hand, a study by Obergasteiger et al. (2019) using SH-SY5Y cells overexpressing LRRK2-WT or LRRK2-G2019S shows that LRRK2-G2019S neurons present with increased LC3-II protein levels and LC3B puncta, indicating an autophagosome accumulation. Measurement of autolysosome production using a double-tagged GFP-LC3-mCherry construct in this model showed autolysosomes were reduced in LRRK2-G2019S when compared to LRRK2-WT, suggesting a defective autophagosome-lysosome fusion (Figure 1). Proteolytic activity of lysosomes assessed with DQ-Red-BSA assay demonstrated LRRK2-G2019S induced a defect in lysosomal activity, culminating in an accumulation of endogenous α-synuclein inclusions. Defects in autophagosome-lysosomal fusion, proteolytic impairment and α-synuclein accumulation phenotypes were rescued after treatment with the PF-475 LRRK2 kinase inhibitor, highlighting the importance of LRRK2 in autophagy-mediated α-synuclein degradation (Obergasteiger et al., 2019).

Hence, there is robust evidence that demonstrates the two most common LRRK2 mutations, G2019S and R1441C, lead to an obstruction of the fusion between autophagosomes and lysosomes and result in the presence of large dysfunctional autophagic vacuoles.



LYSOSOMAL FUNCTION

After the autolysosome is formed, the maintenance and regulation of lysosomal function, including correct lysosomal acidity, is crucial for protein degradation and recycling. It is important to maintain the lysosomal pH at around 4.5–5.0 as hydrolytic enzymes in the lysosome are only active at a narrow acidic pH interval (Hu et al., 2015). Investigation of LRRK2-R1441C cortical primary cultures demonstrated lysosomal pH was significantly less acidic in these neurons and consequently autophagosome-lysosome fusion and lysosomal protein degradation were decreased (Wallings et al., 2019). Furthermore, LRRK2-R1441C neuronal cultures also demonstrated significantly increased intracellular calcium stores driven specifically by increased lysosomal calcium levels. In addition, LRRK2-R1441C cultures were shown to have significantly reduced lysosomal calcium release through TRPML1 channels in the lysosomal membrane (Table 1). Calcium release from lysosomes is a key step for the autophagosome-lysosomal fusion and also for the late endosomal-lysosomal fusion (Ghislat and Knecht, 2013). This work also revealed a novel interaction between LRRK2 and subunit a1 of the proton pump vATPase, for which the encoding gene ATP6V0A1 is also a GWAS hit for increased risk in PD (Chang et al., 2017). This interaction was severely decreased in the LRRK2-R1441C neurons (Wallings et al., 2019).

Several authors have reported enlarged lysosomes in different LRRK2-G2019S models, including SH-SY5Y neurons, transgenic mice models, primary cortical neurons, primary astrocytes, and human post-mortem tissue (MacLeod et al., 2006, 2013; Higashi et al., 2009; Ramonet et al., 2011; Dodson et al., 2014; Henry et al., 2015; Hockey et al., 2015; Bang et al., 2016) as well as in LRRK2-R1441C and LRRK2-Y1699C mouse primary astrocytes (Henry et al., 2015). Enlarged lysosomes also appeared to be perinuclear and aggregated in LRRK2-G2019S derived fibroblasts and were normalised after treatment with LRRK2 kinase inhibitors. This abnormal lysosomal morphology was also rescued by blocking TPC2, an endo-lysosomal ion channel implicated in Ca2+ signalling from acidic organelles (Hockey et al., 2015).

Primary cortical neurons from a LRRK2-G2019S knock-in mouse model also described similar lysosomal phenotypes as LRRK2-R1441C rat primary cortical neurons described above, where lysosomal pH was aberrantly increased exceeding physiological values (Schapansky et al., 2018; Wallings et al., 2019). In addition, perinuclear and distal lysosomal count was increased while lysosomal size was decreased in LRRK2-G2019S neurons, reflecting altered lysosomal function. Reported lysosomal dysfunction was associated with accumulation of endogenous, detergent-insoluble α-synuclein and increased neuronal α-synuclein release into the media (Schapansky et al., 2018; Table 1). In parallel, a model of LRRK2 overexpression in HEK cells has demonstrated that LRRK2-G2019S inhibits the activity of lysosomal enzymes Cathepsin B and L that play a vital part in lysosomal α-synuclein degradation (McGlinchey and Lee, 2015). This debilitated lysosomal function lead to inhibition of the lysosomal degradation of α-synuclein, promoting its aggregation. This mechanism could underlie LRRK2 and α-synuclein pathology, characteristic of PD. Given the LRRK2-G2019S induced inhibitory effect on Cathepsins B and L was not dependent on kinase activity (Hu et al., 2018), it would be interesting to verify this finding in other LRRK2 mutations, in addition to confirming it in neuronal cell models. A transcriptomic analysis of autophagy related genes in SH-SY5Y cells overexpressing LRRK2-WT or LRRK2-G2019S also found altered mRNA levels of CTSB, which encodes for Cathepsin B (Obergasteiger et al., 2019). Overexpression of LRRK2-G2019S in cultured neurons and DAn in the rat SNpc exhibited an accumulation of α-synuclein inclusions after exposure to sonicated α-synuclein fibrils, when compared to nTG and to LRRK2-WT. These α-synuclein inclusions decreased after treatment with two separate LRRK2 kinase inhibitors, rescuing the accumulation of α-synuclein in the LRRK2-G2019S neurons and implicating LRRK2 kinase activity in the observed phenotype. Additionally, Volpicelli-Daley et al. (2016) have demonstrated that LRRK2-WT overexpression did not induce α-synuclein inclusions. Collectively, these studies suggest a putative role of LRRK2 in α-synuclein accumulation.

Nonetheless, the interaction between LRRK2 and α-synuclein remains unresolved, with some reports being inconsistent. For instance, while one study concluded that inhibiting endogenous LRRK2 kinase activity by incorporating MLi-2 into the diet of an α-synuclein PFF PD mouse model did not protect neurons from α-synuclein pathology or motor deficits (Henderson et al., 2019), another study showed that administering the HG-10-102-01 LRRK2 kinase inhibitor intraperitoneally to transgenic mice overexpressing human WT α-synuclein significantly reduced trans-axonal α-synuclein aggregates and phosphorylated α-synuclein in different brain regions of transgenic mice (Bae et al., 2018). However, the results presented by Henderson et al. (2019) and Volpicelli-Daley et al. (2016) taken together could suggest that it is mutated LRRK2 that increases the progression of pathological α-synuclein inclusions by increasing a pool of α-synuclein that is more susceptible to forming inclusions. These observations along with studies demonstrating α-synuclein is processed by lysosomes in cell models overexpressing LRRK2 (Hu et al., 2018; Obergasteiger et al., 2019), underline the prospects of targetting lysosomal function as novel drug-developing avenues worth pursuing for LRRK2-related PD.

To summarise, evidence has been accumulating for the key role of LRRK2 and lysosomal function in PD. The studies discussed above indicate that the LRRK2 mutations G2019S and R1441C present altered lysosomal pH and consequently affect lysosomal activity and protein degradation (MacLeod et al., 2006, 2013; Higashi et al., 2009; Ramonet et al., 2011; Dodson et al., 2014; Henry et al., 2015; Hockey et al., 2015; Bang et al., 2016; Hu et al., 2018; Schapansky et al., 2018; Wallings et al., 2019). Indeed, lysosomal markers LAMP1, Cathepsin D, and HSP73 are decreased in PD nigral tissue, as well as increased α-synuclein aggregates, when compared to age-matched controls (Chu et al., 2009). A recent report described how repurposing clioquinol, an anti-parasitic drug, could be used to revert autophagic impairment and lysosomal dysfunction phenotypes in a neuronal LRRK2-R1441C model, demonstrating the ability to modulate such phenotypes (Wallings et al., 2019).

Therefore, it will be important to further investigate the role of mutated LRRK2 in lysosomal maturation, maintenance of lysosomal pH, and lysosomal calcium homeostasis in the future.



REGULATION OF THE AUTOPHAGIC FLUX

In this section we will focus on several LRRK2 models that strongly suggest both excessive and diminished LRRK2 activity can lead to impaired autophagic flux (Schapansky et al., 2014). In turn, either an exacerbated or insufficient autophagic flux could lead to neurodegeneration which is observed in PD pathology (Chu, 2006). Specifically, disturbances in autophagy impose downstream effects on neurons, such as accumulation of non-degraded α-synuclein and its respective release into extracellular media (Henry et al., 2015; Obergasteiger et al., 2018; Schapansky et al., 2018; di Domenico et al., 2019), reduced neurite outgrowth (MacLeod et al., 2006) and impaired mitophagy (Su and Qi, 2013; Su et al., 2015). These PD phenotypes caused by dysfunctional ALP indicate autophagy and lysosomal activity could, in part, be underlying the molecular basis for this neurodegenerative disorder. Abnormal LRRK2 function can lead to impaired autophagy and lysosomal function due to a disruption in the cellular autophagic flux, yet different cell types present with distinct cellular bioenergetic needs and protein turnover rates. Accordingly, in efforts to create a clear picture of the role of LRRK2 in autophagic flux, we individually review the autophagic flux in fibroblasts, neurons and microglia/astrocyte LRRK2 models (Figure 2).

Currently, one of the main challenges in the LRRK2 autophagy field is the measurement of autophagic flux. Since autophagic flux is a dynamic process occurring within cells, it is crucial to utilise a combination of methods that would enable an interpretation of the several different stages of autophagy, from phagophore biogenesis to lysosomal degradation of cargo. Techniques such as measurement of autophagic markers by western blot have limitations. For instance, the autophagic marker LC3 is expressed throughout different stages of autophagy, making it difficult to interpret autophagic alterations by analysing LC3 changes alone. Thus, autophagic marker measurement would normally represent a single time point in the autophagic flux. By combining these approaches with immunofluorescence, co-localisation and pH sensitive dyes, it is possible to obtain a more accurate picture of the autophagic flux.


Fibroblasts

Fibroblasts can be obtained from patients in a safe, non-invasive and inexpensive manner and have been widely used in reprogramming techniques to obtain iPSCs, which in turn can be differentiated into iPSC-derived neurons (Bahmad et al., 2017). Despite being a non-neuronal model, fibroblasts are useful cellular models to investigate and predict PD pathology.

In fibroblasts isolated from patients with LRRK2-R1441C and LRRK2-Y1699C mutations (located in the ROC-COR domains) undergoing starvation, there was a decrease in WIPI2 and p62 puncta and a decrease in LC3-II/LC3-I ratio, suggesting a decreased autophagic flux (Figure 2). In the case of LRRK2-G2019S isolated fibroblasts under starvation conditions, cells showed a decrease in LC3-II/LC3-I ratio while WIPI2 and p62 levels were not significantly altered compared to wildtype fibroblasts. It is important to add that immunoblot for LAMP1 did not show differences in any of the mutations studied, indicating a disruption of autophagy upstream of the lysosomes. However, this finding was not confirmed with immunocytochemistry techniques (Manzoni et al., 2013b). When comparing fibroblasts from skin biopsies of LRRK2-G2019S individuals not manifesting PD symptoms, LRRK2-G2019S PD patients and healthy controls, non-manifesting G2019S demonstrated upregulated autophagy, and preserved mitochondrial function while fibroblasts from LRRK2-G2019S PD patients presented with elevated p62 levels, reduced LC3-II ratios and mitochondrial dysfunction. Thus implicating exhaustion of mitochondrial bioenergetic and autophagic reserve in the development of PD (Juárez-Flores et al., 2018). Collectively, these studies indicate decreased autophagic flux in LRRK2-G2019S fibroblasts (Figure 2; Manzoni et al., 2013b; Juárez-Flores et al., 2018).

On the other hand, in a separate study PD LRRK2-G2019S fibroblasts had decreased p62, but showed an increase in Beclin-1, LC3, LAMP1, and Cathepsin B, culminating in an increase of autophagic flux and lysosomal activity, in basal conditions (Figure 2 and Table 1; Bravo-San Pedro et al., 2013). The authors use LAMP2 as a lysosomal marker and levels were reported to be increased (Bravo-San Pedro et al., 2013). However, LAMP2A has been implicated in CMA (Bandyopadhyay et al., 2008), and since LAMP1 was not measured it could be hypothesised that the increase in autophagic flux can represent an increase in CMA specifically, rather than macroautophagy.

A similar model reported excessive autophagic flux in the context of increased mitophagy in primary fibroblasts from LRRK2-G2019S PD patients, as a consequence of mitochondrial depolarisation and dysfunction (Su and Qi, 2013; Su et al., 2015). It is important to note the studies had different autophagy cellular contexts (basal vs. starvation) and fibroblasts were cultured in slightly different conditions. Mutated LRRK2 autophagic phenotypes have been described as contradictory (Cookson, 2016; Manzoni, 2017; Manzoni and Lewis, 2017). However, since LRRK2 physiological function in fibroblasts is not completely understood, perhaps it is not entirely unexpected that LRRK2-G2019S would display different results under distinct conditions, once again highlighting the importance of comparing between similar cell types and culture conditions, for instance basal vs. starvation.

It is equally important to adopt a consistent method for autophagic flux analysis. If the same markers and conditions were to be applied across the field in a more conventional and consistent manner, it would become easier to compare and interpret the literature. Other cell types, for instance HEK and PC12 (rat pheochromocytoma cells from the adrenal medulla) overexpressing human LRRK2, have shown an increased autophagic flux in the presence of LRRK2-WT and LRRK2-G2019S, through Ca2+-dependent activation of a CaMKK/adenosine monophosphate (AMP)-activated protein kinase pathway (Gómez-Suaga et al., 2012). Nonetheless, these cellular models do not entirely recapitulate neurodegeneration and would need further confirmation.



Neurons

Given the clear loss of SNpc DAn in PD, research has focused on understanding the neuronal role of LRRK2 through numerous models. Analysis of autophagic markers in Lrrk2-KO primary cortical neurons demonstrated no significant changes in p62 and LAMP1 levels, yet showed increased LC3-II conversion and importantly, increased lysosomal protein degradation, when compared to WT using the pulse chase assay (Wallings et al., 2019). Contrary to previous Lrrk2-KO literature conveying there were autophagic changes in the kidney but not in the brain (Tong et al., 2012), this indicates an increase in autophagic flux in Lrrk2-KO neurons (Figure 2; Wallings et al., 2019). However, a novel double Lrrk knock-out (DKO) mouse model in which both Lrrk1 and Lrrk2 are deleted, meaning LRRK1 does not compensate for the lack of LRRK2, reported a decrease in autophagic flux in neurons (Figure 2). This was evidenced by increased p62, decreased LC3-I and increased LC3-II levels in different sub-regions of the Lrrk-DKO mouse brain, including SNpc and striatum. Quantitative EM analysis also demonstrated age-dependent accumulation of autophagosomes and autolysosomes in the SNpc of Lrrk-DKO mouse, and consequent autophagy impairment. Interestingly, autophagic dysfunction was observed at 10 months and preceded accumulation of α-synuclein and dopaminergic neurodegeneration (seen at 15 months), indicating disrupted autophagy can lead to PD pathology (Giaime et al., 2017). When comparing Lrrk2-KO mouse model phenotypes with LRRK2 mutant models some similarities emerge, with the autophagosome processing stages of autophagy being particularly affected (Table 1). While Lrrk2-KO shows blocked autophagosome biogenesis, Lrrk-DKO, LRRK2-G2019S, and LRRK2-R1441C show blocked clearance of autophagosomes into autolysosomes (Ramonet et al., 2011; Sánchez-Danés et al., 2012; Manzoni et al., 2016; Giaime et al., 2017; Ho et al., 2018; di Domenico et al., 2019; Obergasteiger et al., 2019; Wallings et al., 2019). Given LRRK2 is a complex protein involved in several different functional processes in the cell, considering mutations in LRRK2 in a strict binary loss or gain of its normal function might not reflect the full scope of the LRRK2 mutant effects in its downstream pathways.

As discussed above, Lrrk2 knock-down (Lrrk2-KD) in rat primary cortical neurons exhibit increased p62 phosphorylation (Park et al., 2016), which in turn promotes phagophore biogenesis and is associated with autophagy initiation. Nevertheless, this study did not measure other important autophagic markers such as LC3 and LAMP1.

Early evidence in cultured HEK cells where LRRK2 was knocked-down with siRNA showed increased turnover of lipidated LC3, measured by the LC3-I and LC3-II ratio, which reflected an increased autophagic activity (Alegre-Abarrategui et al., 2009). However, the lack of evidence on the effects of neuronal LRRK2-KD in autophagy means further validation is necessary to conclude whether it induces an increase in autophagic flux. Comprehensive characterisation of autophagy and lysosomal function in rat primary cortical neurons expressing human LRRK2-G2019S and LRRK2-R1441C has revealed this pathway is compromised whereas those from Lrrk2-KO rats demonstrate an upregulation of autophagic flux. In the case of LRRK2-hWT and LRRK2-G2019S neurons, there was an inhibited autophagosome production, while in LRRK2-R1441C expressing neurons there was a decreased autophagosome-lysosome fusion and lysosomal dysfunction (Wallings et al., 2019). In agreement with these findings, a non-neuronal model overexpressing LRRK2-R1441C in HEK cultures also described that cells displayed accumulation of large autophagic vacuoles, increased p62, and decreased protein degradation, which translated into an impaired autophagic balance (Alegre-Abarrategui et al., 2009). This shows similar phenotypic alterations in autophagy in two separate studies and cell types. Measuring lysosomal protein degradation using the pulse-chase assay, arguably the most accurate method for measuring true autophagic flux, uncovered an overall decreased lysosomal degradation across the LRRK2 genotypes, with the LRRK2-R1441C resulting in the most significant alteration. In parallel, there was also an increase in LC3 puncta in vivo, in LRRK2-R1441C DAn of the SNpc of 22-month-old animals, when compared to nTG. Consequently, neuronal autophagic flux was decreased in G2019S and R1441C mutations (Wallings et al., 2019). Equally, mouse primary neuronal cortical cultures overexpressing LRRK2-G2019S showed decreased LC3-I and LAMP1 levels and increased basal levels of LC3-II. The decreased LC3-I and LAMP1 levels were also confirmed in vivo, in 20-month-old LRRK2-G2019S knock-in mouse cortical tissue. LRRK2-G2019S neurons had increased number yet smaller lysosomes that were mis-localised and had less acidic pH. This points to poor lysosomal activity and decreased autophagosome turnover in LRRK2-G2019S neurons and consequently, a significantly decreased autophagic flux. ALP disruption increased α-synuclein accumulation and release from neurons, which were rescued with the LRRK2 kinase inhibitor GSK2578215A (Schapansky et al., 2018).

Research into DAn derived from iPSCs of familial PD patients with the LRRK2-G2019S mutation and of idiopathic PD patients, cultured during a prolonged period (up to 75 days) induces stress conditions that mimicked in vivo ageing in patients. These iPSC-derived DAns showed decreased LC3 flux and co-localisation of LC3/LAMP1, accumulated autophagic vesicles and decreased lysosomal function when compared to healthy controls, thus indicating a reduced autophagic flux (Figure 2). LRRK2-G2019S neurons also showed a decreased number and length of neurites (Sánchez-Danés et al., 2012). Similarly, analysis of autophagic markers in the basal ganglia of LRRK2-G2019S patient post-mortem tissue showed a decrease in p62 and LAMP1 in comparison to matched idiopathic PD patients, assessed both by immunohistochemistry and immunoblotting (Mamais et al., 2018). Furthermore, overexpression of human LRRK2-WT in C. elegans DAn improved autophagy throughout their life span whereas LRRK2-G2019S and LRRK2-R1441C expression inhibited autophagy (Figure 2). LRRK2-G2019S expression accelerated age-related loss of autophagic function and co-expression of either mutant or WT LRRK2 with α-synuclein further accentuated inhibition of autophagy and DA neuronal death (Saha et al., 2015). In agreement, various other models have indicated LRRK2-G2019S leads to impaired autophagy and lysosomal function, such as follicle cells in Drosophila Melanogaster (Dodson et al., 2012, 2014), human neuroepithelial stem cells (Walter et al., 2019) and HEK cells (Hu et al., 2018). Induced protein quality control-associated autophagy was also impaired in both SH-SY5Y neurons and transgenic mice overexpressing LRRK2-G2019S (Bang et al., 2016).

Attempting to draw conclusions from LRRK2 and its role in ALP has resulted in conflicting reports. In the present review, after analysing both LRRK2-G2019S patient derived iPSC models and models overexpressing LRRK2-G2019S there is consensus that the G2019S mutation leads to a decrease in autophagic flux (Sánchez-Danés et al., 2012; Manzoni et al., 2013b; Saha et al., 2015; Juárez-Flores et al., 2018; Schapansky et al., 2018; di Domenico et al., 2019; Wallings et al., 2019; Table 1). This change is likely attributed to an increase in kinase activity as evidenced by rescue of autophagic flux when using LRRK2 kinase inhibitors (Manzoni et al., 2013a; Saez-Atienzar et al., 2014; Wallings et al., 2019).

Since LRRK2 function is not yet fully understood, it is important to investigate the role of wildtype LRRK2 in autophagy under physiological conditions in neuronal cell systems. To this effect, KD and KO studies of LRRK2 revealed an increased autophagic flux (Park et al., 2016; Wallings et al., 2019). Interestingly, contrary to Lrrk2-KD in neuronal cells, Lrrk2-KD in microglia suggested deficits in the induction of autophagy, although only one autophagy marker was analysed along with protein clearance, as discussed below in this review (Schapansky et al., 2014). This highlights once more the degree of LRRK2 phenotypic cellular heterogeneity. Furthermore, a Lrrk2-KO mouse model detected phenotypic alterations in the kidneys and lungs but not in the brain (Tong et al., 2012, 2010). This could be due to a compensating mechanism in the brain, as suggested by the decrease in the flux of autophagy present in the Lrrk-DKO mouse model (Giaime et al., 2017). Moreover, a decreased autophagic flux was also reported in LRRK2 knock-in or transgenic models (Saha et al., 2015; Schapansky et al., 2018; Wallings et al., 2019; Table 1). Considering LRRK2 regulates several functions in the cell, it is important to investigate LRRK2-mediated alterations in autophagic flux in the context of other cellular organelles and even other cell types, as any processes depending on autophagy will likely be perturbed. These processes could include lysosomal function as well as synaptic vesicle trafficking and recycling, mitophagy and the endo-lysosomal pathway (Pan et al., 2017; Wang, 2017; Connor-Robson et al., 2019).

It seems LRRK2 acts as a brake in the ALP in neuronal cells, which is supported by an increase in autophagic flux when LRRK2 is knocked-out (Park et al., 2016; Wallings et al., 2019). However, when LRRK1 and LRRK2 are simultaneously knocked-out, or when LRRK2 is mutated, there is a reduced autophagic flux (Sánchez-Danés et al., 2012; Saha et al., 2015; Giaime et al., 2017; Schapansky et al., 2018; Wallings et al., 2019), which points to the conclusion that LRRK2 function is also required for normal autophagic function to some extent. This argument suggests associating LRRK2 with loss-of-function in autophagy might be contradictory and unclear. Other authors have also discussed the issue of gain vs. loss of function in LRRK2-associated PD and concluded that it is not a straightforward concept in LRRK2 literature (Gan-Or et al., 2015; Cookson, 2017).

Thus, LRRK2 function and potential regulation of autophagy remain unclear. Future studies will be necessary to validate this hypothesis and to elucidate the role of LRRK2 in neuronal autophagy.



Microglia and Astrocytes

Investigating neuronal models exclusively does not recapitulate the intricacies of the human brain environment. Neurons are surrounded and supported by microglia, astrocytes and oligodendrocytes (collectively referred to as glial cells) and form a complex network that likely play a role in any phenotypic outcome.

In non-neuronal models such as microglia BV2 cultures and through staining of glial cells in mouse brain tissue, endogenous LRRK2 expression increases upon microglia activation (Figure 2; Moehle et al., 2012; Schapansky et al., 2014; Lee et al., 2017). This leads to LRRK2 phosphorylation, translocation and recruitment to autophagosomal membranes, which drives an increase in autophagy. Upon stimulation of microglia with Toll-like-Receptor 4, increasing autophagy and phagocytosis could be an anti-inflammatory defense mechanism in the context of neuroinflammation (Deretic, 2011; Schapansky et al., 2014). On the other hand, KD of LRRK2 in microglia shows deficits in the induction of autophagy, a direct effect of a decreased LC3-II conversion ability in these cells, and in autophagic protein clearance after rapamycin treatment (Figure 2; Schapansky et al., 2014). However, this study did not measure multiple autophagy markers, such as p62 or LAMP1 to confirm altered autophagic flux. Still, this supports a model of PD pathology where LRRK2 regulates autophagy in microglia differently to its role in neurons.

Research into neuron-astrocyte co-culturing systems has also contributed to our understanding of LRRK2 PD pathology. By generating co-cultures of iPSC-derived astrocytes and ventral midbrain DAn from either familial LRRK2-G2019S patients or healthy individuals, it was revealed that LRRK2-G2019S-derived astrocytes accumulate α-synuclein and co-cultured control vmDAns display shortened neurites and neurodegeneration (di Domenico et al., 2019). Additionally, LRRK2-G2019S vmDAns co-cultured with control-derived astrocytes showed less severe neurite shortening, a more complex neurite arborisation and decreased α-synuclein accumulation in neurons, when compared to co-cultures with LRRK2-G2019S astrocytes. This effect was independent of direct neuron-astrocyte contact. However, the authors do not show autophagy characterisation in co-cultured neurons or astrocytes (di Domenico et al., 2019).

Turnover of α-synuclein is processed by both CMA and autophagy (Xilouri et al., 2013), which were both impaired in LRRK2-G2019S astrocytes. LRRK2-G2019S derived astrocytes revealed an increased number of autophagosomes (LC3-positive puncta) that were localised in both distal and perinuclear regions, opposed to a preferable mainly perinuclear distribution. However, a decreased LC3/LAMP1 co-localisation, higher p62 and reduced LC3-II levels revealed an autophagosome-lysosome fusion blockage, resulting in deteriorated autophagic flux in LRRK2-G2019S astrocytes (Figure 2; di Domenico et al., 2019). In agreement to the findings described in microglia models, astrocyte models unveil a key role for glial cells in non-cell autonomous PD pathogenesis. In this scenario, a non-cell autonomous LRRK2-mediated increase in lysosomal secretion may increase α-synuclein release and aggregation, augmenting PD pathology. This is supported by observing the release of lysosomal contents into the cytosol when exposing cells to lysosomal overload stress, where Rab7L1, LRRK2, and phosphorylated Rab8/10 are sequentially accumulated onto the stressed lysosomes (Eguchi et al., 2018). However, primary astrocyte cultures from Lrrk2-KO mouse showed no difference in lysosomal size compared to nTG, whilst lysosomal count almost doubled. Thus, it could indicate autophagic flux is increased in Lrrk2-KO, concomitant with lysosomal dysfunction and in agreement with studies of Lrrk2-KO neuronal cultures (Figure 2). The authors report variable effects of LRRK2 manipulations in autophagy when examining LC3 and p62 levels but data was not shown in the report (Henry et al., 2015). As discussed above, measurement of autophagic markers would be fundamental to determine whether LRRK2-KO induces autophagic flux alterations in astrocytes. Complementary to this, characterisation of an array of autophagic-lysosomal markers in WT and Lrrk2-KO mouse bone marrow-derived macrophages, after infection with Mycobacterium tuberculosis, revealed an increase in autophagic flux wherein LAMP1-positive phagosome as well as Cathepsin L-positive phagosome count is increased, but there are no differences in p62 and LC3B (Härtlova et al., 2018).

As evidenced in the sections above, focusing only on measuring markers of autophagosome formation might not be sufficient to infer on the dynamics of autophagic flux, since altered levels of autophagosomes and autolysosomes do not necessarily implicate impaired lysosomal activity or protein degradation (Giménez-Xavier et al., 2008; Cookson, 2017). Hence, it would be extremely valuable to combine the measurement of an array of proteins to assess autophagic flow in future research, including autophagosome, autolysosome and lysosomal markers as well as treatment with autophagy modulators such as 3-MA, bafilomycin and chloroquine (Klionsky et al., 2016; Yoshii and Mizushima, 2017). Investigating the late phases of autophagy is also a crucial part of monitoring autophagy, including lysosomal function and protein degradation assays to measure degradation of autophagic substrates, such as pH-sensitive tagged proteins, Lysotracker dye to analyse lysosomal morphology, LysoSensor dye to measure lysosomal pH and pulse-chase assay to measure protein degradation (Klionsky et al., 2016; Yoshii and Mizushima, 2017).

Nevertheless, the LRRK2-G2019S mutation seems to have a similar impact in activated microglia when compared to fibroblasts and neurons, resulting in a decreased autophagic flux (Table 1). By partially reducing LRRK2 expression and function using siRNA/shRNA, there is an increased induction of autophagy, except in activated microglia where autophagy decreases. In activated microglia cultures, endogenous LRRK2 expression increases and there is an increase in autophagic flux. Therefore, it is possible that LRRK2 positively regulates the autophagy machinery in the context of neuro-inflammation. However, the mechanism underlying this regulation in glial populations is still unknown and more research should be focused to resolve LRRK2 and its contribution to autophagy in PD.



CONCLUSION AND PERSPECTIVES

In the present review we have interrogated the current LRRK2 literature to elucidate how this protein is involved in regulating the ALP and we would emphasise three main concluding remarks.

First, as discussed above, different PD models have informed on the different mechanisms whereby LRRK2 mutations impact on its functional activity and can lead to disease (Wallings et al., 2015; Cookson, 2016, 2017; Manzoni and Lewis, 2017; Cherubini and Wade-Martins, 2018; Connor-Robson et al., 2019). Therefore, the use of different PD models and systems has firstly revealed that LRRK2 phenotypes display cellular heterogeneity, which is an important consideration for future studies of LRRK2 function (Schapansky et al., 2015). Indeed, LRRK2 mutations manifest different pathogenesis depending on the cell type (Zeng et al., 2018). Therefore, some caution should be exercised when selecting cultural conditions (basal vs. starvation) and comparing LRRK2 models to study autophagy in PD, as well as considering human versus non-human LRRK2 expression, as it is paramount to confirm any phenotypes in biologically relevant contexts of disease. Hence, in this review we have also individually assessed autophagic flux in fibroblasts, neurons and microglia/astrocytes. Concurrently, it will be crucial to combine neuronal and non-cell autonomous methods, for instance by utilising 3D midbrain cultures or co-cultures of neuronal and neuroimmune cells, in the efforts to completely understand LRRK2 pathology in PD.

Second, it is essential to point out that accurate measurement of autophagic flux is crucial when comparing LRRK2 phenotypic effects in the ALP. Analysing LC3-I and LC3-II could provide insights into the rates of autophagosome formation, however, LC3 is present in phagophores, autophagosomes and autolysosomes and measurement would often only represent a single time point, rather than the flow of autophagy. Another widely used marker of autophagy is LAMP1, which is expressed in lysosomes and autolysosomes but also in late endosomes of the endocytic pathway. This could introduce confounding factors in studies relying solely on one specific marker.

And finally, upon thorough dissection of LRRK2 phenotypes relating to autophagic flux, it is evident that LRRK2 mutations, specifically the G2019S and R1441C, act in a different manner and at different stages of the autophagy pathway (Table 1). This observation may not be surprising given these mutations are situated in different enzymatic domains of LRRK2, the kinase domain and GTPase domain, respectively (Figure 2). The most common LRRK2 mutation, G2019S, is consistently associated with an increase in kinase activity and a decrease in autophagic flux (Sánchez-Danés et al., 2012; Manzoni et al., 2013b; Saha et al., 2015; Juárez-Flores et al., 2018; Schapansky et al., 2018; di Domenico et al., 2019; Wallings et al., 2019) whereas the second most common mutation, R1441C, exhibits decreased autophagic flux, with lysosomal activity being particularly impaired (Saha et al., 2015; Wallings et al., 2019). Conceivably, impaired lysosomal function could lead to deficient protein clearance and could fit the model of Lewy body pathology wherein there is an accumulation of aggregated α-synuclein (Orenstein et al., 2013; Schapansky et al., 2015, 2018; Hu et al., 2018). Indeed, impaired autophagy has been recently proposed to be an aggravator of PD (Johnson et al., 2019). Consequently, different LRRK2 mutations located in different domains will have distinct cellular effects downstream and alongside of autophagic impairment, such as dysregulated mitophagy, endocytosis and vesicular trafficking (Manzoni et al., 2013b; Chen and Wu, 2018; Connor-Robson et al., 2019).

Ultimately, research into the relation of LRRK2 and lysosomal activity could have an impact on new drug screening approaches to potentially find novel compounds to treat LRRK2 related PD.
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Mutations in the Leucine Rich Repeat Kinase 2 (LRRK2) gene are linked to autosomal dominant Parkinson's disease (PD), and genetic variations at the LRRK2 locus are associated with an increased risk for sporadic PD. This gene encodes a kinase that is physiologically multiphosphorylated, including clusters of both heterologous phosphorylation and autophosphorylation sites. Several pieces of evidence indicate that LRRK2's phosphorylation is important for its pathological and physiological functioning. These include a reduced LRRK2 heterologous phosphorylation in PD brains or after pharmacological inhibition of LRRK2 kinase activity as well as the appearance of subcellular LRRK2 accumulations when this protein is dephosphorylated at heterologous phosphosites. Nevertheless, the regulatory mechanisms governing LRRK2 phosphorylation levels and the cellular consequences of changes in LRRK2 phosphorylation remain incompletely understood. In this review, we present current knowledge on LRRK2 phosphorylation, LRRK2 phosphoregulation, and how LRRK2 phosphorylation changes affect cellular processes that may ultimately be linked to PD mechanisms.

Keywords: LRRK2, phosphorylation, Parkinson's disease, kinase, phosphatase, phenotype


INTRODUCTION

Parkinson's disease (PD) is the most common motor neurodegenerative disease, and the gene encoding the protein Leucine Rich Repeat Kinase 2 (LRRK2) is considered one of the most important genetic risk factors for PD (Nalls et al., 2019). First, mutations in LRRK2 have been linked to autosomal dominant forms of PD and represent a relatively frequent genetic cause of PD, affecting 1 to 5% of PD patients (Paisán-Ruíz et al., 2008). The most common mutation is the LRRK2 G2019S, affecting up to 40% of patients in specific ethnicities from north African population (Healy et al., 2008; Lesage et al., 2010). In addition to causal mutations in the LRRK2 coding sequence, association studies and genome-wide association studies have revealed that other genetic variations at the LRRK2 locus modulate risk for sporadic PD (Satake et al., 2009; Simón-Sánchez et al., 2009; Ross et al., 2011; Nalls et al., 2019). Of interest, clinical phenotypes of PD patients carrying mutated forms of LRRK2 are very similar to the clinical manifestation in idiopathic PD, suggesting that LRRK2 may mediate pathogenic mechanisms relevant to all forms of PD (Marras et al., 2011; Langston et al., 2015).

LRRK2 encodes a 286-kDa multi-domain protein of 2527 amino acids harboring two enzymatic activities, a kinase domain “KIN” and a GTPase domain named a Ras Of Complex proteins “ROC” (Figure 1). These two domains are connected via a C-terminal of ROC “COR” domain. This catalytic core is flanked by additional domains with predicted protein–protein interaction functions such as the leucine-rich repeat (LRR), Ankyrin repeat (ANK), and Armadillo repeat (ARM) domains at the N-terminus and the WD40 domain at the C-terminus (Mata et al., 2006; Cookson, 2010; Mills et al., 2012). Structurally, LRRK2 forms as a dimer under native conditions (Greggio et al., 2008). LRRK2 is a serine/threonine kinase of the tyrosine kinase-like family (Manning et al., 2002). Activation of serine/threonine kinases usually occurs by autophosphorylation of one or many residues in the activation loop. Such a phosphorylation can change the conformation associated with the ATP binding site and/or substrate interaction-binding site, resulting in the activation of the kinase. Evidence suggests that the N- and C-terminal regions of LRRK2 act as modulators of kinase activity or substrate specificity. Indeed, C-terminal truncation of the WD40 domain leads to the complete loss of kinase activity (Jorgensen et al., 2009), and deletion of N-terminal sequences of LRRK2 (LRRK2970−2527, LRRK21326−2527) strongly reduces or abolishes the phosphorylation of LRRK2 substrates such as P62 and RAB7L1 (RAB29), but the phosphorylation of RAB10 and RAB10 is conserved, although autophosphorylation is maintained (Kalogeropulou et al., 2018).
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FIGURE 1. Schematic representation of LRRK2. Domain topology of LRRK2 is noted as well as their main feature (interaction or catalytic). Mutations segregating with the disease are indicated in the upper part and the phosphorylation sites are in the lower part. Pathogenic mutants are depicted in red, the risk variants are indicated in blue, and the two protective variants are in green. The heterologous phosphorylation sites are indicated in blue and the sites of autophosphorylation are in red. The most described and studied sites are indicated in bold.


Most LRRK2 PD mutations are located in the catalytic core of the protein: in the ROC domain (N1437H, R1441C/G/H/S), in the COR domain (Y1699C), and in the kinase domain (G2019S, I2020T) (Funayama et al., 2005; Healy et al., 2008; Aasly et al., 2010; Mata et al., 2016; Nucifora et al., 2016). To date, low-resolution 3D structures of the homodimeric full-length LRRK2 have been reported by TEM and CRYO-EM (Guaitoli et al., 2016; Sejwal et al., 2017). More recently, higher-resolution structures of the C-terminal domains of LRRK2 coordinated around microtubules have been reported in BioRxiv (Watanabe et al., 2020). Several studies have reported altered dimerization for LRRK2 variants mutated in the ROC COR domain (Greggio et al., 2008; Klein et al., 2009; Daniëls et al., 2011; Memou et al., 2019), suggesting that LRRK2 disease mutations may alter the conformation of the LRRK2 dimer.

LRRK2 protein is expressed in a large variety of tissues. It is highly expressed in the lung, spleen, kidney, and immune cells (lymphocytes, monocytes, and neutrophils), while in the brain, there is a comparatively low level of LRRK2 expression (Paisán-Ruíz et al., 2004; Zimprich et al., 2004; Taymans et al., 2006; Kubo et al., 2010; Thévenet et al., 2011; Dzamko et al., 2013; West et al., 2014; Fan et al., 2018). It is also possible to detect LRRK2 in fluids such as urine, plasma, and cerebrospinal fluid (CSF) (reviewed in Taymans et al., 2017). In the cell, the protein is mainly cytoplasmic. LRRK2 is localized with an affinity for vesicles associated with microtubules, endoplasmic reticulum and Golgi apparatus, Trans-Golgi network (TGN), endosome, and lysosome (West et al., 2005, 2007; Biskup et al., 2006; Hatano et al., 2007; Sanna et al., 2012). LRRK2 is found to locate to mitochondrial outer membrane, membrane micro-domains such as the neck of caveolae, microvilli/filopodia, and intraluminal vesicles of multivesicular bodies identified by immunogold staining combined with electron microscopy (Alegre-Abarrategui et al., 2009). A proportion of LRRK2 puncta colocalizes with the proteins p62 and LC3 and a discrete colocalization with calnexin and frequently locate close to the gamma-tubulin positive centrosome.

The precise biological role of LRRK2 is not fully understood. However, to date, the protein has been shown to be involved in different cellular processes such as the regulation of cytoskeleton, neurite morphology, inflammatory processes, regulation of mitochondrial fission, protein synthesis, proteostasis, and vesicular trafficking (Esteves et al., 2014). The multitude of proposed functions can be summarized by findings from protein interaction network analysis that point to a role for LRRK2 in intracellular organization, intracellular transport, and protein localization (Manzoni et al., 2015; Porras et al., 2015; Tomkins et al., 2018).



LRRK2 PHOSPHORYLATION

LRRK2 is a highly phosphorylatable protein. First, LRRK2 exists as a phosphorylated protein in mammalian cells under basal conditions as observed after metabolic labeling of LRRK2-expressing cells with radioactive phosphate or by detection of LRRK2 in phosphoprotein isolates from cell culture (Greggio et al., 2007; Lobbestael et al., 2013; Reyniers et al., 2014). Second, additional phosphorylation potential above the cellular phosphorylation of LRRK2 can be observed when purified LRRK2 is submitted to in vitro autophosphorylation (Reynolds et al., 2014). Third, in a similar fashion, in vitro incubation of LRRK2 with a separate kinase, such as protein kinase A (PKA), can also lead to additional phosphorylation of LRRK2 (Muda et al., 2014). The notion that LRRK2 is a highly phosphorylated protein is confirmed by phosphosite mapping studies via mass spectrometry, showing at least 74 phosphorylation sites on isolated LRRK2 protein, corresponding to almost 3% of all amino acid residues of the protein (Table 1) (Greggio et al., 2009; Kamikawaji et al., 2009; Gloeckner et al., 2010; Pungaliya et al., 2010). Phosphorylation sites include a majority of serines (59%), followed by 37% threonines and some tyrosines (4%). Further compilation of the reported LRRK2 phosphosites indicates that 37 are reported by two or more separate studies, meaning that half of the reported LRRK2 phosphorylation sites still await independent confirmation.


Table 1. Reported LRRK2 phosphorylation sites.
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As is the case for many kinases, LRRK2 can autophosphorylate, and as for any phosphorylated kinase, it is therefore possible to divide the phosphorylated amino acids into two groups, the heterologous phosphorylation sites and the autophosphorylation sites. In addition, one can distinguish phosphosites that are observed from LRRK2 directly isolated from cells or tissues without any further manipulations (cellular phosphorylation sites) from sites that are submitted to additional in vitro phosphorylation. Sites that are qualified as autophosphorylation sites are confirmed when their phosphorylation rates increase after in vitro phosphorylation, while this is not the case for heterologous phosphorylation sites. Using these criteria, 60% of the identified LRRK2 phosphorylation sites are autophosphorylation sites and 36% are heterologous, while the remaining 4% of sites have been identified as both autophosphorylation and PKA phosphorylation sites (threonine 833, serine 1443, and serine 1444) (Gloeckner et al., 2010; Pungaliya et al., 2010; Muda et al., 2014).

Looking at the distribution of the phosphorylated residues across the LRRK2 protein, one prominent phosphorylation cluster is located between the ANK and the LRR domain at serines S860, S910, S935, S955, S973, and S976 for the most studied sites. The importance of the heterologous phosphorylation sites for LRRK2 function has been supported by the findings that 14-3-3 binding to LRRK2 is dependent on S910 and S935 phosphorylation and that LRRK2 phosphorylation levels at heterologous phosphorylation sites affect subcellular distribution of LRRK2 (see below).

The LRRK2 autophosphorylation occurs on at least 20 different serine or threonine residues located in and around the ROC domain and some in the kinase domain. While in vitro phosphorylation has revealed a large number of autophosphorylation sites, it remains unclear which proportion of these exist under physiological conditions. One example of an autophosphorylation site identified in cells and in vivo is the S1292 site that is positively modulated in LRRK2 mutants (N1437H, R1441C/G/H, Y1699C, G2019S, and I2020T) (Reynolds et al., 2014; Steger et al., 2016) as well as in rat brain lysate of BAC transgenic G2019S mice (Sheng et al., 2012). More recently, enhanced S1292 phosphorylation has also been identified in the brain, kidney, and lungs of LRRK2 G2019S knock-in (KI) mice (Kluss et al., 2018). The dephosphorylation of S1292 can be achieved in cellulo, by kinase inhibitors and evidence points to a role for protein phosphatase 2A (PP2A) in S1292 dephosphorylation (Reynolds et al., 2014).



LRRK2 PHOSPHORYLATION PARTNERS

Protein phosphorylation is a key mechanism regulating protein function. This process is catalyzed by enzymes known as protein kinases, while the reverse reaction is mediated by protein phosphatases (Cohen, 2002; Manning et al., 2002). The balance of LRRK2 phosphorylation seems to be an element participating in the regulation of several cellular functions, including its cellular distribution (Nichols et al., 2010; Blanca Ramírez et al., 2017). Hence, elucidating the players involved in the regulation of LRRK2 phosphorylation balance (Figure 2) will be crucial to the understanding of how LRRK2 is (de)-regulated and affects downstream signaling processes. In addition to kinases and phosphatases, other cellular partners of LRRK2 contribute to determining LRRK2's phosphorylation status.
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FIGURE 2. Phosphoregulation of LRRK2. Phosphoregulation of LRRK2 protein put together a lot of different partners, and some of those partners can also be regulated by LRRK2 itself. On the upstream regulation, the inhibitory phosphatases are localized on the left and the activating kinases are localized on the right. Kinases and phosphatases are implicated in the regulation of the N-ter phosphorylation sites (S910/935/955/973). N-ter sites and S1444 are phosphorylated by PKA while LRRK2 is also able to regulate the activity of PKA by a direct interaction with its ROC domain or by an indirect manner, by acting on the phosphodiesterase 4 (PDE4). PPP1CA has been confirmed to act on LRRK2. The holoenzyme PP2A could regulate the phosphorylation at S1292. The phosphorylation of the N-ter sites allows the interaction with 14-3-3. If phosphorylated by PAK6, the binding to LRRK2 is abolished. RAB29 interacts with LRRK2 in the Trans-Golgi network; this interaction leads to an increased phosphorylation of the N-ter and the kinase activity of LRRK2. LRRK2 can phosphorylate RAB29 and avoid LRRK2 activation, creating an inactivation loop (Nichols et al., 2010; Li et al., 2011; Dzamko et al., 2012; Lobbestael et al., 2013; Chia et al., 2014; Steger et al., 2016; Purlyte et al., 2018).



LRRK2 Kinases

The first kinase reported as a candidate to regulate LRRK2 phosphorylation was PKA in 2007 (Ito et al., 2007). The authors of the study were able to identify PKA as an upstream kinase responsible for the phosphorylation of LRRK2 in HEK293 cells using two different potent inhibitors of PKA. They also showed that PKA efficiently phosphorylate LRRK2 K1906M kinase-inactive mutant. Several years later, two independent groups confirmed PKA as a kinase acting on the S910 and S935 sites (Li et al., 2011; Muda et al., 2014) and also on the S1444 site (Muda et al., 2014) both in vitro and in cellulo. Treatment with PKA activator forskolin increased phosphorylation at S910 as well as at S1444. The S1444 phosphorylation site was proposed as a new alternate 14-3-3 binding phosphosite. However, another study showed an opposite effect of PKA activation on LRRK2, with a decrease of phosphorylation at S910, S935, S955, and S973 and reduced 14-3-3 binding on LRRK2 overexpressed in HEK293 T-Rex cells and endogenous LRRK2 in A549 lung-derived cell lines (Reynolds et al., 2014). Finally, PKA activation or inhibition had no effect on the level of phosphorylation at pS935 (Hermanson et al., 2012). Further work will be needed to better decipher the role of PKA in the regulation of LRRK2 phosphorylation. Interestingly, the recent literature supports the notion of a functional cross-regulation between LRRK2 and PKA (reviewed in Greggio et al., 2017) that might be cell type specific (Parisiadou et al., 2014; Russo et al., 2018).

Dzamko et al. showed that the inhibitor of Ikappa B kinases (IKKα and β) phosphorylates the S910 and S935 sites in macrophages derived from bone marrow during stimulation of Toll-like receptor signaling (Dzamko et al., 2012). Further data indicate that IKKβ is also a potential kinase regulating LRRK2 phosphorylation in SH-SY5Y and HEK293 cells (Hermanson et al., 2012). Intriguingly, LRRK2 dephosphorylation induced by kinase inhibition with LRRK2-IN1 and CZC25146 was completely prevented by LPS stimulation (Dzamko et al., 2012).

Finally, Chia et al. provided the evidence that Casein Kinase 1-alpha (CK1α) is a physiologically upstream kinase regulator of LRRK2 at the constitutive phosphorylation sites using an unbiased siRNA kinome screen in HEK-293T cells as well as in the mouse brain with ex vivo experiment (Chia et al., 2014). In addition, the repression of the expression or inhibition of CK1α led to a decrease in phosphorylation at S910 and S935 as well as an increase in the association of ARHGEF7 with LRRK2, which decreased GTP binding. Treatment with siRNAs targeting CK1α also reduced RAB29-dependent Golgi fragmentation caused by LRRK2, indicating that phosphorylation of heterologous LRRK2 sites modulates recruitment of LRRK2 within the TGN (Chia et al., 2014). A number of additional upstream kinases have been proposed (Lobbestael et al., 2012). Nevertheless, identifying physiological kinase remain challenging but new advances (i.e., site-specific phospho-antibodies) will help to sort out true physiological upstream kinases regulating LRRK2 phosphorylation (list of specific antibodies described in Table 1).



LRRK2 Phosphatases

The rapid induction of LRRK2 dephosphorylation after LRRK2 kinase inhibition suggests the involvement of protein phosphatases. Moreover, cAMP stimulation downregulated LRRK2 phosphorylation that suggests that a phosphatase may be activated in HEK293 but also in A549 cells (Hermanson et al., 2012).

The search of phosphatases related to LRRK2 pathophysiology has seen some advances in recent years. Regarding phosphatases regulating heterologous phosphorylation sites, only the alpha catalytic subunit of Protein Phosphatase 1 (PPP1CA) has been demonstrated to regulate phosphorylation of LRRK2 at S910, S935, S955, and S973 (Lobbestael et al., 2013). Indeed, pharmacological inhibition of Protein Phosphatase 1 (PP1) with Calyculin A (CalA) prevented the dephosphorylation of LRRK2 induced by LRRK2 kinase inhibitors. Interestingly, the effects of PPP1CA on LRRK2 phosphorylation were confirmed in several cell types HEK-293T, SH-SY5Y, NIH 3T3, A549, and U-2 OS but also in mouse primary cortical neurons. This shows that PPP1CA is active as an LRRK2 phosphatase independent of the cell type tested. Moreover, under LRRK2 dephosphorylation conditions, the association between PP1 and LRRK2 is increased, for example: during treatment with LRRK2 kinase inhibitors or in the presence of LRRK2 mutants with low level of phosphorylation (Lobbestael et al., 2013). Furthermore, a study on LRRK2 and oxidative stress (Mamais et al., 2014) also highlighted the importance of the physiological role of PP1 in the dephosphorylation of LRRK2. Arsenite-mediated stress leads to a reduction in the phosphorylation of LRRK2 at S910 and S935 in cell culture, and this reduction is reversed by CalA treatment. In addition, CalA counteracted arsenite and H2O2-induced S935 dephosphorylation, but only arsenite induced an increase association of PPP1CA with LRRK2 (Mamais et al., 2014). PP1 target specificity is driven by the association of regulatory subunits (Bollen et al., 2010). We do not yet know which regulatory subunits form the active PP1 holoenzyme responsible for catalyzing LRRK2 dephosphorylation. Therefore, a key issue to understand how LRRK2 dephosphorylation is regulated is to identify the composition of the PP1 holoenzyme by identifying the LRRK2-specific subunits that form the active PP1 holoenzyme that acts on LRRK2.

It is unclear which phosphatases are regulating LRRK2 phosphosites outside the ANK-LRR interdomain region. However, PP2A has been identified as a partner interacting with LRRK2 (Athanasopoulos et al., 2016). This study reports that LRRK2 interacts with all three subunits of PP2A and that this is mediated by the ROC domain in cultured cells. This is consistent with the recent report by Sim and colleagues who identified in a Drosophila model the three components of PP2A that are required to form a functional holoenzyme, i.e., scaffolding, regulatory, and catalytic subunits, as a modulator of LRRK2 function. Although PP2A involvement in the dephosphorylation of LRRK2 heterologous sites has yet to be tested, Athanasopoulos and colleagues observed a protective effect of the pharmacological activation of PP2A by sodium selenate in cells expressing the LRRK2 R1441C variant. In addition, silencing of the catalytic subunit of PP2A by shRNA aggravated cell degeneration in SH-SY5Y cells expressing the LRRK2 R1441C variant as well as in cultured cortical neurons derived from G2019S overexpressing transgenic mice. Interestingly, relevance of PP2A as an LRRK2 phosphatase for the regulation of S1292 phosphorylation site could be demonstrated by pharmacological and genetic approaches in mutant LRRK2 flies (Sim et al., 2019). Pharmacological activation with either ceramide or fingolimod (FTY720) ameliorates their disease-associated phenotypes. In addition, under conditions of PP2A subunit overexpression, LRRK2 phosphorylation at S1292 was found reduced. This is consistent with a report demonstrating that S1292 dephosphorylation is mediated by phosphatases that are sensitive to CalA and okadaic acid (Reynolds et al., 2014).



LRRK2 Interactors

The phosphorylation at S910 and S935 sites, as well as the S1444 site, has been shown to be responsible for the interaction of LRRK2 with 14-3-3 proteins (Dzamko et al., 2010; Nichols et al., 2010; Li et al., 2011; Muda et al., 2014). Indeed, phosphodead mutations (substitution of the serine residue for alanine) at S910 and S935, but not at S955 and S973, lead to a strong reduction of 14-3-3 binding (Doggett et al., 2012). Moreover, if 14-3-3 binding is blocked using difopein (dimeric fourteen-three-three peptide inhibitor), LRRK2 appears to be dephosphorylated at S910 and S935 (Fraser et al., 2013; Zhao et al., 2015). Therefore, it has been suggested that 14-3-3 interaction could protect against dephosphorylation at these two phosphorylation sites and influence the subcellular localization of LRRK2 in the cell (Nichols et al., 2010; Li et al., 2011). The absence of 14-3-3 binding to LRRK2 when S910 and S935 sites are dephosphorylated induces accumulations of LRRK2 in the cytoplasm of cells. Accumulation types include filamentous “skein-like” structures (Dzamko et al., 2010; Nichols et al., 2010; Reyniers et al., 2014) and/or punctate accumulations (Chia et al., 2014). Likewise, pathogenic mutants that exhibit a reduction in phosphorylation at S910 and S935 sites (N1437H, R1441C/G/H, Y1699C, I2020T, and the risk factor G2385R, but not the G2019S variant) display a similar loss of 14-3-3 binding and relocalization of LRRK2 to cytoplasmic accumulations pools and filamentous skein-like structures (Dzamko et al., 2010; Nichols et al., 2010; Deng et al., 2011; Doggett et al., 2012). The brain is the tissue with the highest 14-3-3 concentration (Boston et al., 1982). The role of 14-3-3 proteins in neurodegeneration has been reviewed in Shimada et al. (2013) and is known to affect protein localization and activity through its binding to targeted substrates. Interestingly, there is an additional layer of regulation of 14-3-3 proteins that affects LRRK2 phosphorylation. Indeed, 14-3-3γ is phosphorylated by PAK6 (kinase 6 activated by p21), a serine/threonine kinase (Civiero et al., 2017). Phosphorylated 14-3-3γ is no longer able to bind S935 site, thus causing its dephosphorylation.

Several teams have demonstrated an interaction of LRRK2 with RAB29 (MacLeod et al., 2013; Beilina et al., 2014; Liu et al., 2017; Purlyte et al., 2018). This interaction takes place in the ANK domain of LRRK2 and regulates the heterologous phosphorylation sites of the S935 cluster (Purlyte et al., 2018), Purlyte et al. discovered that all RAB29 binding-deficient ankyrin domain LRRK2 variants are also dephosphorylated on these heterologous phosphorylation sites. In addition, the loss of endogenous RAB29 in A549 cells moderately reduces the phosphorylation of these sites. However, these data do not exclude the possibility that another Golgi resident, a protein kinase or phosphatase, regulates the phosphorylation of these sites. The LRRK2 kinase activity seems also to be regulated by RAB29 through the phosphorylation of the S935 cluster. In fact, the kinase activity of LRRK2 is reduced when a phosphomimetic mutant of RAB29 is expressed but no change is found with the dephosphomimetic form of RAB29. In particular, RAB29 is itself phosphorylated by LRRK2, suggesting that RAB29 binding to LRRK2 may mediate a potential positive feedback loop between LRRK2 phosphorylation at the S935 cluster and LRRK2 kinase activity, although further work would be required to confirm this (Purlyte et al., 2018). LRRK2 has other RABs as substrate but none of these have yet been reported to increase LRRK2's kinase activity.

A schematic of the relationship between LRRK2 and its different partners involved in its phosphoregulation is depicted in Figure 2. In addition, Table 2 provides an overview of the tissular distribution of the expression of LRRK2 with some of its primary regulators. This table indicates that, by and large, the LRRK2 phosphoregulators that have been studied in experimental systems are expressed in the same tissues as LRRK2, consistent with their potential physiological involvement in regulating LRRK2 in these tissues.


Table 2. Phosphoregulators of LRRK2 and RNA distribution in different tissues.
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Other Regulators of LRRK2 Phosphorylation

In addition to cellular partners, other conditions regulating LRRK2 phosphorylation have been reported such as pharmacological agents or conditions in the cellular environment. Some of the strongest effects on LRRK2 phosphorylation are observed after treatment with LRRK2 pharmacological kinase inhibitors, either in cells or in vivo. Indeed, pharmacological inhibition of the LRRK2 kinase function leads to dephosphorylation of LRRK2 at the S935 cluster and loss of 14-3-3 binding (Dzamko et al., 2010; Deng et al., 2011). It is interesting to note that the S935 dephosphorylation of LRRK2 is observed both after treatment with LRRK2 kinase inhibitors that are considered potential therapeutics for PD and are currently in clinical testing (Doggett et al., 2012; Ding and Ren, 2020), as well as for several disease mutant forms of LRRK2. In both cases, the dephosphorylation can be explained by the recruitment of PPP1CA to the LRRK2 complex (Lobbestael et al., 2013). Nevertheless, further work will be needed to explain how LRRK2 dephosphorylation can be associated with, on the one hand, cellular toxicity (expression of LRRK2 disease mutants) and, on the other hand, the alleviation of cellular toxicity (for pharmacological inhibition of LRRK2). The dephosphorylation of LRRK2 at the S935 cluster after pharmacological treatment with LRRK2 kinase inhibitors in cells and in animal models is very strong and directly related to in vitro kinase inhibition (Dzamko et al., 2010; Vancraenenbroeck et al., 2014). It is therefore considered a pharmacodynamic marker for biological activity of LRRK2 kinase inhibitors (Fell et al., 2015; Taymans and Greggio, 2016). Besides effects on S935, pharmacological LRRK2 kinase inhibition also leads to dephosphorylation at the S1292 autophosphorylation site, providing a second pharmacodynamic readout (Sheng et al., 2012). In addition to LRRK2 kinase inhibitors, other treatments that are reported to affect LRRK2 phosphorylation are oxidative stress or activation of immune pathways (see above).

LRRK2 phosphorylation has also been measured for functional mutants of LRRK2. Mutants inhibiting GTP binding of LRRK2 (K1347A, T1348N) show a dephosphorylation of LRRK2, suggesting that phosphorylation of LRRK2 depends on its GTP-binding activity (Ito et al., 2007; Taymans et al., 2011). By contrast, while several functional mutants of LRRK2 that affect its kinase activity (either by inhibiting kinase activity or by activating kinase activity) have been observed to affect LRRK2 phosphorylation at the S935 cluster, there is no correlation between LRRK2 kinase activity and LRRK2 S935 phosphorylation (Ito et al., 2014; Reynolds et al., 2014). For instance, kinase dead mutants of LRRK2 are observed to either have no effect on LRRK2 S935 phosphorylation (such as for the K1906M mutant) or lead to a dephosphorylation (Ito et al., 2014; Reynolds et al., 2014). Phosphorylation phenotypes of LRRK2 mutants are summarized in Table 3.


Table 3. Overview of LRRK2 mutations that affect LRRK2 kinase inactivity. List of described mutation of LRRK2.
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PHENOTYPES AND PATHOMECHANISMS OF LRRK2 PHOSPHORYLATION

While the global picture of how LRRK2 phosphorylation levels at its various phosphorylation sites influence LRRK2 function is still incomplete, several studies have shown that changes in LRRK2 phosphorylation influences LRRK2 biochemical or cellular properties and can be correlated to changes observed in PD patients and PD models. One key question pertaining to the effects of LRRK2 phosphorylation is how the LRRK2 phosphorylation status affects physiological and pathological mechanisms in PD and disease models. Evidence suggesting a correlation between LRRK2 phosphorylation and disease is growing, but much remains to be elucidated. Links between LRRK2 phosphorylation and disease or pathological mechanisms are being established in different ways: by monitoring LRRK2 phosphorylation in patient-derived samples, disease models, and study of phosphomutant forms of LRRK2 and how these affect cellular phenotypes.


Phenotypic Correlates of LRRK2 Phosphorylation in PD Patients

Phosphorylation of the ANK-LRR cluster (S910, S935, S973) is found to be dephosphorylated in the substantia nigra of sporadic PD patients. S935 is also dephosphorylated in the amygdala and frontal cortex of PD patients. Immunostaining of brain tissues shows a high proportion of LRRK2 in neurons (Dzamko et al., 2017). By proximity ligation assay in dopaminergic neurons, Di Maio et al. show that the reduction in S935 phosphorylation is accompanied by an increase of S1292 (Di Maio et al., 2018). Interestingly, the phosphorylation of LRRK2 at S1292 is higher in SNCA−/− HEK293 cells when oligomeric but not monomeric alpha-synuclein (α-syn) is present, suggesting a link between LRRK2 S1292 phosphorylation and species of α-syn linked to pathology that could be found in PD patient-derived cells.

Other hints to how phosphorylation levels of LRRK2 are correlated to PD come from studies in human biofluids. LRRK2 protein is secreted in exosomes of different biofluids in humans, including CSF and urine (Fraser et al., 2013). Studies in clinical cohorts report that pS1292-LRRK2 levels are elevated in urinary exosomes from G2019S LRRK2 mutation carriers compared to non-carriers and that PD manifesting G2019S LRRK2 mutation carriers have a higher S1292-LRRK2 level than the non-manifesting mutations carriers (Fraser et al., 2016a). The same group that performed a comparison between 79 PD patients and 79 healthy controls showed a higher level of pS1292-LRRK2 in PD urinary exosomes compared to healthy controls. In the same study, a correlation was established between the level of S1292 in urinary exosomes of idiopathic PD and cognitive impairment (Fraser et al., 2016b). A follow up study from the same group quantified higher levels of pS1292-LRRK2 in CSF exosomes compared to urinary exosomes, suggesting a higher LRRK2 kinase activity in the brain compared to that in the peripheral tissues (Wang et al., 2017). Further studies are now required to extend this work to include larger cohorts and assess reproducibility of the findings.

Finally, phospho-LRRK2 has also been measured in peripheral blood mononuclear cells (PBMCs) isolated from PD patients. A first report testing levels of S910 and S935 LRRK2 phosphorylation in idiopathic PD patients vs. controls found no variation of phosphorylation levels between the groups (Dzamko et al., 2013). However, when comparing individuals carrying the G2019S mutation with idiopathic PD patients, a significant reduction of S935-LRRK2 is observed (Padmanabhan et al., 2020). LRRK2 inhibitor treatment is also found to reduce the level of S935-LRRK2 in PBMCs (Delbroek et al., 2013) and in immortalized lymphocytes (Fernández et al., 2019). This dephosphorylation mediated by inhibitor acts also on S910, S955, and S973 on PBMCs from PD patients and controls (Perera et al., 2016). Therefore, LRRK2 phosphorylation in PBMCs holds promise to test for pharmacodynamic response in patients while further studies are required to ascertain whether LRRK2 measures in PBMCs have potential as disease biomarker.



Phenotypic Correlates of LRRK2 Phosphorylation in PD Animal Models

The aim of this section is to identify whether changes in LRRK2 phosphorylation can be correlated to disease phenotypes in PD in vivo models. Therefore, we discuss studies in animal models of PD that have specifically measured LRRK2 phosphorylation levels. For a broader overview of PD animal models, we refer to previous review publications focusing on this subject (Blesa et al., 2012; Konnova and Swanberg, 2018). For instance, the systemic rotenone model, based on administration of the pesticide rotenone to rodents, mimics many aspects of PD. In this model, the phosphorylation of LRRK2 at S1292 is found to be increased in the microglia of rat substantia nigra after a rotenone treatment (Di Maio et al., 2018). Also, AAV-mediated α-syn overexpression in rats affects the phosphorylation of LRRK2 by increasing the phosphorylation of LRRK2 at S1292 in nigrostriatal dopamine neurons (Di Maio et al., 2018). There is a potential role for phosphatases in this finding as α-syn is reported, on the one hand, to positively regulate the activity of PP2A, a potential phosphoregulator of LRRK2 at S1292 (Reynolds et al., 2014) without affecting the protein level of PP2A in cell lines (Peng et al., 2005), but on the other hand, increased oligomerization and phosphorylation of α-syn reduced the activity of PP2A (Lou et al., 2010; Liu et al., 2015; Chen et al., 2016). Further research is needed to elucidate the link between the two important PD players LRRK2 and α-syn and how they influence each other's phosphorylation status (also reviewed in Taymans and Baekelandt, 2014).

Another study used the phosphomutant approach in a mouse model. The characterization of S910/S935 phosphorylation-deficient KI mice (i.e., where the serine has been replaced by an alanine, S910A/S935A) shows that they present a reduced phosphorylation of T73-RAB10 in the kidney, where LRRK2 is highly expressed, but no change in RAB10 phosphorylation in the brain. In terms of subcellular distribution of LRRK2, the S910A/S935A mice showed similar LRRK2 levels in the nuclear, chromatin bound and cytoskeletal fractions, but a significant decrease of the membrane-bound LRRK2 compared to the WT controls (Zhao et al., 2018). These mice showed signs of early PD dysfunction in their striatum including alterations in dopamine regulating proteins (decreases in tyrosine hydroxylase and dopamine transporter) and accumulation of α-synuclein, without degeneration of nigral dopaminergic neurons. Interestingly, these changes in dopamine regulating proteins are consistent with another study showing that LRRK2 phosphorylation levels are correlated with levodopa-induced dyskinesias in a rodent model (Stanic et al., 2016).

Studies in an LRRK2 G2019S KI transgenic mouse model have also correlated phenotypes to LRRK2 phosphorylation. Longo et al. investigate whether the KI of the G2019S LRRK2 mutation in mice causes functional changes in the neurons of the nigrostriatal system (Longo et al., 2017). Phenotypically, these mice reveal 63% increase in the dopamine uptake kinetics of maximal transport rate in the striatal synaptosomes compared to WT. In addition, the DAT protein level is 4-fold higher in G2019S KI compared to WT mice. Other studies on LRRK2 G2019S KI mice showed changes in vesicular physiology, notably with a reduction in basal and evoked dopamine in striata of aged mice (Yue et al., 2015) and an increase in glutamate release in cortical neuron culture derived from LRRK2 G2019S mice (Beccano-Kelly et al., 2014). The study also reveals that the LRRK2 phosphorylation level at S1292 is 8-fold higher in the striatum of 12-month-old G2019S KI mice compared to age-matched WT mice, confirming the gain of kinase activity of the G2019S mutation. The study also suggests that S1292 phosphorylation is correlated to changes in dopamine uptake. It remains to be determined whether S1292 phosphorylation itself mediates cell toxicity or if it is due to the change of kinase activity.

Levels of LRRK2 phosphorylation at the S935 cluster have also been monitored in bacterial artificial chromosome transgenic rats expressing LRRK2 mutants G2019S or R1441C. These rats display a significant impairment in motor function compared to the WT control rats (Sloan et al., 2016). Particularly, through the test of the accelerating rotarod, they showed that G2019S and R1441C rats between 18 and 21 months exhibit a significant age-dependent impaired performance compared to both non-transgenic and WT controls. Indeed at younger age, 3–6 months old, the transgenic rat lines showed no impairment on the rotarod test, whereas only G2019S rats showed an enhanced motor dysfunction, as previously reported (Zhou et al., 2011). Considering the increased importance of non-motor symptoms in PD, LRRK2 mutant rats have been analyzed for their cognitive ability, by using the spontaneous alternation test of spatial short-term memory. No differences in performance were seen in young adult G2019S or R1441C animals compared with controls. However, aged R1441C and G2019S rats showed significantly impaired performance on the spontaneous alternation test compared with WT controls. Interestingly, both rats show changes in LRRK2 phosphorylation but not in the same direction. LRRK2 G2019S transgenic rats show a modest increase in phosphorylation of the S935 site, while R1441C transgenic rats show dramatically reduced LRRK2 phosphorylation at residues S935 and S910 in the hippocampus. These data are consistent with the study from Nichols and colleagues showing reduced LRRK2 phosphorylation in R1441C KI mice (Nichols et al., 2010). Interestingly, the altered LRRK2 phosphorylation states, conversely to the motor impairment, is not age-dependent, appearing in both young and aged rats, suggesting that phosphorylation changes may be early markers of phenotypic changes. Further work is needed to explain differences in phosphorylation changes from mutant to mutant and how these changes contribute to the phenotypic consequences of the mutations.

The disease-causing mutation, G2019S-LRRK2 has also been associated with a decrease in arborization and neurite length in primary hippocampal and cortical cultures (Chan et al., 2011; Cho et al., 2013). Lavalley et al. (2016) observed a reversion of the neurite shortening caused by G2019S-LRRK2 expression in mouse model, via overexpression of 14-3-3, previously described as an important interactor of LRRK2 at different serine phosphosites: S910, S935 and S1444 (see section LRRK2 Interactors above). In this study, hemizygous 14-3-3θ-overexpressing mice were crossed with the BAC G2019S-LRRK2 transgenic mice and primary hippocampal cultures were prepared from pups at post-natal day 0. Primary cultures from the double transgenic mice show a reversed neurite shortening and an increase in LRRK2 phosphorylation at the S935 site. No effect on neurite length was detected in mice overexpressing 14-3-3θ alone compared to non-transgenic cultures. By contrast, PAK6-mediated 14-3-3 phosphorylation in neurons derived from LRRK2 G2019S mice, a condition that leads to LRRK2 dephosphorylation at S935, counteracts neurites shortening induced by the LRRK2 G2019S mutant (Civiero et al., 2017). While these studies show that modulation of LRRK2 phosphorylation (here for the S935 cluster) may alleviate negative effects of LRRK2 mutants in neurons and suggest a role for 14-3-3 proteins in the regulation of LRRK2-related toxicity, it remains unclear whether S935 dephosphorylation is detrimental, warranting further work on this question.

Besides rodent models, several studies have employed Drosophila models to study LRRK2 pathogenic mechanisms. Indeed, a study found that aged transgenic flies harboring G2019S or Y1699C LRRK2 variants exhibited DA neurodegeneration and concomitant locomotion deficits with a significant reduction in their climbing ability (Ng et al., 2009). Interestingly, Sim et al. identified through an unbiased RNAi-based phosphatase screen in the Drosophila LRRK2 G2019S mutant model that reduced expression of PP2A subunits in the flight muscles significantly delayed their locomotion ability in an age-dependent manner (Sim et al., 2019). This result proposed PP2A as a potential genetic modifier of LRRK2-induced toxicity. Intriguingly, they found that activation of PP2A mitigates dopaminergic dysfunction in this animal model as well as PP2A overexpression induced a reduction in LRRK2 phosphorylation at S1292, which was also reported by Reynolds et al. (2014). While these results remain to be confirmed in mammalian disease models, this study is consistent with the notion that the modulation of LRRK2 phosphorylation at S1292 via its phosphoregulators may affect pathological outcomes.

As a final note, measures of LRRK2 phosphorylation are regularly included in studies of PD animal models; therefore, including analysis of LRRK2 phosphorylation more systematically in future work in PD animal models is warranted.



Mechanistic Comprehension

Regarding mechanisms of the phenotypes of LRRK2 phosphorylation, a first obvious question is whether LRRK2's phosphorylation status affects its own catalytic activity. To investigate the links between LRRK2 phosphorylation and its kinase activity, phosphomutants are used (effect on the LRRK2 phosphorylation are summarized in Table 4). When testing for autophosphorylation activity of the S910A/S935A mutant, no change in S1292 autophosphorylation was observed in cells compared to WT (Reynolds et al., 2014). Other phosphorylation site mutants or combinations of phosphorylation site mutants from the S935 cluster on LRRK2 kinase activity remain to be tested. By contrast, the effect of phosphorylation site mutants at LRRK2 autophosphorylation sites has been tested as summarized in Table 3. Mutant S2032A, T2035A, and S2032A/T2035A showed a reduced autophosphorylation activity, assessed by in vitro autophosphorylation with 32P-labeled ATP (Li et al., 2010). The overall conclusion here is that specific LRRK2 phosphorylation sites may affect LRRK2 kinase activity. Conversely, there is not a uniform correlation between LRRK2 phosphorylation and its kinase activity.


Table 4. Reported phosphosite mutants of LRRK2.
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Besides kinase activity, GTP-binding and GTPase activity may also be influenced by LRRK2 phosphorylation levels. Of particular interest are the autophosphorylation sites that are clustered in and around the ROC GTPase domain and several sites map to G-box motifs that mediate GTP binding, which point to the possibility that autophosphorylation may affect GTPase functions (Webber et al., 2011; Taymans, 2012). In particular, some phosphomimetic mutants such as T1491D and T1503D showed impaired GTP binding, although GTP binding is unchanged for another phosphomimetic LRRK2 mutant, T1410D (Kamikawaji et al., 2009; Webber et al., 2011). Further work is warranted to establish the precise link between autophosphorylation and LRRK2 GTP-binding and GTPase activity. By extension, a potential role of heterologous phosphorylation sites of LRRK2 on its GTP-related functions cannot be excluded. Nevertheless, these remain to be examined.



Kinase Inhibition

As mentioned in section LRRK2 Phosphatases, pharmacological inhibition of LRRK2 kinase activity induces LRRK2 dephosphorylation. Moreover, the induction of LRRK2 ubiquitination has been observed after LRRK2 pharmacological kinase inhibition followed by decreased protein levels, due to proteasomal degradation (Zhao et al., 2015; Lobbestael et al., 2016). This suggests that one of the consequences of prolonged LRRK2 dephosphorylation at the S935 cluster may be LRRK2 degradation, although this effect may be tissue and condition specific. In rats, administration of LRRK2 kinase inhibitor PFE360 in food leads to a decrease of LRRK2 total protein level in the brain but not in lung (Kelly et al., 2018). In contrast, loss of LRRK2 protein level was not detected in mouse brain, consistent with results reported in other studies using MLi-2-treated mice (Fell et al., 2015). At the phenotypic level, LRRK2 kinase inhibitors induced abnormal cytoplasmic accumulation of secretory lysosome in the lungs but no change in the kidney in non-human primates (Fuji et al., 2015). Six hours of treatment with inhibitors of CK1α, an upstream kinase of the S935 cluster, induced dephosphorylation of S935 and protein destabilization. In fact, CK1α inhibition is able to destabilize LRRK2 mutant R1441G/I2020T and also mutant without ARM domain (De Wit et al., 2019).

While these data suggest the notion that LRRK2 dephosphorylation at S935 cluster may be a priming event for LRRK2 degradation, the reality of the mechanism is likely more complex. Loss of phosphorylation does not seem to be enough to destabilize the protein; LRRK2 dephosphomutant at six heterologous sites for S908A/910A/935A/955A/973A/976A does not show reduced basal expression levels, but this mutant is still degraded after 24 h of pharmacological inhibition in cell culture (De Wit et al., 2019). Other examples of discrepancies in LRRK2 expression in different conditions include KI mice for kinase dead variant of LRRK2, D1994S, that display decreased protein levels. However, those observations are not replicated in cells (Herzig et al., 2011). Also, R1441G and Y1699C mutants with low GTPase activity and reduced steady-state phosphorylation at the S935 cluster have an increased basal level of ubiquitination compared to the I2020T mutant that shows normal GTPase activity and increased kinase activity (De Wit et al., 2019). Pharmacological inhibition does not affect the ubiquitination level of those mutants and no destabilization is found after 48 h of kinase inhibitor treatment by MLi-2 or PFE-475. Ubiquitination level of those mutants can be restored with CalA. Intriguingly, the N-terminus sequence as well as S935 phosphosite of LRRK2 is involved in inhibitor-induced LRRK2 destabilization. Indeed, a truncated form of LRRK2 (170-kDa) that lacks the ARM domain is dephosphorylated on S1292 after kinase inhibition but not destabilized. Nevertheless, this version of LRRK2 does not present a phosphorylation at S935 (De Wit et al., 2019). Due to the LRRK2 protein destabilization observed in certain conditions after kinase inhibition, it should be noted that some of these phenotypes may correspond to phenotypes observed in LRRK2 KO animals. For instance, increased number and size of lysosomes in kidney proximal tubule cells and lamellar bodies in lung type II cells is found in LRRK2 KO mice (Herzig et al., 2011), while similar findings are made in LRRK2 KO rats (Baptista et al., 2013). Further research should be performed to further determine the hypothesized parallel between LRRK2 kinase inhibition and LRRK2 KO.




CONCLUSIONS/PERSPECTIVES

Advances in the study of LRRK2 highlight the importance of LRRK2 phosphorylation both in its normal physiological function and, as far as the brain data suggest, in its pathological effects, warranting further investigation of the consequences of LRRK2 phosphoregulation on its functions. In particular, further study of LRRK2 phosphoregulation itself as well as the pursuit of efforts to correlate LRRK2 phosphorylation to phenotypes in cells, in in vivo PD models as well as in PD patients would be very valuable. The high number of phosphorylation sites in LRRK2 results in a complex image of the links between LRRK2 phosphorylation and the protein's behavior. A better understanding of the regulation of LRRK2 phosphorylation therefore might result in new perspectives for treatment and diagnosis of PD.


Box 1. Box of outstanding issues.

• There is a need for an improved survey of LRRK2 phosphorylation sites in humans. LRRK2 phosphosites have often been discovered in experimental systems with LRRK2 overexpression. While some phosphosites have been confirmed under physiological conditions in cellular or in vivo models, relatively little has been done to confirm or detect new LRRK2 phosphosites in human tissues.

• In a similar fashion, the regulation of LRRK2 phosphorylation is regularly studied in overexpression conditions and there remains a need to confirm whether regulations found occur at the level of endogenously expressed proteins (both for LRRK2 and its phosphoregulators).

• While changes in LRRK2 phosphorylation levels have been described in disease, it remains an open question as to whether specific phosphorylation changes implicated in the disease mechanisms are biomarkers of disease or both. For instance, the finding that PD patients show S935-LRRK2 dephosphorylation in brain is in apparent contradiction to the same dephosphorylation induced by kinase inhibitors that are proposed as therapeutic agents in PD. Further work is needed to determine whether its level of phosphorylation is “healthy” or disease related and tissue/cell type specificity related.

• Related to this are apparent contradictions observed in model systems where phosphorylation changes in pathological conditions differ from one model to another. Such discrepant findings must be further explained in order to refine knowledge of what the phenotypes of LRRK2 phosphorylation are and develop better models to study consequences of LRRK2 phosphorylation changes.

• Advances in the mechanisms regulating LRRK2 phosphorylation have begun to reveal upstream kinases, phosphatases, and interaction partners involved in LRRK2 phosphoregulation and point to several instances of feedback mechanisms as well as interconnectedness between phosphoregulators. Further work is required to complete the list of LRRK2 phosphoregulators and fully elucidate the intricacies of the LRRK2 phosphoregulation complex.


Based on the current state of our understanding of LRRK2 phosphorylation, several issues can be discerned:
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Parkinson’s disease (PD) is the most common neurodegenerative movement disorder, characterized by prominent degeneration of dopaminergic neurons in the substantia nigra and aggregation of the protein α-synuclein within intraneuronal inclusions known as Lewy bodies. Ninety percent of PD cases are idiopathic while the remaining 10% are associated with gene mutations that affect cellular functions ranging from kinase activity to mitochondrial quality control, hinting at a multifactorial disease process. Mutations in LRRK2 and SNCA (the gene coding for α-synuclein) cause monogenic forms of autosomal dominant PD, and polymorphisms in either gene are also associated with increased risk of idiopathic PD. Although Lewy bodies are a defining neuropathological feature of PD, an appreciable subset of patients with LRRK2 mutations present with a clinical phenotype indistinguishable from idiopathic PD but lack Lewy pathology at autopsy, suggesting that LRRK2-mediated PD may occur independently of α-synuclein aggregation. Here, we examine whether LRRK2 and α-synuclein, as mediators of neurodegeneration in PD, exist in common or distinct pathways. Specifically, we review evidence from preclinical models and human neuropathological studies examining interactions between the two proteins. Elucidating the degree of interplay between LRRK2 and α-synuclein will be necessary for treatment stratification once effective targeted disease-modifying therapies are developed.
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INTRODUCTION

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder, affecting 1% of people over the age of 65 (Kalia and Lang, 2015). It is characterized by the selective loss of dopaminergic neurons of the substantia nigra pars compacta (SN) resulting in progressive motor impairment. PD can also be associated with a variety of non-motor symptoms, including cognitive, psychiatric, sleep, and autonomic difficulties, and thus is a heterogenous disorder. An effective diagnostic test has yet to be identified. Currently, patients are deemed to have PD if they have met a number of clinical diagnostic criteria, but definitive diagnosis is not possible without post-mortem histopathological assessment. The main pathological hallmarks of PD are the loss of dopaminergic neurons in the SN and the accumulation of α-synuclein into large insoluble aggregates called Lewy bodies (LB), which are primarily composed of phosphorylated α-synuclein, p62, ubiquitin, and dysmorphic organelles and lipid membranes (Spillantini et al., 1997; Kalia and Kalia, 2015; Chartier and Duyckaerts, 2018; Shahmoradian et al., 2019). It is a matter of debate whether these LB are neuroprotective or neurotoxic, but a prevailing hypothesis within the field is that smaller aggregates of α-synuclein, particularly oligomers and small fibrils, are the neurotoxic forms (Danzer et al., 2007; Karpinar et al., 2009; Winner et al., 2011; Kalia et al., 2013; Bengoa-Vergniory et al., 2017) and it has been shown that these forms are present at degenerating sites in the diseased brain (Sharon et al., 2003; Tofaris et al., 2003; Periquet et al., 2007).

Mutations in SNCA, the gene coding for α-synuclein, and LRRK2 are responsible for familial autosomal dominant PD (Polymeropoulos et al., 1997; Wszolek et al., 2004; Zimprich et al., 2004; Khan et al., 2005; Singleton, 2005). Studies have shown that the LRRK2 protein is present in LB, suggesting that LRRK2 and α-synuclein might interact with each other during the course of PD (Alegre-Abarrategui et al., 2008; Perry et al., 2008). However, PD patients with LRRK2 mutations do not always have typical PD pathology at autopsy. It is now well established that there is a subset of LRRK2-associated PD patients who do not display Lewy pathology but may have aggregates of other proteins, such as tau and TDP-43 (Zimprich et al., 2004; Ling et al., 2013; Kalia et al., 2015; Henderson et al., 2019b), suggesting that PD due to LRRK2 dysfunction may occur independently of α-synuclein aggregation.

In this review, we will examine the evidence from protein biochemistry, preclinical models, and human neuropathological studies for interactions between LRRK2 and α-synuclein (Figure 1) and discuss the role of these potential mechanisms in disease pathogenesis.
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FIGURE 1. Potential ways in which LRRK2 and α-synuclein act in PD. (A) LRRK2 and α-synuclein affect each other through a direct physical interaction. (B) LRRK2 and α-synuclein affect each other through an indirect physical interaction in which a mediator(s), such as a molecular chaperone(s), links the two proteins. (C) Both LRRK2 and α-synuclein act synergistically on targets within the same molecular pathway without interacting with each other. (D) LRRK2 and α-synuclein do not interact at all and each affect targets in distinct molecular pathways.




DIRECT INTERACTION OF LRRK2 AND α-SYNUCLEIN

LRRK2 is a large protein that belongs to the ROCO protein superfamily. It is a complex multi-domain protein with a Ras of complex (ROC) GTPase domain, C-terminal of ROC (COR) linker region, and serine/threonine kinase domain. In addition, the protein contains a N-terminal ankyrin domain, a leucine-rich repeat (LRR), and a C-terminal WD40 domain (Bosgraaf and Van Haastert, 2003; Guaitoli et al., 2016), which all serve as protein–protein interaction domains. At least eight pathogenic LRRK2 mutations (G2019S, R1441G/H/C, I2012T, Y1699C, I2020T, and N1437H) are associated with autosomal dominant PD (Paisan-Ruiz et al., 2004; Zimprich et al., 2004; Chen and Wu, 2018). Among these mutations, G2019S is the most prevalent (Kachergus et al., 2005; Cresto et al., 2019) and occurs in the kinase domain, resulting in an increase in the kinase activity of LRRK2 (West et al., 2007; Cookson, 2012; Chen and Wu, 2018). LRRK2 is capable of undergoing autophosphorylation and this property of LRRK2 has been used as a readout of its kinase activity (Greggio, 2012; Sheng et al., 2012). The LRRK2 kinase domain contains an activation P-loop with a DFG (conserved residues Asp–Phe–Gly)-APE motif which controls the kinase activity. The glycine residue in the motif is highly conserved and its small side chain makes the activation loop flexible. The G2019S mutation changes the highly conserved glycine in the DFG motif to serine (Kachergus et al., 2005; Greggio and Cookson, 2009). It is speculated that the serine substitution makes the activation loop less flexible, thus locking the kinase domain of LRRK2 in an active conformation (Greggio and Cookson, 2009). Increased kinase activity of mutated LRRK2 is associated with enhanced cell death in vitro (Greggio et al., 2006; Smith et al., 2006; West et al., 2007) and deletion of the kinase domain or reduced kinase activity in vitro and in vivo can ameliorate the toxic effects of LRRK2 (Greggio et al., 2006; Smith et al., 2006; Volpicelli-Daley et al., 2016). In addition, LRRK2 kinase activity is required for the pathogenic effects of the G2019S LRRK2 mutation in rats (Cookson et al., 2007; Tsika et al., 2015).

A direct protein–protein interaction between LRRK2 and α-synuclein would involve the physical contact of the two proteins, allowing one to directly regulate the function and/or activity of the other (Figure 1A). Under normal physiological conditions, α-synuclein is present as a monomer in the cytosol of neurons or is associated with various membranes and vesicular structures (Jakes et al., 1994; Kahle et al., 2000; Pineda and Burré, 2017; Meade et al., 2019). However, under certain stress conditions, or due to other unknown causes, α-synuclein self-aggregates into oligomers and later into fibrils that form LB (Conway et al., 1998; Meade et al., 2019). Approximately 90% of α-synuclein deposited in LB in PD patients is phosphorylated at S129 (Fujiwara et al., 2002; Anderson et al., 2006; Walker et al., 2013). Since LRRK2 is a serine-threonine kinase, it has been suggested that mutant G2019S LRRK2 can directly interact with and phosphorylate α-synuclein, resulting in α-synuclein aggregation which eventually leads to cell death (Qing et al., 2009; Guerreiro et al., 2013). LRRK2 was found to co-localize with phosphorylated α-synuclein in human PD brain samples (Guerreiro et al., 2013). However, only one study to date has demonstrated direct phosphorylation of α-synuclein by LRRK2 at S129 (Qing et al., 2009). There is little other evidence to support direct phosphorylation of α-synuclein by LRRK2. Indeed, some studies have shown that phosphorylated α-synuclein levels are decreased or unchanged in mutant LRRK2 expressing mice, demonstrating that α-synuclein is not a substrate for LRRK2 kinase activity in vivo (Lin et al., 2009; Dusonchet et al., 2011). Furthermore, kinase deletion in LRRK2 accelerated the pathological features in mutant A53T α-synuclein/LRRK2 kinase deletion double transgenic mice when compared to A53T α-synuclein/wild-type (WT) LRRK2 mice, suggesting that the kinase activity does not promote mutant A53T α-synuclein-mediated neuropathology (Lin et al., 2009). Several other kinases, such as G-protein coupled receptor kinases, casein kinases, and polo-like kinases, have been implicated in phosphorylating α-synuclein (Okochi et al., 2000; Chen and Feany, 2005; Waxman and Giasson, 2011; Braithwaite et al., 2012; Tenreiro et al., 2014). Taken together, there is limited evidence to support a direct physical interaction between LRRK2 and α-synuclein or direct phosphorylation of α-synuclein by LRRK2. To the best of our knowledge, there is no evidence to date that α-synuclein can directly modulate LRRK2 activity. In the following section, we will discuss in detail the potential indirect interactions that may mediate LRRK2-dependent α-synuclein aggregation and neurodegeneration in PD.



INDIRECT INTERACTION OF LRRK2 AND α-SYNUCLEIN

An indirect interaction between LRRK2 and α-synuclein, whereby they are common proteins in a larger complex, is a more likely scenario (Figure 1B). LRRK2 and α-synuclein have been co-immunoprecipitated from brain tissue extracts of human PD and dementia with Lewy body (DLB) patients, but not from age-matched control brains (Qing et al., 2009; Guerreiro et al., 2013). Both proteins have also been co-immunoprecipitated from transfected HEK293 cells under oxidative stress (Guerreiro et al., 2013). Studies have investigated the effect of overexpressing LRRK2 mutants on α-synuclein levels and aggregation in cell and transgenic animal models to determine if they do interact with each other. Increased kinase activity of mutant G2019S LRRK2 can induce a kinase-dependent increase in levels of phosphorylated α-synuclein, leading to its aggregation, and kinase inhibitors can prevent phosphorylated α-synuclein from forming protein inclusions (Volpicelli-Daley et al., 2016; Longo et al., 2017; Xiong et al., 2017). Transgenic mice and primary neurons expressing mutant G2019S LRRK2 showed an increase in neurodegeneration, somatic accumulation of α-synuclein, and aggregation in response to α-synuclein fibril exposure. These effects were not observed in mice and primary neurons expressing WT LRRK2 (Volpicelli-Daley et al., 2016; Bieri et al., 2019). These findings were replicated in human induced pluripotent stem cell (iPSC)-derived neurons from G2019S LRRK2 carriers. These iPSC-derived neurons showed enhanced α-synuclein aggregation in response to exposure to α-synuclein fibrils (Bieri et al., 2019). In A53T α-synuclein/G2019S LRRK2 double transgenic mice, G2019S LRRK2 expression exacerbated A53T α-synuclein-mediated neurodegeneration and abnormal aggregation. WT LRRK2 did not seem to have any effect on the progression of A53T α-synuclein-mediated pathology in these double transgenic animal models (Lin et al., 2009). Similarly, co-transfection of SH-SY5Y cells with mutant G2019S LRRK2 and α-synuclein resulted in cytotoxicity and showed an increase in protein inclusions as compared to cells transfected with α-synuclein alone (WT or mutant A53T) (Kondo et al., 2011). These studies point towards an association between G2019S LRRK2 expression and α-synuclein pathology. Therefore, it is not surprising that LRRK2 inhibition can ameliorate these pathological features in vitro and in vivo (Lin et al., 2009; Guerreiro et al., 2013; Daher et al., 2014, 2015; Volpicelli-Daley et al., 2016; Xiong et al., 2017). These studies clearly identify a role for LRRK2 in α-synuclein-mediated cytotoxicity. They also provide evidence for an interaction between LRRK2 and α-synuclein, but this interaction is likely indirect. Although the exact mechanism of the interaction remains to be elucidated, current evidence points toward molecular chaperones as potential intermediary proteins.


Chaperones

Molecular chaperones are a class of proteins that assist in protein folding and assembly of protein complexes, as well as in directing misfolded proteins to degradation pathways. Their central role in protein homeostasis, or proteostasis, makes their involvement in PD and other protein aggregation disorders an important area of research (Friesen et al., 2017). In recent years, the role of a subfamily called 14-3-3 proteins and their interactions with both α-synuclein and LRRK2 have been explored. 14-3-3 proteins represent 1% of total brain protein and have roles in a wide variety of neuronal functions, including control over cell death pathways (Dougherty and Morrison, 2004). 14-3-3 proteins share structural homology with α-synuclein and can also become sequestered in LB (Ostrerova et al., 1999; Kawamoto et al., 2002). 14-3-3 proteins are strong interactors with phosphorylated α-synuclein, which may explain why they are sequestered in LB where they can no longer exert an anti-apoptotic effect (McFarland et al., 2008). Expression of human 14-3-3θ or the Caenorhabditis elegans homolog, ftt-2, was capable of protecting dopaminergic neurons from α-synuclein-mediated toxicity in a transgenic C. elegans model (Yacoubian et al., 2010). One transgenic mouse model overexpressing α-synuclein showed a reduction in expression of 14-3-3θ, γ, and ε (Yacoubian et al., 2010). Another study showed that 14-3-3θ promotes the extracellular release of α-synuclein, but the released α-synuclein is less toxic and shows reduced oligomerization, seeding capability, and internalization. Conversely, 14-3-3 inhibition reduces the amount of α-synuclein released, yet the released α-synuclein is more toxic (Wang et al., 2018).

Interactions between LRRK2 and 14-3-3 proteins have also been well studied. It has been reported that LRRK2 binds to different isoforms of the 14-3-3 family upon auto-phosphorylation of LRRK2 at residues S910 and S935 (Dzamko et al., 2010). Thus, LRRK2 kinase activity may directly modulate binding of 14-3-3 proteins to LRRK2. Indeed, several of the common LRRK2 mutations show decreased phosphorylation at S910 and S935 in cell lines which is associated with disruption of the interaction between the two proteins (Nichols et al., 2010). PAK6 can phosphorylate 14-3-3γ at its S59 residue, which can promote dissociation from LRRK2 (Civiero et al., 2017). Disruption of the LRRK2-14-3-3 interaction alters LRRK2 localization within the cell (Mamais et al., 2014), whereas 14-3-3 binding to LRRK2 prevents dephosphorylation of LRRK2, stabilizing it in its active state (Civiero et al., 2017). Both LRRK2 and α-synuclein have been found in complexes with 14-3-3 proteins (Xu et al., 2002; Dzamko et al., 2010), and thus it is an attractive hypothesis that 14-3-3 proteins may act as an intermediary in an indirect interaction between LRRK2 and α-synuclein but further investigation is required before one can draw this conclusion.

The heat shock proteins, Hsp70 and Hsp90, are additional molecular chaperones that interact with both α-synuclein and LRRK2. Both of these chaperones have been identified as components of LB (McLean et al., 2002; Leverenz et al., 2007). HSP70 expression has been shown to prevent dopaminergic cell death in a Drosophila model of α-synuclein toxicity (Auluck et al., 2002; Fan et al., 2006), and overexpression of rat HSP70 reduces α-synuclein aggregation and toxicity in a mouse model overexpressing human α-synuclein (Klucken et al., 2004). These effects may be mediated by another chaperone called C-terminus of HSP70 interacting protein (CHIP). CHIP contains an N-terminal tetratricopeptide (TPR) domain which mediates its interaction with HSP70 and HSP90, as well as a U-box domain which confers E3 ligase activity (Ballinger et al., 1999). CHIP, HSP70, and α-synuclein form a complex in cultured cells, and overexpression of CHIP increases clearance of α-synuclein from cells, while knockdown of CHIP results in increases in the cellular load of oligomeric α-synuclein (Shin et al., 2005; Kalia et al., 2011). CHIP overexpression in vivo also appears to have protective effects as it reduces α-synuclein aggregation in rat brain (Dimant et al., 2014). CHIP can interact with LRRK2 in a TPR domain-dependent manner and ubiquitination of LRRK2 by CHIP in vitro causes proteasomal degradation of LRRK2 (Ko et al., 2009; Rudenko et al., 2017). The CHIP-LRRK2 interaction is mediated by HSP70 and/or HSP90 and, in this complex, HSP90 can interact with LRRK2 to mitigate CHIP-mediated degradation of LRRK2 (Ding and Goldberg, 2009; Ko et al., 2009). These results show that increasing the E3 ligase activity of CHIP and blocking HSP90 chaperone activity can increase LRRK2 degradation and mediate the toxic effects of overactive LRRK2. Interestingly, increased degradation of LRRK2 may be associated with an increased risk of disease. The G2385R LRRK2 mutation is a risk factor for PD and displays an increased affinity for CHIP, resulting in an increase in proteasomal degradation of LRRK2 (Rudenko et al., 2017). These data highlight the fine equilibrium that exists in maintaining LRRK2 activity above a certain minimum, but below a maximum threshold to prevent pathogenic activity.

Chaperones provide an intriguing link between LRRK2, α-synuclein, and protein degradation. However, evidence that they may act as intermediaries facilitating an indirect interaction between the proteins is limited. The Bcl-2 associated athanogene (BAG) family of proteins are known to regulate the activity of heat shock proteins and 14-3-3 proteins, and have been implicated in PD pathogenesis (Ebrahimi-Fakhari et al., 2011; Kalia et al., 2011; Friesen et al., 2017). BAG5 has been nominated as a LRRK2 interactor, and it has been shown that BAG proteins are involved in the stabilization of LRRK2 binding pairs (Zheng et al., 2008; Xu et al., 2013; Beilina et al., 2014) and α-synuclein interactions with BAG proteins are well categorized (Kalia et al., 2011; Cao et al., 2017). Thus, molecular chaperones may act together to modulate both LRRK2 and α-synuclein under certain conditions. It is conceivable that the chaperone system may act as an intermediate, facilitating the degradation of both proteins under certain disease circumstances. Molecular chaperones may mediate interactions between LRRK2 and α-synuclein to promote their degradation under conditions where both proteins are dysfunctional, and defects in this system could lead to decreases in degradation and accumulation of α-synuclein or increased kinase activity of LRRK2. Further investigation is required to confirm these possibilities, but it is perhaps more likely that the two proteins converge on common pathways, such as protein degradation (Figure 1C). We will examine more well-defined common cellular pathways which may impact LRRK2-mediated accumulation of α-synuclein below (see section “Convergent Mechanisms”).



Cell-to-Cell Transmission of α-Synuclein

Previously, α-synuclein was considered as a cell autonomous protein in that its cytotoxicity was thought to be restricted to the cell within which it aggregates. However, accumulating evidence suggests that α-synuclein from an affected cell can be released into the extracellular space and taken up by recipient cells, including neighboring neurons and glia (Volpicelli-Daley et al., 2011; Lee et al., 2012; Reyes et al., 2015; Lim et al., 2018). When small aggregates are taken up by recipient neurons, they can act as seeds for α-synuclein monomers leading to their aggregation and subsequent formation of protein inclusions in recipient neurons (Lee et al., 2010; Hansen et al., 2011; Kordower et al., 2011; Angot et al., 2012). Two studies showed that α-synuclein aggregates, similar to LB, were found in grafted neurons of PD patients transplanted with fetal mesencephalic dopaminergic neurons (Kordower et al., 2008; Li et al., 2008). Neuron-to-neuron transmission of α-synuclein could be one mechanism that explains these findings. Spread of α-synuclein could also possibly explain the Braak hypothesis that Lewy pathology in PD patients undergoes a predictable distribution pattern starting in the lower brainstem and olfactory bulbs in prodromal disease, progressing to the midbrain region at disease diagnosis, and eventually reaching cortical regions at later disease stages (Braak et al., 2003). A transmission of α-synuclein from diseased to non-diseased neurons could be the underlying mechanism of PD progression.

Studies have demonstrated that LRRK2 can regulate cell-to-cell transmission of α-synuclein (Kondo et al., 2011; Volpicelli-Daley et al., 2016). In support of this, one interesting study demonstrated the transmission of vesicles containing α-synuclein to neighboring neurons through conditioned media. This transmission of vesicles containing α-synuclein was enhanced in SH-SY5Y cells transfected with G2019S LRRK2 as compared to WT LRRK2 or α-synuclein alone. Levels of α-synuclein were also increased in conditioned media of cells transfected with G2019S LRRK2 as compared to controls (Kondo et al., 2011). Rab proteins provide an interesting link between LRRK2 and the propagation of α-synuclein. Rabs are a family of G proteins which are members of the Ras superfamily of proteins. They are commonly accepted as the main substrates of LRRK2 (Steger et al., 2016, 2017; Jeong et al., 2018; Pfeffer, 2018; Seol et al., 2019) and are known as the gatekeepers of membrane trafficking within the cell, regulating vesicle formation, movement along actin and tubulin cytoskeletons, and docking and fusion with other vesicles and organelles (Hutagalung and Novick, 2011; Bhuin and Roy, 2014; Zhen and Stenmark, 2015). Increased phosphorylation of Rabs by overexpressed LRRK2 mutants disturbs the interaction of Rabs with their substrates (Steger et al., 2016; Jeong et al., 2018). Dysregulation of Rabs can alter the endosome-lysosomal (E-L) pathway which degrades α-synuclein aggregates after being taken up by recipient neurons (Bourdenx et al., 2014). Therefore, it is tempting to speculate that this would in turn divert the α-synuclein aggregates to exocytosis leading to cell-to-cell transmission (Figure 2). Rab35 plays an important role in regulating endosomal trafficking and recycling (Donaldson et al., 2016; Song and Testa, 2018). A recent study demonstrated that phosphorylation of Rab35 by mutant LRRK2 is essential for LRRK2-stimulated α-synuclein propagation (Bae et al., 2018). Specifically, phospho-null Rab35 was shown to reduce α-synuclein propagation in C. elegans, and α-synuclein and Rab35-positive endosomes were found to co-localize in α-synuclein transgenic mice (Bae et al., 2018). Using a phosphomimetic mutant of Rab35, phosphorylation of Rab35 was found to be associated with neurotoxicity in primary cortical neurons. Similarly, AAV-mediated expression of the Rab35 phosphomimetic in the SN of rats resulted in substantially increased degeneration of dopaminergic neurons (Jeong et al., 2018). Increased Rab 35 expression in vitro has been shown to increase the aggregation of A53T α-synuclein (Chiu et al., 2016). Increased Rab35 levels have been found in PD mouse models, including the G2019S LRRK2 transgenic model, as well as in human PD post-mortem brains compared to age-matched controls (Chiu et al., 2016). Collectively, these studies suggest Rab35 is a potential link between LRRK2 mutants and α-synuclein propagation, lending weight to the hypothesis that dysfunction in the E-L system due to Rab phosphorylation by LRRK2 mutants may be important for the cell-to-cell transmission of α-synuclein. Dysregulation of another Rab protein, Rab7L1 (Rab29), by mutant LRRK2 has also been linked to PD through dysregulation of E-L trafficking (Simón-Sánchez et al., 2009; MacLeod et al., 2013; Beilina et al., 2014; Kuwahara et al., 2016; Tang, 2017; Liu et al., 2018). The Rab7L1 gene has been a nominated as a candidate gene within the chromosome 1 locus identified by genome-wide association study (GWAS) for increased risk of PD (Simón-Sánchez et al., 2009). It is not clear yet if this interaction between LRRK2 and Rab7LI could eventually result in α-synuclein aggregation and transmission, but it will be discussed further in the context of autophagy below.
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FIGURE 2. Contribution of mutant LRRK2 to cell-to-cell transmission of α-synuclein. Increased kinase activity of mutant LRRK2 can phosphorylate Rab35 affecting its interaction with its substrates, and eventually preventing the endosome-lysosmal degradation of α-synuclein aggregates. This in turn can increase the mobile cytosolic pools of α-synuclein aggregate seeds which can get released into the extracellular space in exosomes. These seeds can then be taken up into the cytosol of neighboring neurons where they can promote aggregation of α-synuclein monomers into oligomers and fibrils.





CONVERGENT MECHANISMS


Autophagy-Lysosomal Pathway

Autophagy is the process by which a cell can remove unnecessary or dysfunctional components, including misfolded proteins and damaged organelles via the lysosome. There are three main types of autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA). Macroautophagy involves the formation of double membraned vesicles, called autophagosomes, around portions of the cytoplasm which later fuse with lysosomes resulting in the degradation of their contents (Ravikumar et al., 2009). Microautophagy is mediated directly by the lysosome, which engulfs small portions of cytosolic components in a process of membrane invagination (Müller et al., 2000). As the name suggests, CMA is dependent on chaperones, such as heat shock cognate 70 (Hsc70), which bind target proteins containing a KFERQ motif and directly shuttle them across the lysosomal membrane by interaction with the lysosomal receptor, LAMP2a, excluding the requirement for the formation of additional vesicles (Massey et al., 2004). Defects in the autophagy systems have been observed in PD patient brains, and levels of LAMP2a and Hsc70 have been shown to be decreased within the SN (Chu et al., 2009; Alvarez-Erviti et al., 2010; Dehay et al., 2010). There is substantial evidence to suggest that the dysfunctional autophagy seen in patient brains could be due to accumulation of α-synuclein and/or an increase in the kinase activity of LRRK2, as discussed below (Figure 3).


[image: image]

FIGURE 3. Effects of LRRK2 and α-synuclein on the autophagy-lysosomal pathway. This is an example of how LRRK2 and α-synuclein can have convergent mechanisms with both affecting the autophagy-lysosomal system but each acting on different targets within the system. Mutant or aggregated α-synuclein can block CMA and autophagosome formation, while mutant LRRK2 can also block CMA, disrupt mitophagy or delay autophagosome trafficking.



α-Synuclein

α-Synuclein contains a CMA recognition motif and is partially degraded in a CMA-dependent manner in isolated liver lysosomes, cell lines, neurons, and in vivo (Webb et al., 2003; Cuervo et al., 2004; Lee et al., 2004; Mak et al., 2010). Mutant and aggregated forms of α-synuclein cannot be efficiently degraded by the lysosome, as they bind to LAMP2a blocking CMA (Cuervo et al., 2004; Lee et al., 2004). This effect has been demonstrated in primary neurons (Vogiatzi et al., 2008). Interestingly, dopamine modified α-synuclein further inhibits CMA, which may help explain the selective vulnerability of dopaminergic neurons in PD (Martinez-Vicente et al., 2008). Blocking expression of LAMP2a results in compensatory upregulation of macroautophagy, but α-synuclein accumulation has also been shown to negatively affect this process by blockage of autophagosome formation (Massey et al., 2006; Winslow et al., 2010). VPS35 is another protein in which mutations are associated with PD, and it has been shown to be critical for retrieval of LAMP2a from the endosome to the Golgi, and defects in this system can result in α-synuclein aggregation in dopaminergic neurons (Tang et al., 2015). Enhancement of autophagy has also been shown to induce clearance of aggregated α-synuclein in vitro and in vivo, supporting the notion that targeting this pathway may be a therapeutic approach for disease modification in PD (Moors et al., 2017; Suresh et al., 2017, 2018).



LRRK2

LRRK2 also contains several CMA targeting motifs, and it has been shown that knockdown of LAMP2a is associated with reduction of LRRK2 degradation to ∼50% of normal levels, resulting in increased intracellular levels of LRRK2. Conversely, mutant LRRK2 can block CMA by inhibiting LAMP2a (Orenstein et al., 2013). LRRK2 has been shown to regulate lysosomal protein trafficking and morphology, and fibroblasts from PD patients with LRRK2-related PD mutations show altered lysosomal morphology due to the increased influx of Ca2+ into the lysosome (Marchant and Patel, 2015). This effect can be reversed by inhibiting the two-pore calcium channels present on all acidic vesicles (endosomes and lysosomes) of the E-L system (Hockey et al., 2015; Kuwahara et al., 2016; Eguchi et al., 2018). LRRK2 knockout (KO) mice show defective protein clearance and increased accumulation of α-synuclein, resulting in increases in apoptotic cell death and oxidative damage (Tong et al., 2010). Overexpression of G2019S LRRK2 has also been associated with reduced degradation capacity and enlarged lysosomes in astrocytes, an effect which is directly related to the kinase activity of LRRK2 (Henry et al., 2015). Primary neurons cultured from G2019S LRRK2 knock-in mice showed significant changes in lysosomal morphology and acidification, resulting in decreased autophagic flux and a subsequent accumulation of insoluble α-synuclein; these effects could be reversed by inhibition of LRRK2 kinase activity (Schapansky et al., 2018). Other studies have shown that LRRK2 KO induces autophagy which suggests that the interaction of LRRK2 with the autophagy machinery is nuanced. As mentioned above, the best studied link between LRRK2 and the E-L system with respect to a role in PD is the phosphorylation of Rab proteins. Fourteen Rab family members have been identified to be phosphorylated by LRRK2 in their switch-II domains (Steger et al., 2016, 2017). Some of these Rabs, including Rab3a and Rab8a, promote vesicular trafficking from the ER to the Golgi apparatus which has been shown to reduce cytotoxicity associated with accumulation of α-synuclein in PD models (Gitler et al., 2008).

One of the most interesting connections between LRRK2 and the Rab proteins of the E-L system is Rab7. Rab7 plays a central role in the maturation of the autophagosome, as well as early-to-late endosomes (Jager et al., 2004). Mutant LRRK2 causes a delay in early-to-late and late endosomal trafficking, and fibroblasts from PD patients with pathogenic LRRK2 mutations show decreased Rab7 activity compared to healthy controls (Gomez-Suaga et al., 2014). Rab7 also provides a link between LRRK2 and α-synuclein, as Rab7 increased the clearance of α-synuclein aggregates, reduced cell death, and rescued locomotor deficits in α-synuclein transgenic Drosophila (Dinter et al., 2016). Nuclear factor erythroid-2 related factor (Nrf2) is an antioxidant gene thought to be a potential therapeutic target for neurodegeneration (Shih et al., 2003). Activation of Nrf2 reduces toxicity associated with LRRK2 and α-synuclein by enhancing the accumulation of LRRK2 in inclusion bodies, and subsequently decreasing its activity in other parts of the neuron (Skibinski et al., 2017). These data highlight the possibility that mutant LRRK2 acts as a negative regulator of autophagy, and this leads to an accumulation of α-synuclein in dopaminergic neurons. In a feedback loop, α-synuclein itself disrupts the normal function of the E-L system and further α-synuclein accumulation occurs.



Glucocerebrosidase

Lysosomes are the endpoint of the autophagy-lysosomal pathway and serve as the main degradative component of the cell. Lysosomes have a low pH (4.5–5.5) which is established by the vacuolar H+-ATPase. This acidic environment provides optimal conditions for the action of degradative hydrolases which break down a vast array of macromolecules into base components of amino acids, fatty acids, and monosaccharides for export back into the cytosol for recycling (Perera and Zoncu, 2016). Defects in lysosomal function result in lysosomal storage disorders, a number of which are characterized by progressive neurodegeneration (Osellame and Duchen, 2014). One of the most common lysosomal storage disorders is Gaucher disease, and this results from the homozygous loss of function of the lysosomal enzyme β-glucocerebrosidase (GCase), and the subsequent accumulation of glucosylceramide (Brady et al., 1965; Stirnemann et al., 2017). Interestingly, Gaucher patients as well as carriers of heterozygous mutations in GBA, the gene that encodes GCase, are at increased risk of developing PD (Tayebi et al., 2001; Goker-Alpan et al., 2004; Sidransky et al., 2009; Platt, 2014; Gan-Or et al., 2015). There is accumulating evidence that build-up of glycosphingolipids due to dysfunction of GCase can also increase α-synuclein accumulation (Taguchi et al., 2017; Kim et al., 2018). Indeed, accumulation of glucosylceramide is sufficient to promote the formation and stabilization of oligomeric α-synuclein intermediates in primary cultures of human iPSC (Mazzulli et al., 2011). Knockdown of GCase in rat brain was shown to induce the accumulation of α-synuclein in the striatum (Du et al., 2015). Knockdown of GCase was also associated with decreased expression of the autophagy pathway component Beclin 1, and this effect was regulated through inactivation of protein phosphatase 2A (Du et al., 2015). These data highlight the possibility that decreases in lysosomal enzymes can initiate a feedback loop in which autophagy can be inhibited upstream of lysosomal activity. Recent work has shown that GCase activity is decreased in neurons derived from PD patients with LRRK2 mutations (Ysselstein et al., 2019). However, an earlier study found that patients with G2019S LRRK2 mutations showed increased GCase activity in dried blood spots as compared to healthy controls or patients with other LRRK2 mutations, suggesting that G2019S LRRK2 mutations may be associated with a distinct pathological mechanism (Alcalay et al., 2015). Pharmacological activation of GCase can stimulate the clearance of α-synuclein and restoration of lysosomal function in iPSC-derived human midbrain dopamine neurons from patients with GBA-related PD or idiopathic PD (Mazzulli et al., 2016). Inhibition of LRRK2 kinase activity was found to increase GCase activity in dopaminergic neurons derived from patients with either LRRK2 or GBA mutations, and this increase partially reduced accumulation of α-synuclein in these neurons (Ysselstein et al., 2019). This effect was mediated through the LRRK2 substrate Rab10. Increased LRRK2 kinase activity increases Rab10 phosphorylation at Y307, inactivating Rab10 protein function and resulting in a subsequent decrease in GCase activity, an effect that could be partially reversed with a small molecule LRRK2 kinase inhibitor. It has previously been shown that α-synuclein inhibits the lysosomal activity of GCase in neurons and brain tissue of idiopathic PD patients (Mazzulli et al., 2011). These data provide convincing evidence that the lysosome provides a convergent organelle where dysfunctional LRRK2 and/or α-synuclein can have destructive effects on lysosome function, and lead to the degeneration of neurons as seen in PD. Dysfunctions in this system may also explain the susceptibility of dopaminergic neurons, as VPS35 and LRRK2 are important for vesicular trafficking and dysfunction in these proteins may lead to mistargeting of the dopamine transporter, DAT, giving rise to aberrant dopamine metabolism and oxidation (Oaks et al., 2013). Oxidized dopamine is known to reduce GCase activity (Burbulla et al., 2017), strengthening a negative feedback loop, making dopaminergic neurons uniquely susceptible to degeneration.




Mitochondria


Mitochondrial Function

Mitochondria are vital organelles, which perform a myriad of functions including ATP production (Saraste, 1999), cell signaling (Weinberg et al., 2010), and control of apoptotic cell death (Peña-Blanco and García-Sáez, 2018). Dysfunctional mitochondria were first linked to PD by the observation that people who took opioid analogs contaminated with MPTP developed PD-like symptoms and showed degeneration of dopaminergic neurons in the SN (Langston et al., 1983). This was followed by post-mortem studies demonstrating that PD patients have a deficiency in complex I activity in the SN (Keeney et al., 2006) and frontal cortex (Parker et al., 2008). More recently, a number of genes encoding proteins which are responsible for autosomal recessive PD have been identified, including Parkin, PINK1, and DJ-1, all of which are involved in mitochondrial quality control by inducing clearance of dysfunctional mitochondria, a process known as mitophagy (Narendra et al., 2008, 2010; Vives-Bauza et al., 2010; McCoy and Cookson, 2012). Thus, it appears that individual subtle effects on mitochondrial function may have a cumulative effect resulting in selective neurodegeneration. There is growing evidence that LRRK2 and α-synuclein may be involved in the maintenance of normal mitochondrial function, and perturbation in either, or both, may help to explain the mitochondrial dysfunction associated with PD.

There is ample evidence to suggest that abnormal α-synuclein expression has deleterious effects on mitochondrial function. The N-terminus of α-synuclein has a mitochondrial inner membrane targeting sequence, where it interacts with complex I resulting in a decrease in complex I activity in vitro and in vivo, an effect which is exacerbated by overexpression of the mutant A53T form of the protein (Devi et al., 2008; Chinta et al., 2010). Aggregated α-synuclein binds directly to and inhibits the activity of translocase of the outer membrane 20 (TOM20) resulting in defective mitochondrial protein import (Di Maio et al., 2016). Other notable effects seen with overexpression in model systems include decreased mitochondrial membrane potential, decreased ATP production, and increased oxidative stress and subsequent enhanced reactive oxygen species (ROS) production (Sarafian et al., 2013; Melo et al., 2017; Grassi et al., 2018; Ludtmann et al., 2018). Accumulation of phosphorylated α-synuclein also causes defects in neuronal respiration (Wang et al., 2019). Similarly, mounting evidence suggests that LRRK2 is important for correct mitochondrial function, and around 10% of the protein localizes to the mitochondrial fraction (West et al., 2005; Biskup et al., 2006). Animal models overexpressing G2019S LRRK2 show mitochondrial abnormalities (Ramonet et al., 2011; Yue et al., 2015), and cellular models show increased ROS, increased mitochondrial fragmentation, and increased mitophagy leading to depletion of dendritic mitochondria (Niu et al., 2012; Bahnassawy et al., 2013; Cherra et al., 2013). Fibroblasts and iPSCs derived from PD patients with LRRK2 mutations also show impairment in general mitochondrial function, including increased oxidative damage, reduced mitochondrial membrane potential, and reduced ATP production (Mortiboys et al., 2010; Sanders et al., 2014).

Despite the evidence that accumulation of α-synuclein or mutations in LRRK2 result in mitochondrial dysfunction in distinct models, the evidence that they act together is less well substantiated. Mice overexpressing α-synuclein are more susceptible to MPTP induced dopaminergic neurotoxicity (Song et al., 2004), similar to G2019S LRRK2 overexpressing mice (Karuppagounder et al., 2016) and flies, which show decreased lifespan and sensitivity in response to rotenone (another complex I inhibitor) (Ng et al., 2009). These results show that LRRK2 and α-synuclein can directly affect activity of the electron transport chain, particularly through complex I. As of yet, the evidence for them working in concert is sparse, but further investigation is warranted into how they may work together to regulate mitochondrial bioenergetics.



Mitochondrial Dynamics

Mitochondrial dynamics refers to the processes of mitochondrial transport, fission, and fusion. It is possible that LRRK2 and α-synuclein may interact in the disruption of this tightly controlled process, which is vital for transport of mitochondria to areas of high energy requirements such as the synapse, and maintenance of a healthy mitochondrial network (Gilad et al., 2008). Mitochondrial fission and fusion are controlled by four large GTPases which are highly conserved from yeast to mammals: mitofusins Mfn1 and Mfn2 for outer membrane fusion, Opa1 for inner membrane fusion, and Drp1 for the fission process (Otera and Mihara, 2011). Under normal physiological conditions, these proteins respond to changes in the cellular microenvironment to ensure a dynamic, interconnected mitochondrial network which meets the energy demands of the cell. However, slight perturbations in neuronal homeostasis can disrupt this machinery and lead to fragmented, punctate mitochondria or elongated reticular mitochondria. Overexpression of WT or mutant α-synuclein in vitro and in vivo alters mitochondrial fusion dynamics, resulting in rounded, fragmented mitochondria, and this effect can occur in the absence of the fission protein Drp1 (Martin et al., 2006; Nakamura et al., 2011; Xie and Chung, 2012; O’Hara et al., 2019). Indeed, the development of fragmented mitochondria, along with mitophagy marker-positive cytoplasmic inclusions containing mainly mitochondrial remnants, preceded the loss of dopaminergic neurons in an A53T α-synuclein mouse model (Chen et al., 2015). Mitochondrial fragmentation was found to require a direct interaction between α-synuclein and the outer mitochondrial membrane in iPSCs overexpressing α-synuclein (Pozo Devoto et al., 2017). Further evidence showed a specific pathogenic confirmation of α-synuclein, termed pα-syn∗, induces mitochondrial depolarization and fragmentation after association with mitochondria (Grassi et al., 2018).

Overexpression of LRRK2 has been shown to elicit mitochondrial fragmentation, along with increased mitochondrial localization of Drp1. These effects are enhanced with expression of mutant forms of LRRK2 and are dependent on kinase activity, but not through direct phosphorylation of Drp1 at S616 or S637, the two best studied sites involved in mediating Drp1 translocation (Wang et al., 2012). Fibroblasts from PD patients with the G2019S LRRK2 mutation also show mitochondrial fragmentation and Drp1 translocation to the mitochondria (Niu et al., 2012; Grunewald et al., 2014). Interestingly, this effect is mediated by direct phosphorylation of Drp1 by LRRK2 at a different site, T595 (Su and Qi, 2013). A more recent study identified a novel LRRK2 variant (E193K) in an Italian family, and showed that fibroblasts cultured from these patients with PD had reduced LRRK2-Drp1 binding after treatment with MPP+, and this impacted mitochondrial fission (Perez Carrion et al., 2018). It should also be noted that fibroblasts derived from a PD patient carrying the G2019S LRRK2 mutation had an elongated mitochondrial network, but the majority of studies showed the opposite effect (Mortiboys et al., 2010). Finally, another study using fibroblasts from G2019S LRRK2 PD patients and non-manifesting carriers showed that the cells from PD patients had compromised bioenergetic function and an inefficient response to bioenergetic challenge, leading to dysfunctional mitochondrial dynamics (Juarez-Flores et al., 2018). Taken together, these data suggest that LRRK2 and α-synuclein can have direct and/or indirect effects on mitochondrial dynamics. As of yet, there is little experimental evidence to explain how and if the proteins act synergistically, but it is feasible to hypothesize such a scenario. In α-synuclein-mediated PD, α-synuclein accumulation leads to complex I inhibition and subsequent increase in ROS generation (Junn and Mouradian, 2002). ROS signaling activates LRRK2, as indicated by phosphorylation of S1292, and LRRK2 then phosphorylates Rab10 at T73, inhibiting its function, leading to impaired E-L trafficking (Di Maio et al., 2018). This results in further accumulation of α-synuclein, decreased mitochondrial import by inhibition of TOM20, and decreased mitochondrial fusion as a result of the cleavage of Opa1 by Oma1 in response to decreased mitochondrial membrane potential (Zhang et al., 2014). In LRRK2-mediated PD, this cycle could begin with increased phosphorylation of LRRK2 substrates. Much work is needed to show if these hypothetical scenarios have any basis in disease, but there is little doubt that these proteins interfere with the core systems of mitochondrial bioenergetics and dynamics in disease states, and that disruptions in these systems may overwhelm the capacity of mitochondria to compensate for additional insults.



Mitophagy

Mitophagy is a type of macroautophagy that involves the selective clearance of dysfunctional mitochondria to maintain mitochondrial homeostasis. Defective mitophagy is widely associated with PD as mutations in two genes essential for the process, Parkin and PINK1, cause autosomal recessive PD and are also associated with idiopathic PD (Cookson, 2012). Some evidence supports the notion that LRRK2 and α-synuclein may also impact mitophagy. In A53T α-synuclein overexpressing mice, α-synuclein accumulates on the mitochondria and causes an increase in mitophagy and neuronal death, although this effect appears to be mediated through a Parkin-dependent pathway (Choubey et al., 2011). Miro is a mitochondrial adaptor protein, important for trafficking of mitochondria along the microtubule network but is removed from damaged mitochondria to facilitate mitochondrial clearance through mitophagy (Lee and Lu, 2014). α-Synuclein interacts with Miro via its N-terminus, resulting in an upregulation in Miro expression and accumulation on the mitochondria, leading to defective mitophagy. This effect can be rescued by partial reduction of Miro protein expression in human neurons and Drosophila (Shaltouki et al., 2018). LRRK2 has also been shown to interact with Miro in iPSC-derived neurons, where it contributed to Miro removal from mitochondria allowing mitophagy to proceed (Hsieh et al., 2016). Cells harboring the G2019S LRRK2 mutation showed delayed mitophagy initiation, while knockdown of Miro was sufficient to rescue the defects in mitophagy caused by G2019S LRRK2 (Hsieh et al., 2016). These studies open up the possibility that LRRK2 and α-synuclein interact through control of Miro expression and removal from mitochondria to alter the rate of mitophagy in damaged mitochondria (Figure 3).




Tau

Tau is a microtubule associated protein which has a primary function in maintaining microtubule assembly but is also known to aggregate into neurofibrilliary tangles (NFT) in some neurodegenerative diseases, such as Alzheimer’s disease and PD (Gao et al., 2018). Tau contained in NFT is hyperphosphorylated and there is some evidence to suggest that LRRK2 and α-synuclein may play a role in the phosphorylation and subsequent accumulation of tau. α-Synuclein and hyperphosphorylated tau are co-localized in LB in brain tissue from PD and DLB patients and further studies have shown a direct interaction between the two proteins (Ishizawa et al., 2003; Esposito et al., 2007). Treatment of cultured cells and WT mice with MPTP results in increased phosphorylation of tau at S262, S396, and S404, but this effect was not seen in α-synuclein KO mice (Duka et al., 2006). LRRK2 may directly phosphorylate tubulin associated tau but not free tau (Kawakami et al., 2012). Studies have shown that levels of phosphorylated tau are increased in G2019S or R1441G LRRK2 transgenic mice, and tau phosphorylation is decreased in LRRK2 KO mice. Human patients with G2019S LRRK2 mutations have NFT with hyperphosphorylated tau (Gillardon, 2009; Li et al., 2009; Melrose et al., 2010; Ruffmann et al., 2012). It is unlikely that LRRK2 and α-synuclein facilitate the increased phosphorylation of tau directly in disease states, so it stands to reason that an intermediate substrate may facilitate this phosphorylation. Rab GTPases provide one such link as the G2019S mutation in LRRK2 enhances propagation of α-synuclein in C. elegans through increased phosphorylation of Rab35, and Rab35 plays a central role in a pathway which is essential for tau degradation (Bae et al., 2018; Vaz-Silva et al., 2018). Interestingly, G2019S LRRK2 transgenic mice also show increased neuron-to-neuron tau transmission (Nguyen et al., 2018). Another possible intermediate is GSK-3β, a kinase known to be responsible for the α-synuclein-dependent phosphorylation of tau (Duka et al., 2009). α-Synuclein binds directly to GSK-3β and forms a tripartite complex with tau in vitro, which initiates the phosphorylation of tau (Kawakami et al., 2011). LRRK2 also interacts with GSK-3β, and this interaction enhances the kinase activity of GSK-3β in vitro via a mechanism that is not dependent on LRRK2 kinase activity (Kawakami et al., 2014). G2019S LRRK2 has a higher binding affinity for GSK-3β than WT LRRK2, and it has also been shown that transgenic G2019S LRRK2 Drosophila neurons exhibit GSK-3β-mediated hyperphosphorylation of tau (Lin et al., 2010; Kawakami et al., 2012). The above evidence demonstrates that both LRRK2 and α-synuclein may mediate phosphorylation and subsequent aggregation of hyperphosphorylated tau, potentially enhancing the load of misfolded protein aggregates in PD brain, providing evidence as to how the two proteins may work in distinct pathways but with similar outcomes.




DIVERGENT MECHANISMS

Apart from the above experimental evidence for direct or indirect interactions between LRRK2 and α-synuclein, there is also evidence to suggest that the two proteins do not physically or functionally interact, but instead act on distinct pathways (Figure 1D). In an interesting study, double transgenic mice expressing human A53T α-synuclein under a hindbrain selective PrP promoter were developed on either a LRRK2 KO or G2019S LRRK2 background (Daher et al., 2012). The A53T α-synuclein single transgenic mice showed some behavioral deficits which were not exacerbated with expression of G2019S LRRK2. The neuropathological phenotype that predominantly developed in the hindbrain of this A53T α-synuclein single transgenic mouse model was unaffected by the deletion of LRRK2 or overexpression of G2019S LRRK2. Since the A53T α-synuclein single transgenic mice displayed hindbrain selective α-synuclein pathology which was not affected by G2019S LRRK2 expression or LRRK2 KO, it can be concluded that LRRK2 has a non-contributory role in development of the pathological phenotype in this specific mouse model. A separate study examined the effects of LRRK2 on α-synuclein pathology in double transgenic mice co-expressing A53T α-synuclein with WT LRRK2 or G2019S LRRK2 in selected forebrain regions (high transgene expression in cortex), and in brainstem neurons under the control of the Thy-1 promoter (Herzig et al., 2012). In the initial experiments with single transgenic WT or G2019S LRRK2 mice, high LRRK2 expression levels alone failed to induce any α-synuclein pathology in mice up to 19 months of age or behavioral effects in mice up to 3–4 months of age. There were no changes in the level of phosphorylated S129 α-synuclein and the aged mice (15 months of age) showed no other signs of α-synucleinopathy. Hence, there was no link between LRRK2 overexpression and endogenous α-synuclein pathology in these mice. Subsequent experiments examining the double transgenic mice co-expressing A53T α-synuclein with WT or G2019S LRRK2 did not reveal increased levels of phosphorylated S129 α-synuclein or exacerbate the motor dysfunction observed in A53T α-synuclein single transgenic mice. These results are in contrast to the findings reported in another study in which A53T α-synuclein and LRRK2 (WT and G2019S) were co-expressed only in selected forebrain regions (high transgene expression in cortex and striatum) and showed that LRRK2 expression accelerated the progression of neuropathological abnormalities (Lin et al., 2009). In this study, unlike in the two other studies in which LRRK2 and α-synuclein were expressed in the brainstem where endogenous LRRK2 expression is low (Daher et al., 2012; Herzig et al., 2012), LRRK2 and α-synuclein were expressed in the forebrain where endogenous LRRK2 levels are high (Lin et al., 2009). Results also differed based on levels of transgene expression in cortex and striatum. Contrasting results were also reported when both genes were co-expressed only in forebrain as opposed to forebrain and brainstem. Thus, the synergistic versus separate effects of LRRK2 and α-synuclein might be dependent on the cell type and in what region of the brain they are co-expressed.

The combined effects of G2019S LRRK2 and A53T α-synuclein have also been studied in primary hippocampal and midbrain dopaminergic neurons (Henderson et al., 2018). α-Synuclein pathology was induced in primary hippocampal cultures from G2019S LRRK2 mice and non-transgenic control mice by using α-synuclein preformed fibrils (PFF). Both G2019S LRRK2 and non-transgenic primary hippocampal neurons showed similar levels of aggregated phosphorylated S129 α-synuclein 14 days post-transduction with PFF, suggesting that LRRK2 does not exacerbate α-synuclein pathology in these neurons at this timepoint. At 21 days post-transduction, mild increase in α-synuclein pathology was observed in G2019S LRRK2 neurons which was rescued by LRRK2 inhibitors. However, primary dopaminergic neurons from G2019S LRRK2 and non-transgenic mice showed no difference in levels of aggregated phosphorylated S129 α-synuclein 21 days post-transduction with PFF, indicating LRRK2 does not worsen α-synuclein pathology in dopaminergic neurons which are more relevant to PD. However, a recently published study demonstrated that the LRRK2 G2019S mutation does affect the spread of α-synuclein pathology in specific neuronal populations, supporting the observation that the synergistic versus separate effect of LRRK2 on α-synuclein pathology may depend on specific brain regions and neuronal populations (Henderson et al., 2019a).

Human genetic studies examining interactions between SNCA and LRRK2 variants have not provided evidence for convergent pathways between α-synuclein and LRRK2. Specifically, potential gene-gene interactions between three PD susceptibility genes, namely SNCA, LRRK2, and MAPT, have been examined (Biernacka et al., 2011). One hundred and nineteen SNCA, LRRK2, and MAPT haplotype tagged single nucleotide polymorphisms (SNPs) and two variable number tandem repeats were genotyped in 1,098 PD patients and compared to 1,098 matched controls. Out of the 256 interaction pairs selected in this study, only 10 interaction pairs (6 SNCA-LRRK2, 3 SNCA-MAPT, and 1 MAPT-LRRK2) had uncorrected p-values of less than 0.05. However, no significant interaction was found on further statistical analysis by correcting for multiple testing and secondary analysis based on the type of control. Based on these results, no significant interaction was found between SNCA and LRRK2 genes in this set of human patients. These human genetic findings taken together with the above observations using in vitro and in vivo models introduce the possibility that LRRK2 and α-synuclein act independently of each other and do not have synergistic effects on disease pathogenesis. However, the distinct pathways for LRRK2 and α-synuclein still remain to be further explored.

Currently, the most compelling evidence for distinct effects of LRRK2 and α-synuclein comes from post-mortem studies of brains from patients with LRRK2 PD. The clinical features of LRRK2 PD patients are generally indistinguishable from those with sporadic PD (Alcalay et al., 2013; Trinh et al., 2014; Marras et al., 2016). Similarly, the associated neuropathological features of these patients are often consistent with typical sporadic PD including loss of dopaminergic neurons (Schneider and Alcalay, 2017). Therefore, it was unexpected when autopsy studies revealed that an appreciable subset of LRRK2 PD cases can have dopaminergic neuron loss but lack LB pathology (Zimprich et al., 2004), suggesting that mutant LRRK2 can mediate neurodegeneration independent of large α-synuclein aggregates. Interestingly, motor features occur regardless of the presence or absence of LB in LRRK2 PD while some non-motor features, including cognitive impairment and anxiety, are associated with the presence of LB (Kalia et al., 2015), possibly indicating that LB pathology impacts the function of cortical neurons, but not dopaminergic neurons. A study of a single case of G2019S LRRK2 PD without LB revealed the presence of small soluble α-synuclein oligomers in the cortex (Gomez and Ferrer, 2010), while another study has shown very low levels of insoluble α-synuclein in 4 G2019S LRRK2 PD cases with LB compared to sporadic PD cases (Mamais et al., 2013). These results suggest that insoluble α-synuclein aggregates play a less prominent role in LRRK2 PD and smaller soluble α-synuclein oligomers may be important for neurotoxicity. Alternatively, α-synuclein may not contribute to neurodegeneration in a subset of LRRK2 PD patients. Further research is needed to determine why α-synuclein does not appear to aggregate into insoluble forms in a proportion of LRRK2 PD cases and to characterize the presence and roles of different α-synuclein aggregates in LRRK2 PD.



CONCLUSION

Substantial experimental evidence points towards an interplay between LRRK2 and α-synuclein with mutant LRRK2 accelerating the progression of α-synuclein-mediated neurodegeneration. The interactions between LRRK2 and α-synuclein are indirect with much of the evidence suggesting that Rab proteins and chaperones may be mediators. Work to date also indicates that LRRK2 and α-synuclein converge on common mechanisms that lead to neuronal death, particularly by affecting the autophagy-lysosomal pathway. Current understanding of indirect and convergent mechanisms linking LRRK2 and α-synuclein has opened doors to novel therapeutic candidates that can be targeted in PD drug discovery. These include the autophagy-lysosomal pathways and mediators including, but not limited to, chaperones and Rab proteins that can be targeted to increase α-synuclein degradation and clearance. LRRK2 kinase inhibitors or LRRK2 knockdown approaches may hold promise as potential therapeutic strategies for PD as they can prevent over-phosphorylation of LRRK2 substrates, eventually aiding in restoration of the E-L system to enhance clearance of α-synuclein aggregates. Elucidating the missing components in the pathways that potentially regulate LRKK2 and α-synuclein would give a clearer idea of the actual interaction and the unknown target molecules that mediate this complex interplay. The hope is that this additional understanding would eventually open doors to new disease-modifying therapeutic interventions for PD and provide rationale for treatment stratification.
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Mutations in leucine-rich repeat kinase 2 (LRRK2) instigate an autosomal dominant form of Parkinson’s disease (PD). Despite the neuropathological heterogeneity observed in LRRK2-PD, accumulating evidence suggests that alpha-synuclein and tau pathology are observed in a vast majority of cases. Intriguingly, the presence of protein aggregates spans both LRRK2-PD and idiopathic disease, supportive of a common pathologic mechanism. Thus, it is important to consider how LRRK2 mutations give rise to such pathology, and whether targeting LRRK2 might modify the accumulation, transmission, or toxicity of protein aggregates. Likewise, it is not clear how LRRK2 mutations drive PD pathogenesis, and whether protein aggregates are implicated in LRRK2-dependent neurodegeneration. While animal models have been instrumental in furthering our understanding of a potential interaction between LRRK2 and protein aggregation, the biology is far from clear. We aim to provide a thoughtful overview of the evidence linking LRRK2 to protein aggregation in animal models.
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INTRODUCTION

Leucine-rich repeat kinase 2 (LRRK2) is a large multidomain and dual enzymatic protein that exists intracellularly and predominantly as a dimer in its active form (Islam and Moore, 2017). LRRK2 has a number of purported functions, the most well studied of which include roles in the endolysosomal pathway and autophagy (Berwick et al., 2019; Cunningham and Moore, 2020). Most significant, however, is the role that LRRK2 plays in human health. Mutations in LRRK2 are a common genetic cause of Parkinson’s disease (PD) (Biskup and West, 2008). To date, at least seven missense mutations have been identified as causative in disease. These pathogenic mutations appear to cluster within the Roc-COR tandem (R1441C/G/H, N1437H, and Y1699C) and kinase (G2019S and I2020T) domains, implicating both GTPase and kinase activity in disease pathogenesis (Healy et al., 2008; Islam and Moore, 2017). Additional findings from GWAS have repeatedly linked variation at the LRRK2 locus as an important risk factor in sporadic PD susceptibility (Nalls et al., 2014, 2019). Thus, LRRK2 represents a pleomorphic risk locus for PD pathogenesis as both a causative and risk-modifying factor.

Familial PD caused by LRRK2 mutations (LRRK2-PD) generally develops as a late-onset autosomal dominant disorder and is thought to be driven by a toxic gain-of-function mechanism (Paisán-Ruıíz et al., 2004; Zimprich et al., 2004). A consensus view holds that elevated kinase activity underlies the pathogenic nature of LRRK2, as all causative mutations appear to enhance kinase activity, though GTPase activity seems to be required as well (Sheng et al., 2012; Steger et al., 2016; Nguyen et al., 2019). Despite LRRK2 mutations being one of the most common identifiable causes of PD, the vast majority of PD occurs via an unknown etiology. In spite of this, recent evidence suggests that LRRK2 activation (in the absence of mutation) may be present in sporadic PD (Maio et al., 2018). While being clinically indistinguishable from sporadic disease, LRRK2-PD frequently harbors neuropathological features synonymous with sporadic PD (Biskup and West, 2008). These features include dopaminergic neurodegeneration in the midbrain along with the appearance of intraneuronal proteinaceous aggregates. These inclusions are generally associated with neurotoxicity, and inclusion burden in cortical and limbic regions is associated with the manifestation of cognitive and neuropsychiatric symptoms, a feature that spans both sporadic disease and LRRK2-PD (Aarsland et al., 2005; Braak et al., 2005; Goldwurm et al., 2006; Smith et al., 2019). Thus, persuasive clinical findings infer that mutations in LRRK2 might influence PD-associated pathology and provoke PD pathogenesis through mechanisms similar to those present in sporadic disease. While the application of LRRK2 pathobiology to idiopathic PD is alluring, it is critical that conserved pathologic features are reconciled with experimental evidence. Accordingly, the contribution of LRRK2 toward protein aggregation is of great interest and likely to be of therapeutic relevance.

A looming question in LRRK2 pathophysiology is whether protein aggregation is a primary or secondary effect of LRRK2 mutations. Given the variety of neuropathology in LRRK2-PD, in many cases being diverse (i.e., co-pathology), it remains to be elucidated whether aggregation is simply resultant to LRRK2-mediated cellular dysfunction or whether pathogenic LRRK2 activity plays a more direct role in driving inclusion formation. Likewise, the requirement of protein aggregate substrates, such as α-synuclein or tau (reviewed in Moussaud et al., 2014), in mediating LRRK2-dependent neurodegeneration is far from clear. Notably, “pure” nigral degeneration in the absence of protein aggregate pathology, though rare, has been observed in LRRK2-PD (Gaig et al., 2007; Takanashi et al., 2018). While it is possible that soluble oligomeric protein or other toxic species are still present in these atypical cases, the non-appearance of typical Lewy pathology composed of insoluble fibrillar α-synuclein, or neurofibrillary tangles composed of tau, suggest that inclusion pathology may be a by-product of LRRK2-PD pathogenesis rather than a required element. Even when present, it may be the case that the composition of protein aggregates in LRRK2-PD is wholly distinct from that of sporadic disease. Toward this concept, examination of α-synuclein derived from the LRRK2-PD brain was found to possess a divergent biochemical profile despite a comparable histopathological appearance to sporadic PD (Mamais et al., 2013). Further, the range of pathological findings in the LRRK2-PD have been far from consistent. Though accruing post-mortem studies suggest that the common G2019S mutation appears to more faithfully produce typical Lewy pathology, examination of LRRK2-PD caused by other mutations has found substantial variation. Divergent pathology has even been observed in LRRK2-PD cases between affected members of the same family harboring an identical missense mutation (Zimprich et al., 2004). Thus, while the specific LRRK2 mutation may have an impact on neuropathological variation, it appears likely that stochastic events may also play a role in the formation of protein aggregates. Though the apparent heterogeneity of LRRK2-PD neuropathology might at first suggest that inclusion formation is merely non-specific, accumulating evidence suggest a more selective and subtle impact of LRRK2 in facilitating protein aggregation. Toward addressing some of these questions, past and present genetic studies have granted some insight into the interplay of LRRK2 and the aggregate-prone proteins, α-synuclein and tau.

Common variation at the SNCA (encoding α-synuclein) and MAPT (encoding tau) loci have been associated with PD risk (Davis et al., 2015). Additionally, variation at these same loci has been implicated in affecting aspects of LRRK2-PD, such as the age of disease-onset (Kobayashi et al., 2006; Golub et al., 2009; Gan-Or et al., 2011; Botta-Orfila et al., 2012). Thus, LRRK2, tau, and α-synuclein appear to converge in mysterious and seemingly complex ways in PD pathogenesis. Accordingly, elucidation of the interplay between LRRK2 and PD-associated proteins α-synuclein and tau is highly relevant to the application of LRRK2-targeted therapeutics in suppressing PD-associated neuropathology. Here, we will provide a concise review of current advances in understanding the contribution of LRRK2 toward protein aggregation in human studies and experimental models.



PROTEIN AGGREGATION IN HUMAN LRRK2-PD

Substantial evidence supports a role for protein aggregation in the pathophysiology of PD (Moore et al., 2005). In sporadic disease, the presence of Lewy pathology composed of misfolded α-synuclein protein is a neuropathological hallmark. While predominantly restricted to the brainstem, Lewy pathology is believed to seemingly progress in a caudal to rostral fashion throughout the brain (Braak et al., 2003; Brundin and Melki, 2017). The observation of Lewy pathology in surviving dopaminergic neurons of the substantia nigra has led to the hypothesis that inclusions are ultimately toxic, leading to the progressive loss of dopaminergic innervation of the striatum and associated hypokinetic motor phenotype (Poewe et al., 2017). Further, an abundance of Lewy pathology in cortical and limbic brain regions has been associated with the clinical correlates of dementia and neuropsychiatric disease, respectively (Aarsland et al., 2005; Braak et al., 2005; Smith et al., 2019). Thus, the presence of α-synuclein aggregation appears to drive a heterogenous clinical phenotype by disrupting functional circuits in addition to driving progressive neurodegeneration.

Importantly, protein aggregation encompasses both sporadic and LRRK2-PD, suggesting a common pathologic basis of disease. However, whether neurodegeneration in sporadic and LRRK2-PD are equally dependent on protein aggregation, and whether all LRRK2 mutations act through a common pathway is unknown. While progressive degeneration of dopaminergic neurons in the substantia nigra pars compacta remains the primary pathology, a feature that is universal across PD etiology, the nature, extent, and contribution of protein aggregation is far from clear. The majority of post-mortem neuropathological assessments have demonstrated that typical Lewy pathology is a predominant finding in LRRK2-PD (Biskup and West, 2008). This is likely due to the overrepresentation of the G2019S mutation in post-mortem studies, as the G2019S mutation is by far the most common LRRK2 mutation and appears to present with typical Lewy pathology. Pathological examination of LRRK2-PD brains harboring the G2019S mutation has identified typical, transitional, and diffuse Lewy pathology, tau and neurofibrillary tangle pathology, TDP-43 aggregates, ubiquitin inclusions, and even “pure” neurodegeneration without overt pathology (Paisán-Ruıíz et al., 2004; Zimprich et al., 2004; Biskup and West, 2008; Wider et al., 2010; Ujiie et al., 2012; Ling et al., 2013). Thus, while α-synuclein aggregation appears to be the most prevalent finding, neuropathology in LRRK2-PD is pleomorphic. Aside from the G2019S mutation, a number of other post-mortem studies incorporating less common LRRK2 mutations have discovered equally diverse pathological findings. Notably, several members of an affected family harboring the R1441C mutation were revealed to exhibit either Lewy pathology, neurofibrillary tangle pathology, or ubiquitin pathology (Zimprich et al., 2004). Ubiquitin inclusions in the absence of Lewy pathology was also observed in two patients with the Y1699C mutation (Zimprich et al., 2004). Intriguingly, no inclusions were detected in a patient with the R1441G mutation (Martí-Massó et al., 2009). Similarly, the I2020T mutation was demonstrated to induce nigral degeneration without significant Lewy pathology, though some cases were later found to harbor extensive brainstem tau pathology (Ujiie et al., 2012; Takanashi et al., 2018).

More recent observations have amplified the significance of tau pathology in LRRK2-PD. Indeed, a recent examination of post-mortem LRRK2-PD brains further illuminated the prominence of tau aggregation as a common pathologic substrate in LRRK2-PD (Henderson et al., 2019c). Though the sample size was limited, a larger proportion of LRRK2-PD brains were found to harbor tau pathology relative to α-synuclein pathology (100% vs. ∼64%). While phosphorylated α-synuclein (pSer129+) pathology was abundant in the substantia nigra, amygdala, hippocampus, and cingulate cortex, phosphorylated tau (AT8+) was more prominent in the amygdala, hippocampus, and entorhinal cortex. The regional mapping of each particular protein to a pathologic “territory” is plausibly in reference to a cell or tissue-dependent aspect of LRRK2 pathobiology. Given the preponderance of LRRK2-PD cases harboring mixed pathological features, future studies should make note of the regional distribution of pathology in dissecting mechanisms related to LRRK2 and protein aggregation. Returning to the findings of the above study, the midbrain was determined to be largely devoid of tau pathology, suggesting that while tau aggregation may be a typical pathologic feature in LRRK2-PD, the application of tau pathology to dopaminergic neuron loss remains ambiguous. The burden of tau pathology was, however, strongly associated with the level of α-synuclein pathology, reminiscent of evidence supporting the potential of tau and α-synuclein cross seeding (Guo et al., 2013). Neither tau nor α-synuclein burden was found to be associated with the level of amyloid-β pathology, further supporting a synergistic relationship between tau and α-synuclein rather than a general disruption in neuronal proteostasis. While a direct interaction between LRRK2 and tau or α-synuclein seems unlikely, it is notable that most regions harboring mixed pathology only rarely exhibited co-pathology within the same cell. It is interesting to hypothesize why some neuronal populations appear to foster one type of protein aggregate, while other populations of neurons another. As well, from an in vivo perspective, the requirement of tau or α-synuclein cross seeding in fostering LRRK2-dependent neurodegeneration is fascinating. Toward this concept, examining region-autonomous variation in LRRK2 biology may be a promising endeavor. While human studies have proven invaluable to our collective understanding of protein aggregation in LRRK2-PD, much of what is known regarding the mechanistic role of LRRK2 in driving protein aggregation and neuropathology has been garnered from animal models.



LRRK2 AND PROTEIN AGGREGATION IN ANIMAL MODELS

The identification of pathogenic mutations in the LRRK2 gene has allowed for the generation of LRRK2-PD animal models. These models have provided valuable insight into the biology and pathobiology of LRRK2, though many key questions remain unanswered. While extensive work has been conducted in the development and characterization of these models, here, we will focus specifically on observations of protein aggregation and neuropathology. Toward this aim, experimental findings from traditional genetic, viral vector, and protein-based animal models will be discussed.


LRRK2 in Transgenic and Knockin Models

Multiple pathogenic substitutions in the R1441 residue of the GTPase domain have been identified in LRRK2-PD and are associated with variable neuropathology (Zimprich et al., 2004). Some of the first LRRK2 animal models sought to examine the impact of mutations at this residue in the rodent brain (Table 1), and the development of R1441C knockin mice led to a primary identification of altered dopaminergic neurotransmission. However, the integrity of the nigrostriatal tract in R1441C knockin mice remained relatively unaffected (Tong et al., 2009). Furthermore, biochemical and histological assessment of these mice failed to detect any indications of tau, α-synuclein, or ubiquitin aggregation (Tong et al., 2009). In contrast, a BAC transgenic mouse line expressing human R1441G LRRK2 was found to harbor modest signs of tau pathology. Specifically, elevated protein levels of phosphorylated tau were identified in R1441G BAC mice relative to controls. In addition, neuritic inclusion pathology (AT8+) was observed in the cortex and striatum (Li et al., 2009). While neurodegeneration was not observed in either of these genetic models, subtle alterations in the dopaminergic system were detected, along with a promising implication for involvement of tau.


TABLE 1. LRRK2 in transgenic and knockin models.
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Subsequent genetic models sought to examine the impact of the G2019S mutation (Table 1). To date, a number of G2019S LRRK2 transgenic models have been developed, though findings have been mixed. Melrose et al. found that human G2019S LRRK2 BAC transgenic mice displayed phosphorylated tau inclusions (CP13+, 12E8+) in cortical and limbic brain regions at advanced ages (18–24 month) (Melrose et al., 2010). Human wild-type LRRK2 BAC mice were also examined in this study and found to harbor tau pathology. However, in the wild-type LRRK2 line, tau pathology was primarily restricted to the hippocampus and to a much lesser burden than in G2019S mice. Notably, neither background was found to exhibit any apparent α-synuclein pathology. Similar to the R1441C knockin model, these mice also displayed abnormal dopaminergic neurotransmission, furthering support for a common pathogenic role in modulating synaptic function (Melrose et al., 2010). While Melrose et al. found an additive effect of the G2019S mutation on tau phosphorylation, a separate study assessing a different mouse G2019S LRRK2 BAC transgenic model failed to detect any alterations (Li et al., 2010; Melrose et al., 2010). In contrast, accumulation of phosphorylated tau inclusions (PHF1+, CP13+) was not significantly elevated relative to control mice (Li et al., 2010). While a number of factors might explain this discrepancy, including variation in strain background, or transgene copy number and/or genomic integration site, it is notable that neither model exhibited neurodegeneration of midbrain dopaminergic neurons (Li et al., 2010; Melrose et al., 2010).

Despite the lack of overt neurodegeneration in these early LRRK2 mouse models, although exhibiting modest neuropathologic phenotypes, parallel efforts developed a number of additional models focused on selectively boosting transgene expression within dopaminergic neurons of the substantia nigra (Table 1). While some of these models were successful in provoking dopaminergic neurodegeneration, the impact of protein aggregation in many of these models was generally not assessed or simply not detected (Ramonet et al., 2011; Chen et al., 2012; Tsika et al., 2014; Liu et al., 2015). In one of these studies, transgenic mice expressing human G2019S LRRK2 under control of a CMV-enhanced human PDGFβ promoter were found to have an age-dependent (12–16 months) loss of dopaminergic neurons in the substantia nigra relative to controls expressing human wild-type LRRK2 from the same promoter (Chen et al., 2012). While no changes in α-synuclein or ubiquitin protein levels were observed, a nearly two-fold increase in phosphorylated tau (AT8+) was detected in the substantia nigra of G2019S LRRK2 mice (Chen et al., 2012). Unfortunately, the requirement of tau as a necessary pathologic substrate for neurodegeneration in this model was not determined. In a separate study, the G2019S mutation was expressed throughout the mouse forebrain under an inducible CamKIIα-tTA (Tet-transactivator) conditional expression system (Xiong et al., 2017). This study also examined a kinase-inactive variant, G2019S/D1994A LRRK2, under the same expression system (Xiong et al., 2017). While dopaminergic neurodegeneration was not observed with this approach, a substantial increase in the level of insoluble α-synuclein was detected in select forebrain regions of G2019S LRRK2 mice but not in G2019S/D1994A LRRK2 mice (Xiong et al., 2017). However, a similar approach examining G2019S and G2019S/D1994A LRRK2 mutations under a TH-tTA conditional expression system discovered robust age- and kinase-dependent neurodegeneration coupled with an increase in the levels of insoluble α-synuclein (Xiong et al., 2018).

In order to examine the G2019S mutation under more physiologic conditions, more recent studies have utilized G2019S LRRK2 knockin mice. While G2019S LRRK2 BAC transgenic mice previously displayed alterations in tau phosphorylation, Yue et al. (2015) found that G2019S knockin mice failed to exhibit, similarly, significant changes. However, these mice did harbor modest pathology upon examination at advanced age (18 months). Cytoplasmic accumulation of phosphorylated tau (pSer202+) was observed, including some puncta formation and neuritic pathology (Yue et al., 2015). More readily apparent were deficits in striatal dopamine release and altered mitochondrial dynamics, again supporting synaptic alterations as an early sign of LRRK2 pathogenicity (Yue et al., 2015). In a separate study, G2019S LRRK2 knockin mice were found to exhibit a two-fold increase in the level of phosphorylated α-synuclein (pSer129) in the striatum (Longo et al., 2017). This finding was coupled with histological evidence of striatal α-synuclein inclusions. Importantly, both of these findings were age-dependent (12 months) (Longo et al., 2017). In a follow-up study, primary neuronal cultures generated from G2019S knockin mice were found to exhibit elevated levels of both phosphorylated tau (AT8+) and insoluble α-synuclein (Schapansky et al., 2018). Remarkably, administration of a LRRK2 kinase inhibitor was demonstrated to reverse the effect of the G2019S mutation on altered α-synuclein solubility, though the effect of kinase inhibition on tau phosphorylation was not determined (Schapansky et al., 2018). Certain species of α-synuclein and tau are thought to synergistically interact, and experimental evidence suggest that α-synuclein and tau are able to cross seed (Lim, 2019). While the finding of alterations to both α-synuclein and tau in a LRRK2 model are intriguing, the process by which this occurs may not necessarily be linear, and subsequent studies should address this concern.

While the collective findings from LRRK2 genetic animal models have not fully clarified the impact of LRRK2 on protein aggregation, the use of LRRK2 mice in a cross breeding approach has allowed for an alternative strategy in dissecting this relationship (Table 1). One of the first in vivo studies examining a potential interaction between LRRK2 and α-synuclein found that crossing inducible transgenic mice lines expressing human LRRK2 (either wild-type or G2019S) and A53T α-synuclein led to an increase in the burden of α-synuclein pathology (Lin et al., 2009). The mouse lines used in this study were generated using the CamKIIα-tTA conditional expression system, with transgene expression being restricted to the forebrain. While both LRRK2 lines independently were without phenotype, crossing either line with A53T mice had an additive effect on the level of cortical α-synuclein pathology. Intriguingly, A53T mice were also crossed with LRRK2 knockout mice and a dramatic reduction in the burden of α-synuclein pathology was observed. Taken together, these findings first suggested that LRRK2 may be involved in the progression of α-synuclein neuropathology (Lin et al., 2009). Other studies examining the interaction of LRRK2 and α-synuclein have suggested that the impact of LRRK2 on protein aggregation may be more complex. In two related studies, distinct human mutant α-synuclein transgenic mouse models with predominant hindbrain pathology were found to have no pathological interaction with LRRK2 transgenic or knockout mice (Daher et al., 2012; Herzig et al., 2012). It is possible that the discrepancy between these two studies and the former result from a regionally-restricted interaction between LRRK2 and α-synuclein, with greater potential for interaction in the forebrain where LRRK2 expression is enriched (Biskup et al., 2006; Higashi et al., 2007; West et al., 2014).

Similar to the potential interaction between LRRK2 and α-synuclein, a pathologic interplay between LRRK2 and tau has also been pursued using a cross breeding approach (Table 1). A human wild-type LRRK2 BAC transgenic mouse line crossed with inducible transgenic tau mice (expressing human P301L mutant tau under a CamKIIα-tTA conditional expression system) was shown to enhance cortical tau aggregation and increase tau phosphorylation (AT8+, CP13+, MC1+) (Bailey et al., 2013). In contrast, a human R1441G LRRK2 BAC transgenic mouse line crossed with human P301S tau mice (driven by the mouse prion promoter, PrP) found no significant interaction (Mikhail et al., 2015). While the P301S tau mice used in this study developed widespread tau pathology, no additional alterations in tau aggregation or phosphorylation were identified in these bigenic mice (Mikhail et al., 2015). Similarly, modest hippocampal neuron loss specific to the P301S tau mouse background was not exacerbated by mutant LRRK2 (Mikhail et al., 2015). As this study did not generate P301S tau/LRRK2 knockout mice, it was not clear whether tau pathology was dependent on endogenous LRRK2 activity. However, a subsequent study was able to address this question. Nguyen et al. crossed the same PrP-P301S tau mice with either LRRK2 knockout or human G2019S transgenic mice (under the CMVe-PDGFβ promoter) (Nguyen et al., 2018). Neither genetic deletion of LRRK2 nor pathogenic mutation altered tau protein levels, solubility, or phosphorylation state. In addition, histopathological assessment of these mice found no interaction between tau pathology and LRRK2 genotype (Nguyen et al., 2018).



LRRK2 in Viral Vector-Based Models

Additional evidence supporting the involvement of LRRK2 in protein aggregation, propagation, and toxicity has come from the implementation of viral vectors in rodent models (Table 2). Importantly, the use of viral vectors offers several advantages over traditional genetic models. First, viral vector delivery offers spatiotemporal control of gene expression and avoids the potential confounding effects of developmental compensation. As well, higher levels of transgene expression are likely attainable when using this approach. In a practical sense, viral vectors may be applied across multiple genetic lines, amplifying the utility of viral vectors toward understanding disease-relevant interactions. Large-capacity viral vectors carrying full-length human LRRK2 have been used to uncover the impact of LRRK2 overexpression and pathogenic mutations on nigrostriatal pathway integrity (Table 2).


TABLE 2. LRRK2 in viral vector-based models.
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In a herpes simplex virus (HSV) vector mouse model, either human wild-type, G2019S, or G2019S/D1994A LRRK2 variants (kinase-inactive) were delivered via intrastriatal injection (Lee et al., 2010). Using this approach, modest dopaminergic neuronal loss was observed with the wild-type variant with significantly greater loss with the G2019S variant. Concurrently, the kinase-inactive variant did not induce any observable loss and concurrent administration of early yet non-selective LRRK2 kinase inhibitors was shown to attenuate neurodegeneration in this model. Accordingly, these findings support the importance of functional kinase activity in mediating dopaminergic neurodegeneration. Unfortunately, protein aggregation was not assessed in this study so it is not clear how tau or α-synuclein might be involved with LRRK2 delivered via HSV vectors.

Another study examining human LRRK2 utilized human adenoviral vectors (Ad5) driven by a neuronal-specific synapsin-1 promoter and found similar findings to the HSV model (Dusonchet et al., 2011). In this approach, intrastriatal delivery of Ad5 carrying G2019S LRRK2 induced robust neurodegeneration in the substantia nigra of adult rats, while no effect was observed with the wild-type LRRK2 or GFP vectors. Intriguingly, transient induction of neuritic inclusions was observed in the substantia nigra with both wild-type and G2019S vectors. These inclusions exhibited positive immunostaining for phosphorylated tau (AT8+) but not for α-synuclein (Dusonchet et al., 2011). Following these initial findings, a second study examined the impact of the Ad5-LRRK2 on striatal pathology (Tsika et al., 2015). Intraneuronal ubiquitin-positive inclusions were observed in the striatum of rats injected with the G2019S LRRK2 vector, but not with a G2019S/D1994N vector. As well, degenerative neuritic changes and altered phosphorylated neurofilament distribution were observed in the striatum in a kinase-dependent fashion (Tsika et al., 2015). Unfortunately, the G2019S/D1994N mutation was shown to alter LRRK2 protein stability, partly confounding the validity of this synthetic inactive mutation in determining kinase-dependency. However, an additional study performing intrastriatal injection of Ad5-LRRK2 vectors at a higher viral titer in rats utilized an alternative stable kinase-inactivating mutation, G2019S/K1906M (Nguyen et al., 2019). In this study, phosphorylated tau inclusions were detected in the substantia nigra across all LRRK2 variants, suggesting that the effect is not specific to the G2019S mutation or kinase activity (Nguyen et al., 2019). Concurrently, biochemical analysis determined that tau protein levels, phosphorylation state, and solubility were not altered in response to Ad5-LRRK2 vectors (Nguyen et al., 2019). Additionally, ubiquitin-positive inclusions in the striatum did not appear to be dependent on kinase activity and none of the LRRK2 vectors induced detectable α-synuclein pathology. However, in this study, the G2019S LRRK2 vector alone induced APP-positive axonal inclusions and degenerative neuritic changes in the striatum (Nguyen et al., 2019). In a separate study, high-capacity adenoviral vectors (HC-AdV) expressing G2019S or G2019S/D1994N LRRK2 variants from a ubiquitous CAG promoter were delivered to the striatum of mice (Kritzinger et al., 2018). In this instance, modest age-dependent neuroinflammation and vacuolization of striatal white fiber tracts was induced by G2019S LRRK2 only in old animals, but protein aggregation was not detected (Kritzinger et al., 2018). Outside of rodents, a helper-dependent canine adenovirus type 2 (CAV-2) vector expressing human wild-type or G2019S LRRK2 was utilized in a non-human primate model, Microcebus murinus (Mestre-Francés et al., 2018). In this model, nigral neurodegeneration was equivalently observed with both LRRK2 variants and with a GFP control, making interpretation of this LRRK2 model challenging, although an increase in α-synuclein and tau phosphorylation (pSer129-αSyn+ and pSer396-tau+, respectively) was identified due to the G2019S variant (Mestre-Francés et al., 2018). An additional study assessing CAV-2-LRRK2 vectors in macaques, similarly, found an elevation of phosphorylated tau (PHF+) immunostaining in the substantia nigra of G2019S LRRK2-injected animals (di Caudo et al., 2020).

In contrast to viral vectors delivering LRRK2, viral vectors have also been used to introduce α-synuclein overexpression in neuronal populations of interest. Moreover, these vectors have proven to reliably induce neurodegeneration indicative of α-synuclein-dependent toxicity (Ulusoy et al., 2010). In order to investigate the contribution of LRRK2 toward protein aggregation and neuropathology, α-synuclein viral vectors have been introduced into LRRK2 rodent models in an approach that mimics the generation of bigenic models discussed previously. Toward this, an AAV2/1 vector delivering human wild-type α-synuclein to the substantia nigra of adult rats was shown to induce ∼30% loss of dopaminergic neurons (Daher et al., 2014). Remarkably, when the same vector was introduced in LRRK2 knockout rats, the neurodegenerative phenotype was ameliorated. While it was difficult to assess the extent of α-synuclein pathology in this model due to neuronal loss, the level of α-synuclein pathology was shown to inversely correlate with cell loss (Daher et al., 2014). In a subsequent study, AAV2/1-α-synuclein was delivered to the substantia nigra of G2019S LRRK2 BAC transgenic rats (Daher et al., 2015). Here, dopaminergic cell loss was determined to be significantly increased in the G2019S LRRK2 rats relative to control animals, and importantly, this effect was found to be kinase-dependent as pharmacologic kinase inhibition reversed the effect (Daher et al., 2015).

Use of an AAV2/5-α-synuclein vector delivered to the substantia nigra of rats was shown to induce aberrant neuronal firing activity in the subthalamic nucleus (Andersen et al., 2018). Intriguingly, this pathologic effect was not present in LRRK2 knockout rats and was reversed in wild-type rats following administration of a LRRK2 kinase inhibitor (Andersen et al., 2018). However, a later study found that long-term administration of a LRRK2 kinase inhibitor failed to protect against this abnormal α-synuclein-mediated neuronal dysfunction in rats (Andersen et al., 2019). Another study examined the impact of the G2019S mutation on virally mediated α-synuclein pathology using a more physiologically relevant model. Using G2019S LRRK2 knockin mice, along with wild-type controls, Novello et al. (2018) found that stereotactic injection of AAV2/9 vectors expressing human A53T α-synuclein was sufficient to induce ∼50% loss of dopaminergic neurons in the substantia nigra. However, no additive neurodegenerative effect was conferred by the G2019S mutation in the knockin model. Rather, G2019S knockin mice were found to exhibit a nearly two-fold increase in the level of nigral α-synuclein pathology (as measured by pSer129+ immunostaining) (Novello et al., 2018). This study also sufficiently characterized the observed α-synuclein pathology as resistant to proteinase-K treatment, indicative of fibrillar aggregates (Novello et al., 2018). While these findings suggest that LRRK2 may, in part, mediate the neurodegenerative phenotype of α-synuclein, a separate study identified LRRK2 activation via proximity ligation assays in the substantia nigra of rats following intranigral injection of AAV2/1 vector expressing human wild-type α-synuclein (Maio et al., 2018). Thus, while overexpression of LRRK2 via viral vector delivery is not generally sufficient to induce α-synuclein pathology in the face of neurodegeneration, the reverse seems to be true in that virally-mediated α-synuclein pathology may be potentiated by LRRK2 activity.

While less is known about the function of LRRK2 activity on virally-induced tau pathology, alterations to tau biology have been a common observation in LRRK2 animal models. The generation of bigenic mice examining the impact of LRRK2 genotype in mutant tau transgenic mice model previously failed to detect substantial changes to tau (Nguyen et al., 2018). However, additional experimentation suggests that LRRK2 genotype may alter other aspects of virally-mediated tau pathology. Utilizing AAV2/6 vectors to deliver human P301S tau via intrahippocampal injection, Nguyen et al. compared LRRK2 knockout and G2019S LRRK2 transgenic mice (Nguyen et al., 2018). While P301S tau induced ample tau pathology in the hippocampus, LRRK2 genotype was not determined to alter the burden of tau pathology or hippocampal neuronal loss (Nguyen et al., 2018). In contrast, use of an AAV2/6 vector co-expressing human wild-type tau and a GFP reporter revealed an impact of LRRK2 genotype on the neuronal transmission of tau within defined hippocampal circuits (Nguyen et al., 2018). While endogenous LRRK2 was found to be dispensable for tau transmission, a two-fold increase in transmission to both ipsilateral and contralateral CA3 regions was observed in G2019S LRRK2 transgenic mice (Nguyen et al., 2018). Notably, this experiment found no evidence of tau aggregation or neurodegeneration following viral vector delivery of wild-type tau, suggesting that LRRK2 activity may instead serve to accelerate the spread of tau pathology from cell-to-cell within defined circuits.



LRRK2 in Protein-Based Models

Accumulating evidence from human and experimental animal studies supports the pathological transmission of α-synuclein and tau species in PD and other neurodegenerative diseases (Frost and Diamond, 2009). Notably, both α-synuclein and tau pathology have been observed in fetal neural grafts of PD patients at autopsy (Kordower et al., 2008; Li et al., 2008, 2016; Cisbani et al., 2017). While the mechanistic explanations surrounding the stereotypical spatiotemporal spread of tau and α-synuclein pathology remains uncertain, it is clear that protein aggregation is inducible across interconnected neuronal populations and in a sequential pattern. Experimental models have demonstrated the cell-to-cell release and uptake of toxic protein species (Volpicelli-Daley et al., 2011, 2016; Mao et al., 2016). Whether such direct transmission models are relevant to human disease still remains to be determined but understanding the progression of inclusion formation within the context of in vivo models is certain to be invaluable. The development of α-synuclein pre-formed fibrils (PFF) as an experimental tool has allowed for the examination of cell-to-cell transmission of α-synuclein and resulting induction of pathology (Luk et al., 2009; Volpicelli-Daley et al., 2011; Duffy et al., 2018; Polinski et al., 2018; Patterson et al., 2019). Importantly, PFF-induced α-synuclein inclusions recapitulate key features of human Lewy pathology. Direct delivery of α-synuclein PFFs into the rodent brain has provided a robust model in which to dissect mechanisms of protein misfolding, aggregation, and spread in vivo. While the advancement and implementation of tau PFFs in vivo have been more limited, both α-synuclein and tau have been used to further a mechanistic understanding of pathological aggregation in the mammalian brain.

The introduction of α-synuclein PFFs into LRRK2 rodent models has provided a robust system in which to determine how LRRK2 activity relates to the progression and propagation of α-synuclein aggregation as well as the impact of pathogenic LRRK2 activity on α-synuclein mediated neurodegeneration (Table 3). Importantly, inoculation with α-synuclein PFFs and subsequent induction of Lewy-like pathology has been demonstrated to be dependent on the presence of endogenous α-synuclein (Volpicelli-Daley et al., 2011; Luk et al., 2012). Moreover, the level of pathologic burden across brain regions appears related to the regional variation in α-synuclein expression, such that brain regions associated with elevated levels of α-synuclein are associated with a greater severity of α-synuclein pathology while regions with lower levels of expression are associated with relative resistance to pathology (Henderson et al., 2019a). While the PFF model is less useful in determining the contribution of LRRK2 mutations toward the direct initiation of α-synuclein or tau pathology, other aspects of this model have proven instrumental. Notably, the PFF model has robustly demonstrated the importance of neural connectivity rather than area locality for the transmission of pathology, further supporting a cell-to-cell transmission mechanism in the progression of pathology (Henderson et al., 2019a). This feature is readily observed in the established rodent intrastriatal injection paradigm, in which the induction of α-synuclein pathology progressively accumulates in neuronal populations innervating the striatum. This observation is readily apparent in the substantia nigra, where progressive α-synuclein pathology peaks at 2–3 months following injection followed by modest neurodegeneration by 6 months (Luk et al., 2012; Paumier et al., 2015). The PFF model thus allows for examination of the spatiotemporal spread of protein substrates coupled with insight into selective vulnerability of affected regions.


TABLE 3. LRRK2 in protein-based models.
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The implementation of the PFF model in comparative genetic mouse models has facilitated a greater understanding of how LRRK2 activity might alter the progression of pathology at the connectome level (Table 3). In a recent study by Henderson et al., regional variation in the burden of α-synuclein pathology was observed in G2019S LRRK2 BAC transgenic mice compared to non-transgenic controls (following intrastriatal PFF injection), such that G2019S mice displayed both higher and lower levels of α-synuclein pathology across distinct brain regions (Henderson et al., 2019a). Intriguingly, a significant increase in the burden of α-synuclein pathology was observed in the cortex of G2019S mice. Robust LRRK2 transgene expression is present in the cortex of G2019S mice, suggesting that heightened LRRK2 levels may potentiate α-synuclein pathology in this region. Indeed, G2019S mice were shown to harbor a greater burden of pathology in regions that were resilient in non-transgenic mice. In terms of dopaminergic neurodegeneration, G2019S mice displayed a modest increase in nigral neuronal loss which was reflective of elevated α-synuclein pathology in the substantia nigra. Additional studies have sought to identify whether LRRK2 is required for α-synuclein transmission and neurodegeneration in the PFF model. Administration of MLi-2, a selective LRRK2 kinase inhibitor, in mice inoculated with α-synuclein PFFs demonstrated no significant impact on the induction of α-synuclein pathology in several regions of interest or alterations in dopaminergic cell loss in the substantia nigra (Henderson et al., 2019b). While these findings suggest an additive, but not critical, role for mutant LRRK2 in promoting α-synuclein pathology in vivo, other studies have produced contrasting results. Toward this, administration of antisense oligonucleotides directed against LRRK2 were found to reduce α-synuclein inclusion burden and neurodegeneration in an α-synuclein PFF model (Zhao et al., 2017). As well, primary neuronal cultures derived from either LRRK2 knockin or knockout mice were found to exhibit differential levels of α-synuclein aggregate pathology following PFF administration, with LRRK2 knockout playing a protective role (MacIsaac et al., 2020).

Despite the mixed findings, several additional studies have noted either an acceleration or exacerbation of PFF-induced α-synuclein pathology in the context of the pathogenic G2019S mutation. While enhanced LRRK2 activity does not appear to enhance neuronal uptake of fibrils in vitro, it is possible that mutant LRRK2 impacts diverse biological processes that result in the potentiation of aggregation. Volpicelli-Daley et al. found that overexpression of G2019S LRRK2 in a BAC transgenic rat model increased the number of α-synuclein and ubiquitin-positive inclusions in the substantia nigra at 1 month following unilateral intranigral PFF injection (Volpicelli-Daley et al., 2016). Likewise, Bieri et al. (2019) found that bilateral intrastriatal injection of α-synuclein PFF into G2019S LRRK2 BAC mice led to an exacerbation of phosphorylated α-synuclein aggregates across interconnected brain regions including the substantia nigra. While the effect of the G2019S mutation on protein aggregation was significant at 1, 3, and 6 months following PFF injection, the effect size was diminished over time. This observation supports that PFF-induced pathology may be subject to a thresholding effect, and, additionally, that LRRK2 may have both an immediate impact on the induction of pathology as well as longitudinal control of aggregate formation. Of interest, dopaminergic cell loss was more severe in the G2019S background, which could be resultant from the increased burden of aggregate pathology or from an intrinsic impact of G2019S LRRK2 on neuronal survival (Bieri et al., 2019). In total, LRRK2 appears to subtlety modulate the burden of protein aggregate pathology (Table 3), though the mechanism by which this occurs remains to be fully uncovered.



CONCLUSION

Given the heterogenous pathological landscape of LRRK2-PD, it remains uncertain whether and how LRRK2 activity might impact the development of protein aggregate pathology. Although there is evidence for a potential interaction between LRRK2 and α-synuclein, or LRRK2 and tau, many studies in animal models have had conflicting results. This likely arises from variations in experimental approach and models, and further lack of understanding of LRRK2 biology. Even when an interaction is identified, the mechanisms by which LRRK2 induces, promotes, or accelerates aggregation or neurodegeneration are not well-defined. While some studies suggest that LRRK2 is not critical for the development of α-synuclein or tau pathology, the opposite paradigm still remains to be fully explored. Whether α-synuclein or tau are essential for mutant LRRK2-induced neuropathology has not been formally evaluated in vivo. Subsequent studies will clarify this interaction and seek to place the significance and interaction of LRRK2, α-synuclein, and tau within PD-associated neurodegenerative processes. Toward this aim, LRRK2 animal models have been critical in developing our current understanding of LRRK2 pathobiology and, along with technological refinements and advances in this area, they are poised to play a significant role in future mechanistic studies of LRRK2, including protein aggregation pathways.
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Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene are the most frequent cause of familial Parkinson’s disease (PD). Several genetic manipulations of the LRRK2 gene have been developed in animal models such as rodents, Drosophila, Caenorhabditis elegans, and zebrafish. These models can help us further understand the biological function and derive potential pathological mechanisms for LRRK2. Here we discuss common phenotypic themes found in LRRK2-associated PD animal models, highlight several issues that should be addressed in future models, and discuss emerging areas to guide their future development.
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INTRODUCTION

Parkinson’s disease (PD) is a common, age-dependent, neurodegenerative disease with a lifetime risk of approximately 1.5% (Lees et al., 2009). The defining diagnostic features of PD include bradykinesia, resting tremor, rigidity, cognitive impairment, and psychiatric dysfunction (Goetz et al., 2008). Neuropathologically, PD is characterized by degeneration of dopaminergic (DA) neurons in the substania nigra pars compacta (SNpc) and the presence of Lewy Bodies (LBs) throughout the central nervous system (CNS) (Gelb et al., 1999; Dickson et al., 2009). Extensive human genetic studies have led to the discovery of several PD-causing genes, including leucine-rich repeat kinase 2 (LRRK2) (Nalls et al., 2019). PD-causing mutations in LRRK2 occur in up to 41% of select patient populations and, as such, they represent the greatest known cause of heritable PD (Khan et al., 2005; Lesage and Brice, 2009). Mutations in LRRK2 are also found in sporadic PD, occurring at a rate of 1–3% (Gilks et al., 2005; Lesage et al., 2007; Paisán-Ruíz et al., 2008). Importantly, the clinical presentation of Parkinsonism in LRRK2 mutation carriers has been described as indistinguishable from sporadic PD patients (Adams et al., 2005; Kay et al., 2006). Given its importance in both sporadic and familial PD, understanding LRRK2 biology will assist in elucidation of common mechanisms of disease pathogenesis (for a more thorough review, see Kluss et al., 2019).

The LRRK2 gene encodes a large, 2,527-amino acid, 286-kDa, multi-domain protein belonging to the ROCO family (Zimprich et al., 2004). All ROCO proteins are characterized by a GTPase Ras-like G domain (Roc), followed in tandem by a C-terminal of Roc domain (COR) (Bosgraaf and Van Haastert, 2003; Marín, 2006). LRRK2 also contains a serine-threonine kinase domain, capable of phosphorylating both itself and a small group of substrates (West et al., 2005; Sheng et al., 2012; Steger et al., 2016). To date, most of the pathogenic mutations are clustered within the Roc, COR, or kinase domains and are found to alter LRRK2’s biochemical activity (Chen and Wu, 2018). Although LRRK2 activity has been linked to a diverse range of cellular processes (reviewed by Berwick et al., 2019), a large body of work suggests LRRK2 plays a key role in membrane trafficking along the endo-lysosomal pathway. These functions include synaptic vesicle endocytosis, degradation, and recycling of trans-membrane receptors, anterograde trafficking of receptors from the trans-golgi network to lysosomes, and retromer-mediated transmembrane recycling. LRRK2-dependent regulation of these cellular processes may be associated with LRRK2’s ability to bind and phosphorylate a cluster of Rab GTPases (Shin et al., 2008; Piccoli et al., 2011; MacLeod et al., 2013; Gómez-Suaga et al., 2014; Schreij et al., 2014; Pan et al., 2017; Steger et al., 2017; Pellegrini et al., 2018; Rivero-Ríos et al., 2019; Sheehan and Yue, 2019).

A diverse range of animal models have been developed which overexpress, knock-out, knock-down, or knock-in mutated and wildtype forms of the LRRK2 gene, for the characterization of LRRK2 biological and pathophysiological functions. In this review, we discuss common phenotypic themes found in LRRK2-associated rodent, Drosophila, Caenorhabditis elegans, and zebrafish animal models and highlight several new avenues toward development of future LRRK2 animal models.



RODENT LRRK2 MODELS

Rodent models have been widely used in the study of LRRK2 biology due to their genetic and neuroanatomical similarities to humans. Both mice and rats possess a mammalian homolog of LRRK2 which shares approximately 86–88% sequence identity to human LRRK2. Importantly, all residues affected by pathogenic mutations in humans are conserved in rodent LRRK2 (Langston et al., 2016). Rodents also possess a LRRK1 homolog, which shares ankyrin repeats (ANK), leucine-rich repeats (LRR), and Roc, COR, and kinase domains with LRRK2, but may also contain a WD40 domain that is still contested in the literature (Biskup et al., 2007; Civiero et al., 2012; Sejwal et al., 2017; Xing et al., 2017). The dopaminergic neuroanatomical pathways of rodents and humans are also highly similar, leading to the development of an array of sensitive behavioral tests in rodents that may correlate to dopamine loss in human PD (Meredith and Kang, 2006; Redgrave et al., 2010). Therefore, rodents represent an ideal candidate for genetic manipulations to investigate LRRK2 biology toward investigation of PD pathogenesis.


Rodent LRRK2 KO Models

LRRK2 knock-out (KO) models have been chiefly employed to investigate the physiological function of endogenous LRRK2 (Tables 1, 2). An emerging theme of LRRK2 KO rodent models is that the resulting phenotypes do not mimic LRRK2-assocated PD. Rodents born without LRRK2 exhibit no loss of dopaminergic (DA) neurons, demonstrate mild to no behavioral or locomotor defects, have limited neuropathology, and have unchanged dopamine synthesis (as measured by DOPAC and HVA) (Andres-Mateos et al., 2009; Lin et al., 2009; Tong et al., 2010b; Herzig et al., 2011; Hinkle et al., 2012; Daher et al., 2014).


TABLE 1. Mouse LRRK2 KO models.
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TABLE 2. Rat LRRK2 KO models.
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Although no clear neuronal phenotypes have emerged, several studies have suggested that LRRK2 may fulfill key functions in peripheral tissues. Most notably, LRRK2 KO kidneys exhibit striking age-dependent changes in color and weight, along with ultrastructural abnormalities (Tong et al., 2010a, 2012; Herzig et al., 2011; Hinkle et al., 2012; Baptista et al., 2013). A darker coloration of LRRK2 KO kidneys has been observed as early as 2–3 months, while increases in weight are reported as early as 1–5 months in a sex-specific manner (Herzig et al., 2011; Hinkle et al., 2012; Tong et al., 2012; Ness et al., 2013; Boddu et al., 2015). Curiously, one group has reported a decrease in the weight of LRRK2 KO kidneys at 20–27 months in age (Tong et al., 2010b, 2012). Electron microscopy (EM) analysis of KO kidneys has further revealed an increase in the number and size of lysosomes in epithelial cells of the renal cortex, starting at 4 months of age (Herzig et al., 2011; Hinkle et al., 2012; Tong et al., 2012; Baptista et al., 2013). These studies also found increases in lipid-containing vesicles or droplets and lipofuscin (potentially contained within lysosomes). Alongside ultrastructural abnormalities, multiple groups have reported changes in autophagic markers, LC3, and p62 and lysosomal markers, LAMP-1 and Cathepsin D, consistent with alterations in the autophagy–lysosomal pathway (Tong et al., 2010a, 2012; Hinkle et al., 2012). Changes in homeostatic parameters regulated by the kidneys have also been reported in LRRK2 KO animals, including increased diastolic blood pressure, decreased plasma and serum chloride, and decreased specific gravity of urine (Herzig et al., 2011; Baptista et al., 2013; Ness et al., 2013; Boddu et al., 2015; Fuji et al., 2015). Kidney dysfunction may be detected using the biomarker of kidney health known as lipocalin-2 (NGAL), which has also been observed to be reduced in plasma and urine (Ness et al., 2013; Fuji et al., 2015).

Several additional abnormalities have been reported in other peripheral organs in LRRK2 KO animals. Lungs of LRRK2 KO rats exhibit an increased number and size of type II alveolar cell lamellar bodies, a lysosome-derived secretory vesicle that stores surfactant (Herzig et al., 2011; Baptista et al., 2013; Miklavc et al., 2014). Indications of liver dysfunction such as increased AST, ALT, and cholesterol levels have also been reported (Ness et al., 2013; Baptista et al., 2013). To a lesser degree, abnormalities in the spleen, such as decreased size and changes in cellular composition, were also found (Ness et al., 2013).

A less-clear phenotype seen has been the disruption of α-synuclein homeostasis in LRRK2 KO rodent models. While several studies have shown that LRRK2 KO or kinase inhibition is protective against α-synuclein aggregation in the brain (Lin et al., 2009; Herzig et al., 2011; Daher et al., 2014; Bae et al., 2018), others have reported that LRRK2 KO causes accumulation of α-synuclein in the kidneys (Tong et al., 2010a, 2012). These seemingly conflicting findings may indicate tissue or model specific differences in α-synuclein metabolism.

An exception to phenotypes seen in single LRRK2 KO models has been a recently developed LRRK1 and LRRK2 double-KO mouse that shows α-synuclein pathology, disruption of the autophagy–lysosomal pathway, and DA neurodegeneration in the CNS (Giaime et al., 2017). While the result suggests the possibility that LRRK1 compensates for the loss of LRRK2 in the brain, it raises the question as to whether PD mutations of LRRK2 could be implicated in the loss of LRRK1/LRRK2 functions. Future studies will have to further verify these findings and elucidate potential mechanisms.



Rodent Transgenic LRRK2 Models

Several rodent transgenic models have been generated to overexpress (OE) WT or pathogenic variants of LRRK2. These transgenic models have been developed using either insertions of LRRK2 cDNA or bacterial artificial chromosomes (BACs) (Tables 3–5).


TABLE 3. Transgenic OE of LRRK2 using cDNA in mouse models.
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TABLE 4. Transgenic OE of LRRK2 using BAC in mouse models.
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TABLE 5. Rat transgenic LRRK2 models.
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An emerging theme in transgenic mouse models is that overexpression of pathogenic LRRK2 mutants, such as G2019S or R1441C, can induce PD-like phenotypes. Reported phenotypes include DA neuronal loss, disruption of dopamine homeostasis, ultrastructural changes, L-DOPA responsive locomotor defects, and pathological accumulations of tau and α-synuclein (Ramonet et al., 2011; Chen et al., 2012; Weng et al., 2016; Xiong et al., 2018). Several of these phenotypes have also been reproduced in rats, though without any obvious DA neuronal loss (Zhou et al., 2011; West et al., 2014; Sloan et al., 2016). In mice, DA neuron degeneration is typically observed at mid- to older age, occurring typically at 15–20 months in the SNpc (Ramonet et al., 2011; Weng et al., 2016; Xiong et al., 2018). Prior to cell death, DA neurons are frequently observed to exhibit abnormal morphology and reduced synaptic vesicles (Burke and O’Malley, 2013; Tsika et al., 2014; Liu et al., 2015; Weng et al., 2016). Decreased striatal dopamine content, dopamine metabolites, and evoked dopamine release also frequently occur in conjunction with DA neuronal death (Ramonet et al., 2011; Zhou et al., 2011; Liu et al., 2015; Sloan et al., 2016; Lim et al., 2018; Xiong et al., 2018). Consequently, these rodents exhibit locomotor defects, which are partially rescued with L-DOPA (Sloan et al., 2016; Weng et al., 2016; Xiong et al., 2018). To date, two studies using cDNA LRRK2-G2019S overexpression have been able to show both DA neurodegeneration and pathological inclusions (Chen et al., 2012; Xiong et al., 2018). In one such model, phosphorylated tau was increased at 12 months in the SNpc, in parallel with DA neuronal loss (Chen et al., 2012). The other reported an increase in phosphorylated and high molecular weight α-synuclein in the striatum and ventral medial body at 24 months of age (Xiong et al., 2018).

Although transgenic OE rodent models can capture many of the cardinal features of PD patients to various extents, there are several key caveats to bear in mind. For example, the question of whether DA neuronal loss occurs in a cell-autonomous or non-cell-autonomous manner has arisen, due to cell type-specific expression. Only mouse models which employ a DA neuron specific (TH) or neuronal transgene (CMV enhancer/PDGF-β) promoter has been able to induce DA neurodegeneration (Ramonet et al., 2011; Chen et al., 2012; Weng et al., 2016; Xiong et al., 2018). Of note, other neuronal transgene promoters, such as Thy1.2 and CaMKII, have failed to induce DA neuronal death, possibly owing to a lack of sufficient expression in midbrain DA neurons (Tsika et al., 2014; Garcia-Miralles et al., 2015). Alternative rodent models generated using a BAC approach, which use endogenous LRRK2 promoter to drive the expression has presented with more subtle phenotypes, such as changes in dopamine homeostasis and mild behavioral or locomotor dysfunction (Tables 4, 5).

One clear advantage of rodent OE models is that they have enabled the study of neurodegenerative mechanisms. One potential mechanism of action is LRRK2-mediated phosphorylation of synaptic proteins with known functions in vesicle endocytosis. Specifically, LRRK2 has been shown to phosphorylate the synaptic proteins synaptojanin 1 (SYNJ1), Endophilin A1 (SH3GL2) and auxilin (DNAJC6) (Matta et al., 2012; Arranz et al., 2015; Pan et al., 2017; Nguyen and Krainc, 2018). Broadly speaking, these studies have proposed that increased LRRK2-kinase activity disrupts the physiological function of these presynaptic trafficking proteins, resulting in defects in synaptic vesicle endocytosis (Pan et al., 2019).



Mouse LRRK2 KI Models

Currently, the disease mutations of LRRK2 knock-in (KI) models have only been developed in mice (Table 6). Unlike OE models, KI models do not suffer from potential overexpression artifacts or interspecies differences. However, LRRK2 KI mouse models have failed to show DA neuron degeneration or α-synuclein pathology. Rather, these models exhibit neurophysiological changes, altered DA homeostasis, and modest behavioral abnormalities.


TABLE 6. Mouse LRRK2 KI models.
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Two independent groups have reported that the LRRK2-G2019S KI mice exhibit increased frequency of spontaneous excitatory post-synaptic potentials (sEPSCs) in spiny projection neurons (SPNs) of the striatum (Matikainen-Ankney et al., 2016; Volta et al., 2017). Young (1–3 months) G2019S KI mice also exhibit elevated dopamine release upon repeated stimulation (Volta et al., 2017). These changes are mirrored by increases in total distance moved and rearings indicative of hyperkinesia at a young age (Longo et al., 2014; Yue et al., 2015; Volta et al., 2017). However, in older mice (>12 months), extracellular levels of dopamine appear decreased and hyperkinetic behavior is reduced (Yue et al., 2015; Volta et al., 2017). Perhaps surprisingly, a recent study has reported that young G2019S KI mice are more resilient to chronic social defeat stress (CSDS) (Matikainen-Ankney et al., 2018). The authors suggest that this may be due to the inability for calcium-permeable AMPA receptors (CP-AMPARs) to integrate into the synaptic membrane, blocking the formation of long-term potentiation (LTP). However, whether the synaptic changes at young adulthood in rodents confer altered non-motor or motor phenotypes in late-onset PD remains unclear.



DROSOPHILA LRRK2 MODELS

Drosophila LRRK2 models can offer several advantages over rodents. Firstly, the relatively short lifespan of Drosophila (∼2 to 3 months) allows age-dependent changes in phenotypic variability to manifest quicker than in rodent models (e.g., synuclein pathology; Feany and Bender, 2000). In addition, the presence of the UAS-GAL4 system in several Drosophila lines can create a diverse range of genetic manipulations. Finally, the dopaminergic system in Drosophila consists of six well-defined neuronal clusters that can easily be quantified to assay DA-specific neuronal death.


Drosophila dLRRK KO Models

Unlike rodents and humans, which possess both LRRK1 and LRRK2 genes, Drosophila only possesses a single LRRK2 ortholog, dLRRK. dLRRK is 2,445 amino acids in length and shares an overall sequence identity of 24% with human LRRK2 (Wang D. et al., 2008). Like LRRK2 KO rodent models, loss of dLRRK does not cause DA neurodegeneration (Table 7) (Imai et al., 2008; Wang D. et al., 2008; Tain et al., 2009). Several studies have, however, reported locomotor deficits and loss of fertility in dLRRK KOs (Lee et al., 2007; Imai et al., 2008; Tain et al., 2009). An unclear point of investigation is whether dLRRK KOs are sensitive or protective to treatment with reactive oxygen species (ROS) with two studies observing conflicting evidence for H2O2 on mortality (Imai et al., 2008; Wang D. et al., 2008). Future studies should evaluate reasons for this discrepancy and probe potential mechanisms for ROS sensitivity or protection in dLRRK KOs.


TABLE 7. Drosophila dLRRK KO models.
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Drosophila Transgenic LRRK2 Models

As with rodent OE models, Drosophila OE of human LRRK2 G2019S and R1441C has resulted in DA neuronal loss, disruptions of dopamine homeostasis, and L-DOPA responsive locomotor defects (Table 8). Interestingly, other variants such as I1122V, Y1699C, I2020T, and G2385R have also been shown to cause DA neuronal loss in Drosophila (Imai et al., 2008; Liu et al., 2008; Ng et al., 2009; Venderova et al., 2009; Lin et al., 2010; Godena et al., 2014). This loss occurs at mid- to older age (35–60 days) and is commonly seen in the PPL1 DA neuronal cluster (Imai et al., 2008; Liu et al., 2008; Ng et al., 2009; Venderova et al., 2009). In addition to cell loss, transgenic models also exhibit decreased DA content and reduced climbing ability starting at birth or at 10 days, respectively (Imai et al., 2008; Ng et al., 2009). Several studies have also reported sensitivity to ROS in flies expressing pathogenic LRRK2 mutations (Imai et al., 2008; Ng et al., 2009).


TABLE 8. Drosophila transgenic LRRK2 models.
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Unlike rodent models, OE of human WT LRRK2 has also been reported to induce DA neurodegeneration (Liu et al., 2008). In addition, OE of Drosophila WT dLRRK (under a TH promoter) has also been shown to cause neurodegeneration (Imai et al., 2008). These models raise several questions, including whether DA neuronal loss may be caused by expression of a different species’ LRRK2 and whether cell-type specific expression can cause DA neuronal loss.



CAENORHABDITIS ELEGANS LRRK2 MODELS

Caenorhabditis elegans have a well-characterized CNS with a total of 302 neurons, 8 of which are dopaminergic. Unlike rodents, the simplicity of the C. elegans’s nervous system has allowed for quantification and visualization of DA neuron morphology in vivo (Yao et al., 2010). In addition, its shorter lifespan, small size and cost-effectiveness have facilitated high-throughput drug screening (Maulik et al., 2017). Like Drosophila, C. elegans has one single ortholog of LRRK2, Lrk-1, which is broadly expressed in head and tail neurons, the hypodermis, intestine, and muscles (Sakaguchi-Nakashima et al., 2007). Both Lrk-1 KO and transgenic OE models of LRRK2 have been reported in C. elegans.


C. elegans Lrk-1 KO Models

Like other LRRK2 KO models, loss of Lrk-1 does not lead to the degeneration of DA neurons or striking locomotor phenotypes (Sakaguchi-Nakashima et al., 2007; Saha et al., 2009; Sämann et al., 2009; Yao et al., 2010). C. elegans do, however, demonstrate a mis-localization of synaptic vesicles in DA neurons in vivo (Sakaguchi-Nakashima et al., 2007; Sämann et al., 2009). In addition, Lrk-1 KOs have been found to be more sensitive to ER stressors, such as tunicamycin, which has been recently observed to induce the recruitment of LRRK2 from the trans-Golgi to the lysosome in a Rab29-dependent manner (Sämann et al., 2009; Kuwahara et al., 2016; Eguchi et al., 2018). Both of these processes depend on the phosphorylation of Rab GTPases by LRRK2, and future studies in C. elegans may reveal more mechanistic insight in vivo.



C. elegans LRRK2 Transgenic Models

The OE of human LRRK2 G2019S and R1441C in C. elegans has been shown to cause DA neurodegeneration, reduced dopamine levels, and locomotor dysfunction (Sämann et al., 2009; Yao et al., 2010; Liu et al., 2011). Interestingly, two conflicting studies suggest that LRRK2-mediated neurodegeneration may depend on either GTPase or kinase activity. One study suggests that OE of human LRRK2 K1347A (a defective GTP binding mutant) does not produce Parkinsonian phenotypes in C. Elegans, inferring that GTPase activity is essential for toxicity (Yao et al., 2010), while another indicates that the kinase dead human LRRK2 OE also does not produce loss of DA neurons (Liu et al., 2011). Furthermore, OE of human LRRK2 WT has also been shown to cause DA neurodegeneration (Yao et al., 2010). Future C. elegans transgenic OE models will have to clarify these discrepancies and use better GTPase inactive mutants in C. elegans to assess for toxicity.



ZEBRAFISH LRRK2 MODELS

Zebrafish (Danio rerio) is an attractive model due to its well-characterized neuronal circuitry, conserved neurobiochemical mechanisms between humans, optical transparency, small size, and ease of drug administration (Vaz et al., 2018). The lifespan of zebrafish is relatively long compared to other rodent models, with 71% survivability at 5 years, making it ideal for aging research (Vaz et al., 2018). Like Drosophila and C. elegans, zebrafish possess a sole ortholog to human LRRK2, called zLRRK2, sharing a 47% amino acid sequence identity with humans (Sheng et al., 2010).


Zebrafish zLRRK2 KD Models

Since an initial study reported that zLRRK2 KO is embryonically lethal, a targeted knock-down (KD) approach has been used as an alternative to reduce the expression of zLRRK2 (Sheng et al., 2010). This initial study saw that targeting the WD40 domain of zLRRK2 using morpholino oligonucleotides resulted in the loss of diencephalon DA neurons and locomotor defects (Sheng et al., 2010). A later study supported this finding and also observed α-synuclein aggregates in multiple brain regions (Prabhudesai et al., 2016). However, one study using a dosage of morpholinos in between these two studies achieved a greater KD of zLRRK2, but could not replicate these phenotypes (Ren et al., 2011). These studies may show conflicting results due to the reported off-target effects of morpholinos, and thus different approaches should be considered (Kok et al., 2015). As such, further study is required to establish a consistent theme in zebrafish zLRRK2 KD models.



Zebrafish LRRK2 Mutant Models

Limited zebrafish mutant models have been developed, but a recent report using zinc finger nucleases (ZFNs) was able to introduce a mutation in the WD40 domain of zLRRK2 to generate a KI model (Sheng et al., 2018). They observed increases in locomotion in the adult stage and a weakened antibacterial response. Another report using transient overexpression of human LRRK2 WT and G2019S in zebrafish embryos was able to see disruptions in the ubiquitin-proteasome system (UPS) (Lichtenberg et al., 2011). Future studies will have to develop more mutant models of zebrafish models in order to gain more phenotypic insights.



CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Here we highlight several phenotypic themes found in LRRK2-associated PD animal models, with an emphasis on rodents.

LRRK2 KO models in mice, rats, Drosophila, and C. elegans have not produced DA neurodegeneration. Rather, phenotypic changes have been observed primarily in peripheral tissues such as the kidneys and lungs. Interestingly, primates treated with LRRK2 kinase inhibitors have also show disruptions in the kidneys and lungs with no obvious neuropathological changes (Fuji et al., 2015). Future models should work to uncover other novel phenotypes associated with LRRK2 KO models, which can be indicative of LRRK2 kinase inhibitor treatment, thereby facilitating the investigation of drug-based toxicity or efficacy. By contrast, transgenic OE of pathogenic LRRK2 in mice and Drosophila has been shown to cause robust DA neurodegeneration, tau and α-synuclein pathology, locomotor/behavioral deficits, alterations in DA homeostasis, and L-DOPA-responsive behavior. A recently reported mouse model was found to have many of these features including DA neurodegeneration, locomotor changes and α-synuclein pathology, and it may be useful for determining drug efficacy (Xiong et al., 2018). Other phenotypes, such as tau pathology and cognitive, behavioral, and peripheral organ changes have not been assessed in this model and could provide other important clinical measures. Finally, LRRK2 KI models used in mice and zebrafish have produced neurophysiological changes and modest behavioral or locomotor abnormalities. These phenotypes seen can be indicative of early or prodromal PD, and with careful behavioral analysis, such as one done by Giesert et al. (2017) in a R1441C KI mouse model, it can reveal other important phenotypes.

An emerging area in LRRK2 biology that may help guide future LRRK2 models is the role of Rab proteins and whether they can be used as an in vivo biomarker for LRRK2 activity. LRRK2 is capable of phosphorylating Rab3A/B/C/D, Rab8A/B, Rab10, Rab12, Rab29, Rab35, and Rab43 (Steger et al., 2016, 2017). Using LRRK2 G2019S, R1441C, kinase-dead, and phosphomimetic (S910A + S935A) KI rodent models, the endogenous phosphorylation of Rab proteins can be carefully evaluated in a tissue-specific manner. This should provide important clues for cell-type and region-specific readouts of LRRK2 activity (Ito et al., 2016; Lis et al., 2018). Furthermore, a recent study has highlighted LRRK2’s role at the lysosome, where LRRK2 is recruited onto stressed lysosomes by Rab29 and phosphorylates Rab8A and Rab10 (Eguchi et al., 2018). Interestingly, Rab8A KO mice have been developed, which may give important insights into LRRK2 biology at the lysosome (Sato et al., 2007). Furthermore, RAB29 was also observed to be a risk factor for the development of PD, and future studies should investigate a potential unifying mechanism for LRRK2 and Rab29 in PD pathogenesis (MacLeod et al., 2013; Beilina et al., 2014; Nalls et al., 2019).

Another emerging area in LRRK2 animal models is the role of LRRK2 in producing immune system abnormalities. A recent LRRK2 phosphomimetic (S910A + S935A) KI mouse model has shown a reduction in astrogliosis, while a transgenic OE of LRRK2-G2019S in mice exhibited an increase in astrogliosis (Xiong et al., 2018; Zhou et al., 2018). Another study using G2019S KI mice has exhibited astrogliosis using a sub-toxic dose of MPTP dose to cause DA neurodegeneration (Arbez et al., 2019). Investigation of LRRK2 and astrogliosis using these models may help elucidate potential pathogenic mechanisms for LRRK2 in the CNS.

LRRK2 animal models have thus facilitated our understanding of LRRK2 biology, have led us to determine PD pathogenic mechanisms, and have facilitated the discovery of novel phenotypes in LRRK2 pathogenesis in PD and therapeutic development.
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Genetic studies have identified variants in the LRRK2 gene as important components of Parkinson’s disease (PD) pathobiology. Biochemical and emergent biomarker studies have coalesced around LRRK2 hyperactivation in disease. Therapeutics that diminish LRRK2 activity, either with small molecule kinase inhibitors or anti-sense oligonucleotides, have recently advanced to the clinic. Historically, there have been few successes in the development of therapies that might slow or halt the progression of neurodegenerative diseases. Over the past few decades of biomedical research, retrospective analyses suggest the broad integration of informative biomarkers early in development tends to distinguish successful pipelines from those that fail early. Herein, we discuss the biomarker regulatory process, emerging LRRK2 biomarker candidates, assays, underlying biomarker biology, and clinical integration.
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INTRODUCTION

Neurological disorders, including neurodegenerative diseases, were among the areas with the lowest probability of new compound success over the 2010–2017 time period, with lack of efficacy being the primary cause of attrition (Morgan et al., 2012; Dowden and Munro, 2019). Further, many genes and processes associated with neurodegenerative diseases are not considered traditional parts of the so-called druggable proteome associated with clinically efficacious drugs (Hopkins and Groom, 2002). More than 800 Food and Drug Administration (FDA) approved small molecules and biotech drugs typically fall into predictable classes of proteins and enzymes that compose the known druggable proteome, and few of these known druggable targets are clearly linked to neurodegenerative disease (Wishart et al., 2006). However, with the identification of missense mutations in LRRK2, a new drug target emerged (Zimprich et al., 2004; West et al., 2005; Healy et al., 2008). LRRK2 encodes protein kinase and GTPase domains, similar to domains present in some proteins within the druggable proteome. While the exact mechanisms of mutant LRRK2-induced neurodegeneration remain elusive and are not the focus of this review, the “kinase-activation” hypothesis for LRRK2-linked disease has advanced forward to novel therapeutic approaches (West et al., 2005; West, 2015, 2017). Recently, small molecule inhibitors and anti-sense oligonucleotides have progressed into clinical trials (e.g., clinicaltrials.gov NCT03976349, NCT04056689).

While it is standard practice to collect extensive pharmacokinetic (PK) data for drugs in early clinical efforts, these data poorly predict proof of mechanism (Morgan et al., 2018). PK measures typically define drug properties related to absorption, distribution, metabolism, and excretion (ADME). Convincing pharmacodynamic measures that would otherwise assess relationships between drug concentration at the site of action (e.g., receptor binding) and the resulting biochemical and physiological effects (e.g., enzyme activity) are not typically integrated into clinical trials for Parkinson’s disease. The lack of demonstrable efficacy in a clinical trial can be attributed to many factors, but insufficient biomarkers of target engagement and improper patient selection for clinical trials are often cited as primary causes (Morgan et al., 2012; Lopes et al., 2015; Smietana et al., 2016; Dowden and Munro, 2019). Long-duration clinical trials that seek to modify disease progression may be particularly susceptible to failures caused by a lack of biomarker integration.

As trials of investigational compounds targeting LRRK2 move forward, the apparent need for validated LRRK2-targeted biomarkers increases. Currently there are no biomarkers approved by the FDA that relate to LRRK2 pathobiology or activity. The development of informative pharmacodynamic biomarkers involves substantial investment and are not currently a requirement for the advancement of therapies in regulatory pipelines. Yet, as will be discussed herein, biomarker development may be key for successful clinical outcomes. In this review, we provide a rationale for prioritizing LRRK2-relevant biomarker development, an overview of possible integration in the development pipeline, and describe promising emergent candidates that measure different features related to LRRK2 pathobiology. While there is no clear single biomarker or approach that will shepherd LRRK2-targeted therapies through clinical trials, purpose-built panels with high evidentiary standards for meaningful measures in diverse populations may provide the best chance of identifying successful therapies.



IMPORTANCE OF BIOMARKERS IN THERAPY DEVELOPMENT

In 1998, the National Institutes of Health Biomarkers Definitions Working Group defined a biomarker as “a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention” (Biomarkers Definitions Working Group, 2001). According to the World Health Organization (WHO), measured responses may be functional and physiological, biochemical at the cellular level, or specify a molecular interaction. Biological markers that identify and monitor the biochemical effects of drugs may be theragnostic biomarkers that evaluate specific effects of a drug (e.g., target engagement) and downstream effects on pathogenic mechanisms. Theragnostic biomarkers may have practical utility in predicting positive outcomes. As a nascent target, there are currently no standard LRRK2-targeted biomarkers established for related drug development programs and clinical trials. However, as will be discussed, rapid advancements in the field position LRRK2 as a prime candidate for biomarker-based enrichment strategies in development pipelines.

In multiple retrospective analyses from large pharmaceutical companies, biomarker driven approaches have been identified as the most common difference between failed and successful efforts. Pfizer conducted an after-action review of 44 programs that reached a decision point in Phase II clinical trial between 2005 and 2009 and found that only 32% were deemed positive at their clinical proof-of-concept meeting (Morgan et al., 2012). Deeper analysis concluded that the programs with positive outcomes evaluated mechanism of action in humans, through biochemical biomarker classification of disease, typically with some evidence of target engagement. In contrast, nearly all terminated programs failed to adequately test mechanism. Pfizer’s findings prompted design guidelines for future projects using fundamental data and knowledge they termed the “three Pillars of survival” (Morgan et al., 2012). By these new standards, compounds must demonstrate (1) sufficient drug exposure at the target site over time, (2) target engagement, and (3) functional modulation of the target in order to advance to clinical development. Similarly, AstraZeneca sought to revise their research and development enterprise through new guidelines termed the “5R framework,” where three of the five “R” criterion require clear empirically derived and dynamic biomarker feedback (Morgan et al., 2018). Since implementing this revised strategy, project success rates across all stages of development improved for the 2012–2016 period compared to the 2005–2010 period, and at clinical proof-of-concept meetings, transition from candidate drug nomination to phase III completion improved by 19%. Furthermore, industry-wide surveys show that clinical trials that use biomarkers have higher overall success probabilities than trials without biomarkers (Wong et al., 2019). In an earlier study of 1,079 oncology drugs, success rates for drugs developed with biomarkers was 24 versus 6% for compounds developed without biomarkers (Lopes et al., 2015). Figure 1 illustrates points of biomarker integration in traditional drug discovery pipelines.
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FIGURE 1. Biomarker positioning within the drug development pipeline. Preclinical studies may be used to refine and validate biomarkers in three broad categories, target engagement, liabilities, and pathways. Early implementation in phase I/II clinical trials may increase likelihood of success in efficacy trials.




PROCESS FOR BIOMARKER QUALIFICATION

Numerous hurdles exist for transitioning novel biomarkers from the laboratory into clinical practice. There are numerous regulatory programs that facilitate the review and qualification of novel biomarkers for drug development (Amur et al., 2015). In 2004, the FDA introduced the Critical Path Initiative with hopes to improve the drug development process, where the advancement of new biomarkers was identified as a critical priority (Woodcock and Woosley, 2008). Furthermore, the FDA has clearly articulated necessary biomarker qualification standards. In alliance with the Critical Path Initiative, a systematic framework for developing evidentiary standards for biomarker qualification was developed by Pharmaceutical Research and Manufacturers of America (PhRMA) in partnership with the FDA and academia (Altar et al., 2008). In summary, the proposed context of use for a biomarker determines the level of evidence required to support qualification based on the tolerability of risk imposed. However, as might be expected with the paucity of biomarkers currently approved and in use in the clinic, evidentiary standards are not well defined for all types of biomarkers and their various context of uses.

Pharmacodynamic biomarkers are generally thought to be considered low risk because they are utilized early in drug development (e.g., exploratory) and are not typically decisional. Nascent biomarkers are typically used without regulatory qualification, but as pharmacodynamic biomarkers for target engagement evolve and enter the clinical space, greater evidentiary standards will be imposed. Factors that may contribute to evidentiary considerations for LRRK2-targeted biomarkers for target engagement include biological rationale, analytically validated methods, and reproducibility of data (Figure 2). As the different biomarkers advance in this pipeline, data will feedback over time to refine interpretations of context of use and biological rationale. We have argued in the past that a better understanding of the causal pathway for LRRK2 in PD pathogenesis will be critical for qualifying different biomarkers used to measure target and pathway engagement (West, 2015, 2017). Additionally, biomarker assays require high levels of specificity and sensitivity. As will be discussed, analytical methods for LRRK2-targeted biomarkers will need to be well established, with a foundational understanding of biological and technical variability. Both evidentiary factors, biological rationale, and validated assays, will first rely on technical reproducibility. In addition to test datasets, positive results in confirmatory datasets should provide the necessary level of evidence to support LRRK2-targeted biomarker qualification by regulatory bodies that include the FDA. Similar evidentiary frameworks exist in European Union guidelines (Biomarkers Definitions Working Group, 2001; Goodsaid and Papaluca, 2010).
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FIGURE 2. Evidentiary standards for qualification of LRRK2-targeted biomarkers depend on the intended context of use. In general, the intended use of a biomarker in drug development programs dictates the level of risk (e.g., impact of decision based on biomarker result) and engagement of regulators. Biomarkers utilized in making decisions in the clinic, or utilized in multiple programs, require higher levels of evidence and qualification.


Usage of the same FDA approved biomarkers across different studies may expedite the identification of successful LRRK2-targeted therapies. Of note, to establish a biomarker for the use in multiple development programs, a pharmaceutical developer, disease-specific foundation, health research organization, or consortium, must request regulatory qualification of a biomarker through the FDA Biomarker Qualification Program. This application process is distinct from the approval process for biomarker use in a single drug development program (e.g., one sponsor), where acceptance occurs through an Investigational New Drug (IND) application during the drug approval process. A review team is then assembled for the consultation and advice stage where preliminary data and analysis plans are evaluated. Once a biomarker has been qualified, it may then be used for its specified use of context within drug development programs. While there may be little pressure for individual developers to conform to standardization that might expedite the field as a whole, health-research funding bodies and foundations could reasonably insist, especially in pre-competitive phases of development, on utilization of standardized approved biomarkers.



EMERGING LRRK2 BIOCHEMICAL BIOMARKERS

Identifying physiological substrates of LRRK2 that correlate with LRRK2 kinase activity has been a priority goal since the discovery of mutations that biochemically upregulate LRRK2 kinase activity (West et al., 2005). Figure 3 highlights known LRRK2 phosphorylation sites and other protein regulators that serve as the basis for most LRRK2-targeted biomarker approaches. Direct measures of LRRK2 kinase activity in different cells and tissues became possible with the discovery of LRRK2 autophosphorylation at the Ser1292 residue, the most abundant LRRK2 autophosphorylation site near the Rab-like ROC domain within the LRRK2 protein (Sheng et al., 2012). Up to 30% of LRRK2 protein becomes phosphorylated at this residue in vitro, with much higher ratios observed in different biofluids (Wang et al., 2017). Biomarkers measuring autophosphorylated residues in several receptor-tyrosine kinases in different indications have been utilized in past clinical research (Paweletz et al., 2011; Wu et al., 2014; Zhang et al., 2016). LRRK2 also autophosphorylates several other threonine residues directly in the ROC domain in vitro (Greggio et al., 2009; Pungaliya et al., 2010; Liu et al., 2016), although these phosphorylated peptides have been more difficult to measure directly in cells and tissues, presumably due to their very low abundance, possibly less than 1% of the total pool of LRRK2 protein (Greggio et al., 2009; Gloeckner et al., 2010; Webber et al., 2011). This low-level of phosphorylation challenges current mass spectrometry-based sensitivities and antibody-differential affinities in binding phospho-peptides versus non-phospho-peptides.
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FIGURE 3. Illustration aligning LRRK2-conserved domain structure with constitutive phosphorylation sites (green), autophosphorylation sites (magenta), with pathogenic mutations (red). Kinases and phosphatases that can control constitutive phosphorylation are indicated together with 14-3-3 s. Intramolecular shifts in the ROC-COR-Kinase enzymatic stretch of domains may regulate LRRK2 activity and metabolism. ARM is armadillo-like, ANK is ankyrin-like, LRR is leucine-rich repeat, ROC is Ras-of-Complex Rab-like GTPase, COR is conserved C-terminal of ROC, Kinase is Ser/Thr-kinase domain, and WD40 is beta-transducin-like repeat.


A subset of small Rab GTPases have been identified as trans-substrates for LRRK2 kinase activity (Steger et al., 2016), with Rab10 phosphorylated by LRRK2 at the Thr73 residue (Eyers, 2018). The impact of pathogenic LRRK2 mutations on Rab10 phosphorylation are still under investigation, but with the administration of a LRRK2 inhibitor, pT73-Rab10 levels are reduced (Ito et al., 2016; Thirstrup et al., 2017). Dozens of other LRRK2 candidate substrates have been proposed, although a lack of evidence for LRRK2 phosphorylation under physiological conditions prevents broad integration in biomarker approaches (Pungaliya et al., 2010). LRRK2 was identified as a constitutively phosphorylated protein in a cluster of N-terminal residues including a serine residue at 935, although a kinase-inactivating mutation in LRRK2 did not ablate the levels of these phospho-sites (West et al., 2007). Curiously, small molecule inhibition more dramatically downregulates pS935 levels than kinase-inactivating mutations in LRRK2 (Dzamko et al., 2010). This regulation is suspected to be mediated within a cascade of 14-3-3 interaction and phosphatase activity that is affected by a conformational change in LRRK2 induced by inhibitor binding (Li et al., 2011; Dzamko et al., 2012; Sheng et al., 2012; Lobbestael et al., 2013; Liu et al., 2014; Kelly et al., 2018). Although an indirect measure, dephosphorylation of LRRK2 at Ser935 has been utilized extensively in development pipelines (Henderson et al., 2015; Perera et al., 2016; Thirstrup et al., 2017). As opposed to measures of phospho-Rab and pS1292-LRRK2, some LRRK2 pathogenic mutations, especially in the ROC domain (e.g., R1441C), appear to dramatically down-regulate pS935-LRRK2 levels (Delbroek et al., 2013; Muda et al., 2014; Giesert et al., 2017).



LRRK2 REGULATION IN BIOMARKER RESPONSES

LRRK2 functions in the endolysosomal pathway in both health and disease (Higashi et al., 2009; Tong et al., 2010; Piccoli et al., 2011; Matta et al., 2012). On a subcellular level, LRRK2 co-localizes with some membranes and vesicular structures, with apparent preference for mature-endosomes and lysosomes versus mitochondrial, nuclear, or endoplasmic reticulum (Biskup et al., 2006; Hatano et al., 2007; Alegre-Abarrategui et al., 2009; Dodson et al., 2012; Fraser et al., 2013). Little is known about how LRRK2 is regulated within the endocytic pathway and how LRRK2 therapeutics may affect these mechanisms long-term; however, it is hypothesized that LRRK2 inhibition may alter LRRK2 turnover and protein-protein interactions necessary for localization, function, and secretion in biofluids via exosome release (Figure 4). 14-3-3 chaperone proteins are highly expressed in the brain and have been implicated in the regulation of numerous neurodegenerative disorders including PD (Berg et al., 2003). 14-3-3 s interact with LRRK2, where binding is mediated by phosphorylation at residues Ser910 and Ser935 to alter LRRK2 subcellular localization (Dzamko et al., 2010; Nichols et al., 2010; Li et al., 2011; Lavalley et al., 2016). The 14-3-3 LRRK2 interaction may regulate LRRK2 association with late endosomes and uptake into multi-vesicular bodies (MVBs) with subsequent secretion of LRRK2 protein in exosomes (Fraser et al., 2013). CD9 is a ubiquitous transmembrane protein that traffics in plasma-membrane derived vesicles to MVBs during endocytosis and is often used a vesicular marker to identify an exosome’s source of origin (Willms et al., 2018). LRRK2 appears to be excluded from CD9-positive plasma-membrane endocytosed vesicles, suggesting that intraluminal budding events in the cytosol are the primary source for extracellular LRRK2, distinct from plasma membrane-derived exosomes (Fraser et al., 2013).
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FIGURE 4. Proposed mechanism of how LRRK2 inhibition may alter LRRK2 turnover and protein-protein interactions necessary for localization and function. Distinct from canonical CD9-positive plasma membrane-derived vesicles, LRRK2 interacts with 14-3-3 proteins at multi-vesicular late-endosome vesicles. Intra-luminal budding of the endosome results in encapsulation inside of intralumenal vesicles that become exosomes when the endosome fuses with the plasma membrane. Alternatively, LRRK2 kinase inhibitors prevent 14-3-3 interactions and LRRK2 interaction with membranes, and instead favors ubiquitination and proteasome-dependent degradation. MVB multivesicular body, PP1 protein phosphatase 1, Ub ubiquitin, CD9 is CD9 Antigen; Leukocyte antigen MIC3.


Finally, total LRRK2 protein levels, especially secreted LRRK2 in exosomes, may also be affected by LRRK2 inhibition. In many experimental observations, loss of LRRK2 kinase activity through inhibitor binding leads to decreased LRRK2 protein levels (Lobbestael et al., 2013, 2016; Fuji et al., 2015; Zhao et al., 2015; De Wit et al., 2019). Typically, enzymatic activity of autophosphorylating kinases are determined by the ratio of phosphorylated protein to total protein, for example pSer1292-LRRK2 or pSer935-LRRK2 to total LRRK2. Notable other examples include receptor-tyrosine kinases (Zhang et al., 2016). However, this phospho-to-total measure would be confounded in cases where total protein levels become low due to inhibitor treatment. A recent study evaluating LRRK2 inhibitors in non-human primate biofluids found that LRRK2 protein is unchanged in brain tissue but is diminished at varying levels in the periphery following acute treatment (Wang et al., 2020).

The effects of chronic LRRK2 inhibition on the endocytic pathway has yet to be fully understood. Studies using acute drug dosing strategies and kinase-dead LRRK2 mutants have provided evidence that the subcellular localization of LRRK2 is altered and reductions in kinase activity can lead to LRRK2 protein destabilization and degradation. A recent study in non-human primates showed that acute dosing with structurally distinct LRRK2 kinase inhibitors PFE-360 or MLi2 reduces total LRRK2 detection within exosomes isolated from urine and cerebral spinal fluid (CSF) (Wang et al., 2020). Additionally, there is evidence that LRRK2 kinase activity is crucial for maintaining steady-state levels of LRRK2. Mice expressing kinase-dead LRRK2 demonstrate markedly decreased levels of LRRK2 protein, and these results were mimicked pharmacologically (Herzig et al., 2011). LRRK2 inhibition and decreased phosphorylation of S935 has also been linked to increased ubiquitination. It has been proposed that after kinase inhibition occurs, phosphatases, such as PP1, are recruited to dephosphorylate LRRK2 and interrupt 14-3-3 binding, which then promotes the ubiquitination of LRRK2 and leads to proteasomal degradation (Zhao et al., 2015; Lobbestael et al., 2016). However, LRRK2 kinase inhibition in vivo does not always result in ubiquitous destabilization and degradation of LRRK2 (Daher et al., 2015; Fell et al., 2015; Henderson et al., 2015; Lobbestael et al., 2016; Kelly et al., 2018). Differential LRRK2 inhibition effects observed may relate to the specific compound, LRRK2 mutations, length of treatment, tissue, and/or cell types being evaluated.



EMERGING LRRK2 BIOMARKER ASSAYS

LRRK2 biomarker candidates will require targeted quantitative assays for validation and clinical assay development. One challenge the field will face is developing a single assay that can reliably and accurately detect LRRK2 at varying levels in different biological matrices, and in formats that can be realistically implemented at clinical collection sites. While ELISA and PCR based assays represent the most common formats for approved biomarker tests, exosomal LRRK2 is considered a low-abundant protein source, and the concentration of LRRK2 in biofluids is usually at the low picomolar level below the limit of detection of many ELISA formats (Wang et al., 2019). Even with improved detection, immunodetection of peptides of interest (e.g., pSer1292-LRRK2) is dependent on the specificity and selectivity of the antibody in the given format. Further, throughput and ease of sample collection and preparation are priority variables for broad implementation. A high-throughput ELISA for pS935-LRRK2 levels in a 96-well format was developed to monitor the activity of endogenous LRRK2 in both rodent and human samples (Delbroek et al., 2013). An improved single-molecule based format from Quanterix has more recently been deployed to measure the abundant pS935-LRRK2 and total LRRK2 levels in human peripheral blood mononuclear cells (PBMCs) from PD patients and healthy controls (Padmanabhan et al., 2020). Single molecule-based and other ultrasensitive immunoassays for pSer1292-LRRK2 and LRRK2-Rab targets (e.g., pT73-Rab10) have not yet been described but hold tremendous promise.

Peptide detection via quantitative mass spectrometry has dramatically evolved in the last decade. While sensitivity may now rival single molecule-based immunoassays, the instruments are extremely expensive at present and complicated to run on a routine basis. Further, detection and quantification of single-phosphorylation events can be much more difficult than detection and quantification of total levels of protein that can utilize many peptides across the protein. Our past work measured pS1292-LRRK2 via mass spectrometry, notably requiring GluC protease digestion as opposed to canonical trypsin treatment (Wang et al., 2017). Although there are few approved biomarkers reliant on mass spectrometry detection, the next decade will certainly herald a new wave of antibody-agnostic assays for a variety of indications, possibly including LRRK2-targeted biomarkers. Or, mass spectrometry can be combined with efficacious antibodies. One promising approach for total LRRK2 protein measures in CSF uses a stable-isotope standard and capture by anti-peptide antibody approach (Mabrouk et al., 2020), and concentrations in CSF reported are very similar to those resolved by quantitative immunoblots (Wang et al., 2017). Figure 5 summarizes key biomarker development assays related to LRRK2 inhibition.
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FIGURE 5. LRRK2 biomarker detection methods. Various methods exist for monitoring pharmacodynamic changes in LRRK2 kinase activity and protein levels. Implementing analytically validated biomarker assays for target engagement in early phase clinical trials will require high-throughput methods that are highly sensitive and specific for LRRK2.




CLINICAL INTEGRATION OF LRRK2-TARGETED BIOMARKERS

LRRK2 is not a ubiquitous protein but is expressed in many different cell types throughout the body. Neurons vulnerable to degeneration in PD all appear to express LRRK2 protein, as do immune cells responsive in disease, and represent the ostensible target LRRK2 protein for inhibition (West, 2017). Although expression in the brain is low, LRRK2 is abundantly expressed in immune cells, kidneys, and lungs (Biskup et al., 2007; Maekawa et al., 2010; Hakimi et al., 2011; Fuji et al., 2015). Tissue biopsy samples (e.g., brain tissue), routine in pre-clinical work to procure samples for LRRK2 protein analysis, are unlikely to happen in clinical trials. However, phosphorylated and dimeric LRRK2 protein can be found within exosomes secreted into biofluids by a number of cell types (Fraser et al., 2013, 2016; Wang et al., 2017, 2019). Exosomes appear to have privileged access to tissue compartments across the body, including blood-brain barrier transparency, and represent heterogenous vesicles derived from many different cell types. Exosome-derived LRRK2 protein purified from biofluids like CSF, urine, saliva, and plasma, may provide a robust opportunity to predict and monitor LRRK2 inhibition across the body. However, the correlation between the LRRK2 changes observed in biofluids and those that occur in the brain (e.g., LRRK2 activity in neurons) will need extensive qualification with different therapeutic approaches in order to transition to an approved assay.

Routine blood collection from patients may also facilitate measurements of LRRK2 inhibition, in circulating cells where drug exposures are often much higher than in the brain. PBMCs can be isolated from whole blood and harbor abundant LRRK2 protein (Gardet et al., 2010; Kubo et al., 2010; Maekawa et al., 2010; Hakimi et al., 2011; Thévenet et al., 2011). Ex vivo treatment of PBMCs in culture with LRRK2 kinase inhibitors results in a reduction of constitutive LRRK2 phosphorylation without acute toxicity, as determined by phospho-Ser935 protein levels (Perera et al., 2016). However, short-duration ex vivo treatment (e.g., hours) may not recapitulate phenotypes associated with longer-duration treatment, like total LRRK2 protein reduction.

Urine represents another biofluid, collected without risk, that can be utilized to measure LRRK2 protein. Secreted LRRK2 in urinary exosomes is both dimerized and phosphorylated, proved to contain enzymatically active LRRK2 (Sen et al., 2009; Deng et al., 2011; Fraser et al., 2013). Urinary exosomes have been shown to contain elevated levels of autophosphorylated pS1292-LRRK2 and have utility in predicting LRRK2 mutation status and PD risk (Fraser et al., 2016; Wang et al., 2017). The collection of cerebrospinal fluid (CSF) is more invasive; however, it comes in direct contact with the brain and is routinely collected at least in early phase clinical trials. Neurons may be a major source of exosomes in the brain (Faure et al., 2006; Lachenal et al., 2011), although the exact source of LRRK2 protein in exosomes in CSF is not yet known. Like urinary exosomes, pS1292-LRRK2 can also be readily measured in exosomes isolated from CSF. Comparable amounts of total LRRK2 protein can be detected in CSF and urinary exosomes, but urinary exosomes exhibit lower pS1292-LRRK2 levels and more variability from sample to sample (Wang et al., 2017). Initial studies show that total LRRK2 protein and pS1292-LRRK2 levels in CSF and urine exosome fractions do not correlate within a subject (Wang et al., 2017), suggesting that there is cell specific regulation of LRRK2 expression and activity. There are no reports yet attempting to measure LRRK2 in saliva.

Our recent efforts in non-human primates treated with LRRK2 kinase inhibitors revealed that no single biomarker in any single biofluid is likely to detail the complexity of drug interactions across the body (Wang et al., 2020). The usage of informative panels of biomarkers, rather than reliance on an individual marker, is commonplace in fields with relatively mature validated biomarkers such as those used in acute kidney injury (Siew et al., 2011). As biomarker panels mature, the emphasis might shift from initial target engagement profiles toward association of responses with clinical outcomes. However, panels must be carefully contrived so that individual markers are not highly correlated with one another that might lead to over-fit and unhelpful models. Our experiences so-far in urine markers compared to CSF markers failed to detect any correlations within subjects (Wang et al., 2017), so panels utilizing different biofluids may be particularly efficacious in understanding drug effects.



INITIAL CLINICAL ENTRY OF LRRK2-TARGETED THERAPEUTICS

PK properties of small molecule LRRK2 kinase inhibitors have been refined over the last 10 years, demonstrating improved selectivity, brain permeability, and potency (Fell et al., 2015; Henderson et al., 2015; Scott et al., 2017; West, 2017; Kelly et al., 2018). Many of these molecules have already been evaluated in preclinical animal disease models to better understand the potential neuroprotection that could be afforded, as well as the extent of potentially adverse phenotypes, like those observed in LRRK2 knockout rodents (Daher et al., 2015; Fuji et al., 2015; Andersen et al., 2018; Kelly et al., 2018; Baptista et al., 2020). Antisense oligonucleotides (ASOs) have also recently emerged as a propitious strategy to treat multiple neurodegenerative diseases. ASOs are synthetic single-stranded nucleic acids that bind target mRNA, leading to the degradation of that target mRNA, and thereby reduce protein levels (Bennett et al., 2017). Importantly, intracerebral injections of ASOs allow for brain-specific targeting that is extensively distributed in cells and maintain a long duration of action (Kordasiewicz et al., 2012; Hung et al., 2013; Rigo et al., 2014). Several ASO therapeutics are already in clinical phase 1 trials for familial amyotrophic lateral sclerosis and Huntington’s disease, and Nusinersen has been approved by the FDA for the treatment of spinal muscular atrophy (ClinicalTrials.gov: NCT02623699, NCT02519036, and NCT02193074). Patient recruitment for phase 1 clinical trials of LRRK2 ASOs began June 2019 (ClinicalTrials.gov: NCT03976349). The use of LRRK2 ASOs aims to induce a long-term reduction in LRRK2 protein expression to reduce kinase activity as a therapeutic treatment.

With both small molecule LRRK2 kinase inhibitors and LRRK2-targeted ASOs, common biomarker platforms could be conceived to measure the reduction of total LRRK2 protein in CSF, and corresponding reductions of phospho-Rab substrates, caused by drug effects. Peripheral measures (e.g., blood and urine) would be less useful for establishing successful LRRK2 inhibition in the brain but could be useful in understanding inhibition profiles and dynamics of particular drugs. For example, early clinical trials may establish a strong correlation between plasma or urine LRRK2 inhibition biomarkers with those of CSF, obviating the need for CSF collection in larger populations in ongoing efficacy trials. Such a relationship appears to be emerging for both phospho-Tau protein and neurofilament light proteins, where CSF levels are highly correlated with plasma levels (Ashton et al., 2019; Forgrave et al., 2019).



CONCLUDING REMARKS

Neurotherapeutics are considered to be at an inflection point as genetic understanding and disease mechanism continue to be elucidated (Ehlers, 2018). Several lines of evidence suggest biomarker driven approaches may be critical for the successful development of LRRK2-targeted therapeutics. Herein, we surveyed the pipeline for biomarker integration in the clinic and the most promising pharmacodynamic markers that might be considered for development. Measures will need to be sensitive, reproducible, and well-validated in different populations and laboratories (Figure 2). We further conclude that a single LRRK2-targeted biomarker will be insufficient to capture the complexity of LRRK2 inhibition biology across the body with any given drug. Rather, combinations of biomarkers would allow for a more holistic evaluation and better understanding of how different compounds affect LRRK2 throughout the body, and whether endpoints are achieved in the inhibition of LRRK2 in the brain. Combined efforts from academia, consortia, disease organizations, and biopharmaceutical companies will expedite the implementation of LRRK2-targeted biomarkers in drug development programs and clinical trials.
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Evidence is mounting that LRRK2 function, particularly its kinase activity, is elevated in multiple forms of Parkinson’s disease, both idiopathic as well as familial forms linked to mutations in the LRRK2 gene. However, sensitive quantitative markers of LRRK2 activation in clinical samples remain at the early stages of development. There are several measures of LRRK2 activity that could potentially be used in longitudinal studies of disease progression, as inclusion/exclusion criteria for clinical trials, to predict response to therapy, or as markers of target engagement. Among these are levels of LRRK2, phosphorylation of LRRK2 itself, either by other kinases or via auto-phosphorylation, its in vitro kinase activity, or phosphorylation of downstream substrates. This is advantageous on many levels, in that multiple indices of elevated kinase activity clearly strengthen the rationale for targeting this kinase with novel therapeutic candidates, and provide alternate markers of activation in certain tissues or biofluids for which specific measures are not detectable. However, this can also complicate interpretation of findings from different studies using disparate measures. In this review we discuss the current state of LRRK2-focused biomarkers, the advantages and disadvantages of the current pallet of outcome measures, the gaps that need to be addressed, and the priorities that the field has defined.
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INTRODUCTION

Parkinson’s disease (PD) is a debilitating neurodegenerative disorder, affecting millions of people worldwide. The current therapeutic options address symptoms only and there is no approved therapy that slows progression or modifies disease course. PD is a complex disorder influenced by both genetic and environmental factors. The first unequivocal genetic data supporting susceptibility to PD were mutations found in SNCA (encoding α-synuclein) and the subsequent identification of SNCA gene duplications (Polymeropoulos et al., 1997; Singleton et al., 2003). A few years later, mutations in the leucine-rich repeat kinase 2 (LRRK2) gene were found to exhibit significant impact across familial and sporadic PD (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). Hundreds of nonsense or missense genetic variations have been described in the LRRK2 locus (Ross et al., 2011). However, only a few are considered pathogenic: p.Asn1437His, p.Arg1441Gly, p.Arg1441Cys, p.Arg1441His, p.Arg1441Ser, p.Tyr1699Cys, p.Gly2019Ser, and p.Ile2020Thr; with several other risk factors (e.g., p.Gly2385Arg) or variants of unclear pathogenicity (p.Arg1628Pro and p.Ser1761Arg). Their frequency varies markedly depending on the population founder effects of the G2019S-LRRK2 mutation, reaching 30–42% of PD patients in North African Arabic populations as well as 6–30% in Ashkenazi Jewish populations, probably resulting from a mutation arising at least 5,000 years ago (for review of the genetics of LRRK2, please see Monfrini and Di Fonzo, 2017). The collective data strongly suggesting that each of the different point mutations increase kinase activity (Liu et al., 2018). Genome wide association studies (GWAS) analyses also demonstrated that variants at the LRRK2 locus, such as single nucleotide polymorphisms, are among the most important genetic risk factors for PD (Monfrini and Di Fonzo, 2017). Emerging data also suggests that intergenic LRRK2 variants may be associated with increases in LRRK2 gene expression and accelerated PD motor symptom development (Võsa et al., 2018; Iwaki et al., 2019). In Figure 1, we show a schematic of the LRRK2 domain architecture, highlighting both pathogenic as well as other risk factor or functional variants.
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FIGURE 1. Domain architecture of human LRRK2 protein. A schematic of the known functional domains within the LRRK2 protein. Also indicated are the currently identified pathogenic mutations linked to PD (bold magenta), risk factor variants (italicized blue), protective variants (green); and below the schematic are shown several key phosphorylated residues that are auto-phosphorylation sites (pink) or phosphorylated by other kinases (blue).


LRRK2 plays an important role in vesicular trafficking. It impacts endosomal, lysosomal and autophagosomal pathways (Roosen and Cookson, 2016; Alessi and Sammler, 2018), which are also affected by other well-defined PD genes, such as SNCA and GBA1 (Blandini et al., 2019), strongly implicating these fundamental cellular processes in PD pathophysiology. Recent data from post-mortem PD brain and multiple in vivo models, suggest a role for LRRK2 in idiopathic disease as well (Di Maio et al., 2018). Preclinical studies have shown that genetic knock-out of LRRK2, inhibition of LRRK2 with small molecules, or ASO-mediated knockdown reduce pathology and protect from α-synuclein induced dopaminergic neuronal loss in rodents (Daher et al., 2014, 2015; Zhao et al., 2017), also supporting the hypothesis that, even in the absence of familial mutations, LRRK2 can be pathogenic under certain conditions.

Collectively, human genetic studies and preclinical data have led to biopharma initiating drug discovery efforts that have resulted in 2 potential therapeutics progressing into clinical trials (clinicaltrials.gov/ct2/show/study/NCT03710707; clinicaltrials.gov/ct2/show/NCT03976349). There are three potential strategies for clinical development of these LRRK2 therapeutics. Firstly, trials may selectively include genetically defined LRRK2 mutation carriers that have been diagnosed with PD. This would be dependent on patients knowing their own genetic status or focused screening efforts1. However, limitations in enrolling appropriate numbers of suitable LRRK2 mutation carriers will likely provide a significant hurdle in Phase 2 and Phase 3 trials; as the prevalence of LRRK2 mutations, which are estimated at approximately 5% of all PD cases, vary significantly depending on the geographic location, and the relative frequency of specific mutations, which also varies greatly (Monfrini and Di Fonzo, 2017). If there were to be additional stratification, for example, only including G2019S or R1441C/G, this would further reduce this limited patient pool. A second potential clinical design is a prodromal approach: identifying subjects with LRRK2 mutations and determining if disease onset could be prevented by pre-treatment of the potential therapeutic. The major limitations of this approach are the limited genetic penetrance of LRRK2 (Goldwurm et al., 2011; Lee et al., 2018) and, in the cases where the mutation carriers do progress to disease, the unpredictable age of onset, as well as the absence of safety data in subjects undergoing long-term chronic LRRK2 kinase inhibition; providing significant cost/length challenges and an uncharted regulatory path.

Finally, strengthening the link between LRRK2 and idiopathic PD (iPD) could identify cohorts of patients where LRRK2, in the absence of known pathogenic mutations, is driving disease pathophysiology. In this case, the need for LRRK2 biomarkers, i.e., biological measures related to LRRK2 that can identify PD processes or therapeutic response, is absolutely critical given the heterogeneous nature of PD. As introduced above, there is evidence highlighting a link between α-synuclein and LRRK2 (Daher et al., 2014, 2015; Zhao et al., 2017). Similarly, a link has been postulated between LRRK2 and GCase activity (Alcalay et al., 2015; Nguyen and Krainc, 2018); although some controversy still exists concerning the nature of this link. Given these links as well as the prevalence of LRRK2 risk variants in the sporadic PD population, there is significant evidence supporting the therapeutic potential of LRRK2 inhibition in sporadic PD as well as additional familial PD cohorts beyond LRRK2 mutation carriers.

The clinical development of LRRK2 therapeutics will be strongly dependent on biomarkers, as target engagement and pharmacodynamic endpoints are critical for successful progression of clinical candidates (Morgan et al., 2012). This is particularly vital in PD where efficacy trials are long (average length of current trials is ∼2 years), will require significant numbers of subjects (100+ per arm), and will be costly (in the hundreds of millions USD).

There are several measures of LRRK2 function that could potentially be used in longitudinal studies of disease progression, as inclusion/exclusion criteria for clinical trials, as markers of target engagement, and as markers to predict response to therapy. Among these are levels of LRRK2, phosphorylation of LRRK2, either by other kinases or via auto-phosphorylation, in vitro LRRK2 kinase activity, and phosphorylation of downstream substrates or functional endpoints related to elevated (or therapeutic suppression of) LRRK2 function, which will be covered in this review.



LRRK2 OUTCOME MEASURES

In probing the function of LRRK2, with the goal of quantifying changes that coalesce around specific disease-stratifying variables (e.g., disease state, LRRK2 mutation status, etc.), there are a number of biochemical outcome measures that are available. These include the quantification of: total LRRK2 levels; phosphorylated LRRK2 (at multiple residues; including S935, S1292, see Figure 1 and below for more details); in vitro kinase activity using model peptide substrates; phosphorylation of endogenous LRRK2 substrates (e.g., Rab10); and others. The specific methodologies employed for each of these measures are discussed in more detail below (see section “Assays Being Employed”). However, to date, most of the early reports (with a few exceptions, see above) assessing these targets have relied largely on Western immunoblotting, which in comparison to ELISA-based approaches for example, is limited in terms of the quantitative range that is possible, and sensitivity. Each of the measures described reveal a distinct, yet equally important, feature of the activation “state” of LRRK2; and importantly, this pattern may also manifest differently depending on the source of the biospecimen examined. Note that a summary overview of LRRK2 related measures and potential applications is given in Table 1.


TABLE 1. Overview of LRRK2 and LRRK2 substrate potential biomarkers and their potential use.
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Total LRRK2 Levels

Total expression levels of LRRK2, depending on the tissue/cell type, can vary in PD, and thus can potentially be a useful tool to assess activation during the different stages of the disease. For example, in the CNS, LRRK2 protein levels are elevated in prefrontal cortex of PD patients (Cho et al., 2013), while CSF levels were only elevated in G2019S PD, but not in iPD or non-manifesting G2019S carriers (Mabrouk et al., 2020). Outside the CNS, immune cells are an ideal source of LRRK2 since they are obtained non-invasively and previous reports have shown elevated levels in iPD compared to healthy controls (Cook et al., 2017). In that study, levels were determined by a novel flow cytometric approach using a LRRK2 knockout validated antibody (rabbit monoclonal; clone c41-2). Specifically, LRRK2 expression was increased in CD16+ monocytes, as well as B and T cells; and this expression was correlated with both intracellular as well as secreted levels of certain cytokines (Cook et al., 2017). The regulation of LRRK2 expression in specific immune cell sub-types is unclear, however, it is known that specific pro-inflammatory mediators, such as IFN-γ, can induce expression of LRRK2 (Gardet et al., 2010); thus, the increased levels of LRRK2 in specific immune cells may be linked to elevated peripheral inflammation, which may or may not be associated with PD (e.g., Dzamko, 2017). In the earlier study of Dzamko (2017), assessing pS935-LRRK2 levels by Western immunoblotting in isolated PBMCs, no difference in total LRRK2 expression was detected between iPD and healthy control subjects in this mixed cell population. Thus, given that the bulk of LRRK2 expression in blood cells is concentrated in a few cellular sub-types (e.g., see Fan et al., 2018), including neutrophils (which were not specifically assessed in either study), it is possible that changes in LRRK2 levels, like phosphorylation of LRRK2 as discussed above, in specific types of peripheral blood cells are heterogeneous.



Heterologous LRRK2 Phosphorylation

Phosphorylation of LRRK2 at a cluster of serine residues located within the N-terminal region of LRRK2 (e.g., S910, S935, S955, and S973), immediately upstream of the namesake leucine-rich repeat domain, represents an additional biochemical readout of LRRK2. The apparent relative abundance of these post-translational modifications (PTMs) in comparison to other sites, such as S1292, has rendered phosphorylation at these sites more easily detected, however, functional interpretation of these findings is complicated by the fact that these are not auto-phosphorylation modifications, as is the case for pS1292. Multiple kinases have been implicated in the phosphorylation of these residues, including: CK1-α1 (Chia et al., 2014), PKA (Muda et al., 2014), TBK-1 (Dzamko et al., 2012), and others. However; analogous to what is observed for auto-phosphorylation sites, phosphorylation at S935 is sensitive to pharmacological LRRK2 kinase inhibition, such that there is a rapid de-phosphorylation at this site (and the other N-terminal serine residues) following treatment of cells, or in vivo, with specific LRRK2 kinase inhibitors (e.g., Dzamko et al., 2010; Vancraenenbroeck et al., 2014). Interestingly, over-expressed kinase inactive mutant LRRK2 [e.g., D1994A and K1906M/R; (Ito et al., 2014)], does not display S935 dephosphorylation relative to WT, indicating that acute (pharmacological) inhibition of LRRK2 alters this regulatory cycle, while chronic genetic ablation of LRRK2 kinase activity does not. This is explained by the fact that the S935-LRRK2 phosphorylation levels do not correlate to kinase activity but rather to the sensitivity of LRRK2 to phosphatases. Indeed, LRRK2 is sensitized to dephosphorylation by LRRK2 kinase inhibitors and for certain LRRK2 mutants with reduced basal S935-LRRK2 phosphorylation. LRRK2 de-phosphorylation at the S935 cluster is mediated by the catalytic subunit of protein phosphatase 1 that is recruited to the LRRK2 complex in conditions of pharmacological inhibition of the LRRK2 kinase (Lobbestael et al., 2013). Conversely, over-expression of pathogenic mutant forms of LRRK2, such as G2019S or R1441C/G, which are known to enhance the kinase activity of LRRK2, does not show enhanced levels of pS935-LRRK2, and in fact have been reported to have decreased levels of phosphorylation at this site (Nichols et al., 2010; Li et al., 2011), including at endogenous levels in immortalized lymphoblasts from G2019S-LRRK2 mutation carriers (Dzamko et al., 2010).

The earliest report of an assay designed to quantify pS935-LRRK2 at endogenous levels came from the group of Delbroek et al. (2013). Using well-validated antibodies (i.e., in knock-out tissue), this group established a quantitative detection method for S935-LRRK2 phosphorylation that demonstrated loss of signal in kinase inhibitor-treated cells and animals. Additionally, as a proof of concept, phosphorylation at this site was detected in human PBMCs from healthy volunteers, that also was sensitive to LRRK2 kinase inhibition (Delbroek et al., 2013). Apart from the ELISA-based detection of this PTM of LRRK2, several studies employing Western immunoblotting have also been reported. The same year as the report from Delbroek et al. (2013), the group of Dzamko et al. (2013) examined pS910-LRRK2 and pS935-LRRK2 levels in PBMCs from healthy controls or iPD patients. While a significant correlation between both phosphorylated sites and total LRRK2 was found in these cells, there was no significant change in pS935 or pS910 levels, when normalized to total LRRK2, in the iPD group (Dzamko et al., 2013). The authors in this study correctly pointed out that in a mixed cellular population of PBMCs, where LRRK2 expression is concentrated in few cell sub-types (Fan et al., 2018), changes in phosphorylation of LRRK2 in distinct cellular types may not be uniform. Additional clinical studies assessing these changes in LRRK2 within specific purified cell types (e.g., monocytes, neutrophils, etc.) are necessary to determine if pS935-LRRK2 levels are detectable in selective cellular populations. In a study of a small cohort of iPD and G2019S mutation carriers, levels of pS935-LRRK2, normalized to total LRRK2 by Western immunoblotting, showed a non-significant decrease in comparison to healthy controls in isolated neutrophils (Fan et al., 2018).



LRRK2 Autophosphorylation

The phosphorylation status of LRRK2 is reflective of its activation in a number of distinct ways. First, and most directly, auto-phosphorylation of LRRK2, for example at the S1292 site, is indicative of its kinase activity in the cell of origin at the time of collection. A number of factors can come into play to determine the level of phosphorylation at this, or other auto-phosphorylation site(s), not just the level of kinase activity of LRRK2 alone. For example, the presence and activity of relevant phosphatases, the sub-cellular localization of LRRK2, the activity of upstream regulators of LRRK2, the status of the ROC GTPase domain, and even the cell type, can all influence the final degree of pS1292 observed. Finally, phosphorylation at S1292 has also been detected in EVs present in CSF (Wang S. et al., 2017), at significantly higher levels, with the signal saturated in many samples, in comparison to pS1292-LRRK2 present in urinary EVs. This saturation effect in the Western immunoblot detection of pS1292-LRRK2 from CSF EVs prevented the stratification of LRRK2 G2019S carriers from non-carriers. This limitation would likely be overcome using an ELISA-based approach (with suitable antibodies for pS1292-LRRK2) in which the usable linear range of detection is typically much broader.



Intrinsic LRRK2 Kinase Activity

Finally, in addition to the cellular indices of LRRK2 kinase activity (LRRK2 phosphorylation, phosphorylation of endogenous substrates such as Rab GTPases), the intrinsic kinase activity of isolated LRRK2 can also be informative. In this approach, LRRK2 is purified from a specific biosample (e.g., PBMCs), and an in vitro kinase reaction is performed using as a substrate model peptides such as LRRKtide or the related NICtide. There are several key differences between assessing kinase activity in this way (i.e., the in vitro activity of the purified enzyme), vs. assessing kinase activation by determining auto-phosphorylation (e.g., pS1292-LRRK2) or phosphorylation of endogenous cellular substrates (e.g., pT73-Rab10). First, performing an in vitro kinase reaction will allow the determination of any changes in the intrinsic activity of purified LRRK2. For example, it is possible that certain PTMs that are known to affect LRRK2 (e.g., phosphorylation and ubiquitination) can alter the intrinsic activity of the kinase domain. If such PTMs are more prevalent in the diseased state, compared to healthy control subjects, the functional consequence of these may be altered kinase activity. This alteration can be detected in an in vitro assay, in an un-encumbered way, without the potential influence of interacting proteins (depending on the stringency of the purification conditions). Secondly, “cellular” assays (measuring phosphorylation of LRRK2 or its substrates) provide a “snap-shot” of kinase activation that is the result of the coordinated action of myriad upstream and downstream regulatory factors, interacting proteins, and the general activation state of the cell. We have employed such an assay, initially in over-expression models (e.g., Leandrou et al., 2019), but more recently in a clinical study assessing LRRK2 in peripheral blood cells (Melachroinou et al., 2020). In this approach, LRRK2 is purified in an ELISA plate, capturing the protein with anti-LRRK2 (or epitope tag) antibodies, followed by an in-well kinase reaction in which the reaction mixture containing the peptide substrate is added directly to the well containing immobilized LRRK2. Possible evolutions of this in vitro kinase activity approach could be to include measures of autophosphorylation (such as the pS1292-LRRK2 measure, as described in Melachroinou et al., 2016) or of Rab substrate phosphorylation (by spiking in recombinant Rab substrate proteins rather than peptide substrates).



Substrates of LRRK2 Kinase

Phosphorylation of LRRK2 substrates represents another potentially informative outcome measure of LRRK2 kinase activation; and like several of the other markers discussed, can also be dependent upon cell or tissue source. In 2016, in a landmark study from the groups of Alessi and Mann, several members of the Rab GTPase family were identified as endogenous kinase substrates of LRRK2 (Steger et al., 2016). A conserved residue within the switch II domain of these GTPases was found to be robustly phosphorylated both in cellular systems as well as in vivo. Several phospho-specific antibodies to certain Rab proteins have since been developed and characterized (Lis et al., 2018), and are now being deployed in studies of LRRK2 activation in clinical samples and as potential markers of target engagement. In another study, using in-house developed phospho-specific antibodies to pT73-Rab10 and pS106-Rab12, Thirstrup et al. (2017) demonstrated that a novel inhibitor of LRRK2 kinase activity could reduce phospho-Rab levels in stimulated PBMCs, but only after 24 h of treatment (Thirstrup et al., 2017). Likewise, similar to other reports, kinase inhibition, at 24 h, also reduced LRRK2 levels in comparison to un-treated cells. The goal in this study, as samples from PD cohorts were not examined, was to assess the utility of assessing pRab10 and pRab12 rates (i.e., phosphorylated Rab as a proportion of total Rab expression) as a marker of target engagement, and as a proof of concept study, this was indeed demonstrated. The principal caveat associated with this study is that LRRK2 levels were artificially induced in isolated PBMCs, following culture for 3 days in the presence of PMA and IFN-γ (Thirstrup et al., 2017). Later evidence demonstrated the translatability of both pS935-LRRK2 and pT73-Rab10 as pharmacodynamic readouts in the clinical setting in unstimulated PBMCs. In human subjects treated with the LRRK2 inhibitor DNL201 for 1–10 days, both readouts showed a robust exposure-dependent reduction in PBMCs (Denali Therapeutics Inc., MJFF PD Therapeutics Conference 2018).

Two studies, thus far, have examined Rab10 phosphorylation (pT73) in peripheral blood cells of PD patients, both with and without the G2019S LRRK2 mutation. A first study by Fan et al. (2018) showed the feasibility of using Rab10 phosphorylation measures by demonstrating good detection levels of Rab10 and pT73-Rab10 in neutrophils and beginning to show increases in Rab10 phosphorylation in small samples of idiopathic PD or PD with LRRK2-G2019S compared to healthy controls. In a larger study, comprised of almost 50 subjects from control or iPD groups, Rab10 phosphorylation in isolated neutrophils or PBMCs was assessed. Consistent with the earlier report, LRRK2 inhibitor treatment significantly reduced pS935 levels as well as pRab10-T73 in both neutrophils and mixed PBMC cellular populations (Atashrazm et al., 2018), with no difference in the degree of response between control and iPD subjects. Interestingly, similar to the report of increased LRRK2 expression in B or T cells, or CD16+ monocytes (Cook et al., 2017), levels of LRRK2 in purified neutrophils (but not PBMCs) are also elevated (Atashrazm et al., 2018). Additionally, neither cell type revealed differences in phosphorylation of Rab between iPD and control subjects. Taken together, while phosphorylation of Rab10, by Western immunoblotting, appears to be a suitable marker for target engagement in clinical studies of LRRK2 inhibition, it remains unclear whether this readout can reliably stratify subjects according to patient group; as thus far, differences between control and iPD or LRRK2 mutation carriers have not been observed. It should be noted, however, that for the LRRK2 mutation carrier study, the sample size and statistical power was low (intentionally, for a proof-of-concept study) precluding the possibility to reach significant conclusions. Further analyses in larger cohorts, ideally with more quantitative approaches, are clearly warranted.



CURRENT ASSAYS BEING EMPLOYED

An important aspect of the evaluation of LRRK2 and related targets as potential biomarkers of PD is to have a good understanding of the assays used. We present here the assay methods that have been used in recent literature (e.g., ELISA), or are at earlier developmental stages (e.g., PET tracer ligands) to measure LRRK2 status.


Western Immunoblots to Measure LRRK2 Function

Western blots targeting pS935-LRRK2, pS1292-LRRK2, and pT73-Rab10 have been successfully used pre-clinically to detect and measure total levels of LRRK2, activation of LRRK2 kinase, and LRRK2 function. As a pharmacodynamic endpoint reflecting LRRK2 inhibition, the phospho-specific LRRK2 and Rab10 targets are well established pre-clinically. Measurement of pS935-LRRK2 showed a rapid reduction in S935 phosphorylation following LRRK2 inhibition in cellular models (Dzamko et al., 2010) and in vivo pharmacokinetics/dynamics studies (Delbroek et al., 2013; Fell et al., 2015; Fuji et al., 2015), enabling quantification of LRRK2 inhibitor potency in cells and tissues where LRRK2 is endogenously expressed. Similarly, both pS1292-LRRK2 (in HEK cells overexpressing a mutant form of LRRK2) and pT73-Rab10 (in mouse tissues and HEK cells overexpressing Rab10 and LRRK2) are dose-dependently reduced following LRRK2 inhibition as measured by Western blot (Sheng et al., 2012; Atashrazm et al., 2018; Fan et al., 2018; Lis et al., 2018). pS935-LRRK2 and pT73-Rab10 are also measurable by Western blot and reduced following LRRK2 inhibition ex vivo in PBMCs and neutrophils, demonstrating the potential translatability of these markers for clinical use (Perera et al., 2016; Atashrazm et al., 2018; Fan et al., 2018; Lis et al., 2018; and see below in section “Tissue/Biofluid Origin”).

In addition to use as pharmacodynamic readouts, several studies have measured pS1292-LRRK2 and phosphorylated Rab proteins in PD patient samples to test the hypothesis that LRRK2 kinase activity is elevated in all or a subset of PD (Dzamko et al., 2013; Fraser et al., 2016a; Atashrazm et al., 2018; Fan et al., 2018; Lis et al., 2018). pS1292-LRRK2 has not been reproducibly detectable in accessible blood matrices, while the results with pT73-Rab10 have not conclusively demonstrated elevated LRRK2 kinase activity in PD patient samples. Therefore, at this point, pT73-Rab10 (as well as pS935-LRRK2) are more likely to be useful as pharmacodynamic markers than patient selection markers, although additional studies using more sensitive and high throughput assays in additional matrices are ongoing that may change the landscape on this point.

Despite the successes of assessing LRRK2 function via Western blot in many preclinical studies; Western blot has strong disadvantages as a potential biomarker endpoint in the context of a clinical trial. In order to enable clear interpretation and quantitative analysis with rapid turnaround time, clinical assays for pharmacodynamic readouts or patient selection must be highly quantitative, ideally allowing for absolute measurement of the analyte of interest, robust to implement in different locations or over extended periods of time, and relatively high throughput. Western blots are semi-quantitative, differ greatly from user to user, and generally allow for analysis of <100 samples at a time. Therefore, new methods of LRRK2 and Rab measurement must be developed to maximize the utility of these biomarkers in the clinical setting.



ELISA to Measure LRRK2 Function

ELISAs offer a more sensitive and high-throughput method to interrogate LRRK2 kinase activity and pharmacodynamics of LRRK2 kinase inhibitors. Thus far, three assays have been published (Delbroek et al., 2013; Henderson et al., 2015; Scott et al., 2017), each utilizing a sandwich-ELISA approach by capture with a total LRRK2 antibody, followed by detection with a specific pS935-LRRK2 antibody. The latter two studies have facilitated accurate IC50 measurements for LRRK2 kinase inhibitors from treated mouse tissues (brain and kidney) (Henderson et al., 2015), LRRK2 G2019S SH-SY5Y cell lysates (Scott et al., 2017), and human PBMC lysates (Padmanabhan et al., 2020). Notably, Meso Scale Discovery (MSD) has made a pS935-LRRK2 sandwich-ELISA-based assay commercially available, alongside a comparable assay that measures total LRRK2 protein levels. Use of both assays facilitates normalization of pS935-LRRK2 to total LRRK2 levels to account for compound effects on LRRK2 expression or half-life, in addition to standard normalization to tissue weight or total protein levels. These ELISAs offer enhanced sensitivity compared to Western blots, as low as 400 picomolar, as well as the option for high-throughput 384-well assay design.

An emerging alternative is the SIMOA platform offered by Quanterix, which applies digital ELISA technology. The SIMOA platform utilizes a bead-based approach to enable single molecule labeling detected by fluorescence. In addition, the SIMOA assay is able to use sample volumes often <5 μL and run up to 400 samples per shift. A recent MJFF-led study (Padmanabhan et al., 2020) utilizing the SIMOA platform, reported levels as low as 19 pg/mL for total LRRK2 and 4.2 pg/mL for pS935-LRRK2 using full-length recombinant human LRRK2; and subsequently applied this approach to human PBMC lysates. Altogether, ELISA-based assays offer a more sensitive, high-throughput alternative to Western blotting with multiplex potential for measurement of pS935-LRRK2 biomarker levels. It is crucial to note, however, that it will be vital to compare each approach, across platforms and in different centers, with parallel samples to determine if similar estimations of LRRK2 concentration and phosphorylation are obtained by the various assays.

Quantification of reduced pS935-LRRK2 by conventional ELISA and SIMOA assays can accurately reflect pharmacodynamic response following administration of LRRK2 kinase inhibitors and therefore is currently used as a surrogate biomarker, even though pS935-LRRK2 is not a direct measurement of kinase activity (see above). In fact, it has been reported that the ratio of pS935-LRRK2 to total LRRK2 is significantly reduced in human PBMC lysates from PD manifesting LRRK2 G2019S carriers compared to iPD samples and healthy controls [with and without G2019S mutations (Padmanabhan et al., 2020)], although an alternative in-house developed ELISA detected a slight but significant increase in pS935-LRRK2 in PBMCs of iPD, compared to healthy controls (Melachroinou et al., 2020). Measurement of the auto-phosphorylation site pS1292-LRRK2 would be a more ideal marker of LRRK2 kinase activity, but reliance on this biomarker has been hindered by low physiological stoichiometry (Sheng et al., 2012), and limited phospho-specific antibodies. As newer clones of antibodies targeting this site, and pT73-Rab10 as well (see above), are validated for use in more quantitative and sensitive methods such as ELISA, these challenges will likely be overcome. Nonetheless, Di Maio et al. (2018) recently reported a method using proximity ligation to amplify pS1292-LRRK2 immunostaining in the substantia nigra of human iPD tissue, which was increased compared to healthy controls. These exciting data suggest LRRK2 kinase inhibitors may have broader therapeutic potential for the larger PD patient population, beyond those carrying mutations in the LRRK2 gene. There is potential for proximity ligation technology to be converted to more high-throughput qPCR-based platforms, though this has not yet been reported for pS1292-LRRK2. Additional improvements on the quality of reagents available for pS1292-LRRK2 detection will likely enable better utilization of this site as a biomarker. Similar quantification strategies for LRRK2-mediated phosphorylation of Rab substrates, particularly of pT73-Rab10, may also offer additional alternatives for more direct markers of LRRK2 kinase activity in the future.



Mass Spectrometry to Measure LRRK2 Levels and Function

Liquid chromatography-mass spectrometry (LC-MS) has wide ranging applications from exploratory to regulated clinical use, yet quantitative measurements of very low abundance proteins remains challenging due to sensitivity limits and artifacts such as matrix-induced ion suppression. By and large, protein measurements by LC-MS utilize “bottom up” proteomics techniques whereby proteins are digested by proteases into smaller peptides, which are then analyzed for their signature parent and fragment ion mass-to-charge (m/z) ratios. Peptides between 10 and 20 amino acids are in the ideal range for specificity (i.e., not likely to exist in different protein types) and sensitivity (i.e., are more likely to perform better in electrospray ionization-MS). Trypsin, which cleaves proteins at the c-terminus of arginine (R) and lysine (K), is the most commonly used protease in this context. In some instances, trypsin does not yield an appropriate peptide when a specific amino acid sequence is desired. For example, a recent article by Wang S. et al. (2017) showed detection of total LRRK2 and pS1292-LRRK2 by LC-MS using the Glu-C protease since trypsin would not generate a viable peptide containing S1292 - the S1292 site is flanked by K residues (KLSK), thus trypsin would generate a 3 amino acid peptide (LSK). A peptide this short would not necessarily only come from LRRK2 and so assay specificity would be lost. The group instead chose to use the less common protease Glu-C, which cleaves at the C-term of glutamic and aspartic acid residues and this process generated a 14 amino acid peptide between E1287 and E1301 (MGKLSKIWDLPLDE) containing S1292. The mass spectrometer can then distinguish and quantify the un-phosphorylated and phosphorylated peptide species. The group then showed that phosphorylated rLRRK2 (including pS1292) was reliably detected, however, the article stops short of quantifying pS1292 LRRK2 in biological samples. It is likely that an antibody enrichment step would still be required in biological samples to be successful since no cleanup step was applied.

Although there are a number of sample cleanup steps that can reduce sample complexity (including sample fractionation), these steps can be laborious and can introduce variability. Gaining momentum in the field of protein biomarker quantification is the so-called “hybrid ligand binding assay (LBA)-LC-MS” methodology, whereby proteins are isolated from samples using antibodies (similar to ELISA), followed by protease digestion and LC-MS analysis. This methodology has the advantage of greatly reducing sample complexity and improving MS analysis. When a high-resolution mass spectrometer such as an orbitrap or FT-ICR system is used, specificity of signal is encoded by unique peptides that only exist in the targeted protein. This is an advantage over traditional ELISAs where detection specificity must be demonstrated experimentally by analyzing samples in various matrices and testing KO tissues, for example. To our knowledge there are no reported hybrid-LC-MS assays in the literature being used for routine LRRK2-pLRRK2 quantitation in the context of a fit-for-purpose biomarker assay. As this approach becomes more common, LRRK2-pLRRK2 would be well positioned for this type of assay development because of the availability of several high quality LRRK2 antibodies.

Another variation of the hybrid approach is called SISCAPA (stable isotope standard and capture by anti-peptide antibodies). This technique goes even further in reducing sample complexity. In this approach, samples containing proteins of interest are digested using a protease, and then peptides (not proteins) are isolated using anti-peptide antibodies (Anderson et al., 2004). In principle, following elution from an antibody, samples are purified for a single peptide species. In comparison, anti-protein immunocapture eluent will contain peptides from the entire protein as well as peptides from proteases used. A recent initiative by MJFF sought to develop SISCAPA based assays against regions of LRRK2 that would serve as both total LRRK2 and kinase activity endpoints. Specifically, the MJFF-SISCAPA collaboration developed mouse monoclonal antibodies against linear epitopes containing S935 (HSNSLGPIFDHEDLLK) and S1292 (MGKLSKIWDLPLD) capable of detecting both the native and phosphorylated forms of the peptides. Unfortunately, those results showed only nanogram level sensitivity, which was attributed to the performance of the target peptides on the particular LC/MS platforms used as well as the need for a higher affinity rabbit monoclonal antibody (data not published). As such, the existing assays would have limited sensitivity in the context of human CSF.

Elsewhere in this issue (Mabrouk et al., 2020), we will describe a novel SISCAPA assay using commercially available antibodies that function as anti-peptide antibodies to measure total LRRK2 with sensitivity sufficient for CSF detection.



Development of LRRK2 PET Ligands

Positron emission tomography (PET) is a non-invasive and highly sensitive molecular imaging technique that has multiple applications across the CNS drug discovery field. For example, PET imaging with a radiolabeled molecule can be used to assess that molecule’s biodistribution properties thus allowing for the assessment of brain penetration which otherwise cannot be definitively determined in the clinical setting. PET imaging can also be used to quantify CNS target occupancy by a drug molecule and to confirm CNS target engagement. This is an incredibly powerful tool as it can determine if the hypothesis in question has been sufficiently tested in the clinic [i.e., a proof of concept (PoC) trial outcome was negative, but the CNS target was engaged sufficiently such that it rules out a role for that target in the disease/disease stage]. Finally, PET imaging has the potential to serve as a disease state biomarker if the radiolabeled molecule is specific to a target that is associated with disease or a particular stage of disease.

Given the applications of PET imaging to CNS drug discovery, the identification of a LRRK2 PET ligand could significantly enable the clinical development of LRRK2 kinase inhibitors and has been the subject of intense focus from both industry and academic groups alike. Despite the identification of numerous potent and selective LRRK2 kinase inhibitors, from a variety of structural classes, there are limited reports detailing the successful development of radiolabeled LRRK2 kinase inhibitors. In 2013, Roche/Genentech published a patent in which they described the synthesis of 11C- or 18F-labeled LRRK2 inhibitors, which were related to GNE-1023. Similarly, Wang M. et al. (2017) described the radiolabeling of [11C]-HG-10-102-01 but as with the Roche/Genentech probes, no in vitro or in vivo PET characterization of this molecule was described. Malik et al. (2017) reported that they had successfully radiolabeled [3H]-LRRK2-IN-1, however, its use as a CNS PET tracer is limited by poor off-target selectivity and limited brain penetration of the base molecule. Most recently, Chen et al., 2019 reported on the development of [11C]-GNE-1023 and reported excellent in vitro specific binding of [11C]-GNE-1023 to LRRK2 in rat and NHP brain sections (Chen et al., 2019). However, whole-body ex vivo biodistribution studies exhibited limited brain uptake of [11C]-GNE-1023 in mice despite not being a substrate of the brain efflux transporter Pgp. The authors reported that studies in higher species such as NHP and the development of tracers with improved brain penetration were ongoing.

Additionally, GNE-1023 has been labeled with [18F] rather than [11C], however, minimal specific binding in caudate putamen homogenates from rat, rhesus monkey, and human was reported (Zeng et al., 2018). This group also reported on studies with another radiolabeled LRRK2 kinase inhibitor (compound-B) that is derived from the indazole class and is structurally similar to the highly potent and selective LRRK2 kinase inhibitor MLi-2. While [3H]-compound B showed high binding affinity to LRRK2 WT full-length enzyme (Kd = 57 pM), only modest displaceable and saturable binding of [3H]-compound B was observed in rhesus monkey brain CPu homogenates (Kd = 0.09 nM) (Zeng et al., 2018). Importantly, using either [3H]-compound B or [18F]-GNE-1023, they determined that the Bmax for LRRK2 in the NHP and human brain was very low (∼0.4 nM) and that the resulting tracer binding potentials (Bmax/Kd ratio) were far below the desired Bmax/Kd ratio > 10 which is typically required for the successful development of CNS PET tracers (Patel and Gibson, 2008). In summary, a validated PET ligand for monitoring changes in LRRK2 is not currently available and the probability of success for developing a LRRK2 PET tracer is low, based on observed low Bmax (<1 nM) in the CNS regions of interest.



TISSUE/BIOFLUID ORIGIN

LRRK2 and related measures have already been assessed as biomarker in a wide variety of tissues and biofluids (see Figure 2). Here, we provide an overview of key findings for: blood, urinary exosomes, CSF exosomes, and gut/saliva.
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FIGURE 2. Expression of LRRK2 in multiple tissues/cell types. LRRK2 is widely expressed throughout the body in a variety of cell types and tissues, including high levels of expression in the kidney, lung, and cells of the peripheral immune system; but also in multiple brain regions, the intestine, as well as extracellularly via exosomal release.



Measurement of LRRK2 in Blood and Blood Derivatives

Despite LRRK2 being connected most closely with a disorder of the central nervous system, LRRK2 expression levels are highest in the periphery, in particular white blood cells (Fuji et al., 2015). This enables measurement of LRRK2 markers in blood or cells derived from blood such as PBMCs, a practical and accessible matrix in the context of clinical applications where frequent sampling for pharmacokinetics/dynamics analysis will be required. Indeed, many groups have successfully measured LRRK2 inhibition in PBMCs ex vivo from human samples, and in some cases in vivo in cynomolgus monkeys treated with LRRK2 inhibitors, by quantifying LRRK2pS935 reduction (Delbroek et al., 2013; Fuji et al., 2015; Perera et al., 2016). After the discovery that LRRK2 phosphorylates several Rab GTPases, phospho-specific antibodies targeting the LRRK2-dependent Rabs were developed and used to measure LRRK2 inhibition in PBMCs, in particular pT73-Rab10 (Steger et al., 2016; Fan et al., 2018; Lis et al., 2018). PBMCs are commonly isolated in labs and clinical sites for many applications, and are therefore clearly translatable for the purposes of measuring LRRK2 inhibition in human subjects.

LRRK2 expression varies among the different cell types of cells within PBMCs. It is most highly expressed in neutrophils and monocytes, with lower expression in T cells, B cells, dendritic cells, and natural killer cells (Fuji et al., 2015; Fan et al., 2018). This heterogeneity in LRRK2 expression combined with heterogeneity of cell populations from person to person may add to variability of LRRK2 marker quantification in PBMCs. It has therefore been proposed that isolation of neutrophils and/or monocytes for the purposes of measuring LRRK2 markers may reduce inter- and intra-subject variability, and at least in the case of neutrophils, isolation from many donors and measurement of LRRK2 inhibition either by pS935-LRRK2 or pRab10 measurement has been successfully performed (Fan et al., 2018).

In the clinical setting, it is likely that most centers will have more experience isolating PBMCs, compared to specific sub-types such as neutrophils or monocytes, so the practicalities of cell isolation must be balanced with theoretical gains of isolating a pure and homogeneous cell population. With respect to practicality, the most ideal solution for clinical measurement of LRRK2 inhibition in the periphery would be to measure it in whole blood rather than a population of cells isolated from whole blood. This would make the assay more broadly applicable and practical for clinical sites, however, the ability to track changes in LRRK2 activation within specific cell types will be sacrificed. For this reason, we developed an ELISA-based assay of pS935-LRRK2 and total LRRK2 with sufficient sensitivity for detection of these analytes in whole blood (Denali Therapeutics Inc., MJFF PD Therapeutics Conference 2018). This has indeed resulted in more practical and streamlined sample collection processes for clinical sites, compared to PBMC isolation, that are applicable for multi-center, international studies. Alternatively, at sites with such capabilities, immortalization of lymphocytes might be a useful strategy to identify new biomarkers from one type of cell. For instance, we were able to detect centrosomal cohesion deficits in PBMC derived lymphoblastoid cell lines from LRRK2 G2019S Parkinson’s disease patients, as well as in a subset of sporadic PD patients (Fernandez et al., 2019). This approach, however, is better suited for patient stratification purposes in clinical research studies, as compared to rapid and sensitive markers of target engagement required in a clinical trial.

Thus far, we have only been considering measurement of LRRK2 in blood for the purposes of target engagement, but there has been considerable effort put into measurement of LRRK2 levels and LRRK2 function in blood for the purpose of patient stratification or testing the hypothesis that PD patients without LRRK2 mutations have elevated LRRK2 function that contributes to PD pathogenesis. Total LRRK2, pS935-LRRK2 and pT73-Rab10 have all been measured in PBMCs and in neutrophils in sporadic PD patients, non-PD controls, and LRRK2 carriers with and without PD (Dzamko et al., 2013; Atashrazm et al., 2018; Fan et al., 2018; Melachroinou et al., 2020; Padmanabhan et al., 2020). LRRK2 S935 phosphorylation rates decrease in LRRK2 carriers with PD, while all other groups show no significant differences in levels of the tested analytes (Padmanabhan et al., 2020). In another study, however, pS935-LRRK2 levels were reported to be slightly elevated in iPD patients (Melachroinou et al., 2020). To be fair, for this purpose, one must consider the most relevant cell type in which to measure LRRK2 markers. In particular, in at least one report, specific monocyte sub-types have elevated LRRK2 in PD patients and release inflammatory cytokines to a greater extent in PD patients than in healthy controls following stimulation (Bliederhaeuser et al., 2016; Cook et al., 2017). Given this connection with disease, it is possible that in studies focused on patient stratification, purified monocytes may be the most relevant cell population to examine when developing blood-based markers of increased LRRK2 pathway activity in PD. Thus far, a broad characterization of LRRK2 markers or expression in monocytes in well-powered groups of PD, non-PD, and LRRK2 mutation carriers with or without PD has not been undertaken.



Urine-Derived Exosomes

LRRK2 is present in exosomes, i.e., cell-derived extracellular vesicles (EVs) of 30–100 nm in diameter, in several biofluids including urine ((Fraser et al., 2013) and our own results, Mutez et al., 2016). Proteomics screens of exosomes isolated from urine first indicated the presence of LRRK2 in urinary exosomes (Gonzales et al., 2009). Subsequently, the development of sensitive and specific anti-LRRK2 antibodies allowed the confirmation of the presence of phosphorylated LRRK2 in urinary exosomes.

Semi-quantitative western blot analyses of urinary exosomes have determined that LRRK2 is present in the high pg/ml to low ng/ml range (close to 1,000 pg/ml). Double immunofluorescence labeling of extracellular vesicles with anti-LRRK2 and the exosomal marker TSG101, confirmed the identity of the vesicles containing LRRK2 (Fraser et al., 2013). In light of the gain of toxic kinase function hypothesis in Parkinson’s disease, measures of LRRK2 kinase function are of particular interest, for instance the measure of LRRK2 autophosphorylation sites, including the S1292 site that has robustly been confirmed on endogenous LRRK2 in model systems as well as in human samples. Testing of LRRK2-S1292 phosphorylation in urine has revealed significantly elevated pS1292 levels in subjects harboring the G2019S mutation (Fraser et al., 2016a). This study also reported that for subjects with the G2019S mutation, S1292 phosphorylation is elevated in groups with PD symptoms compared to those without. In a separate study, the same group showed that S1292 phosphorylation is significantly increased in idiopathic PD compared with matched healthy controls (Fraser et al., 2016b). Interestingly, this study also revealed that the severity of cognitive impairment correlates with increased S1292 phosphorylation. Furthermore, a third study by the same lab examined LRRK2 in urinary exosomes compared to CSF exosomes of the same individuals and found that S1292-LRRK2 phosphorylation increases observed in urinary exosomes in subjects harboring the G2019S mutation is reflected by a similar increase in CSF (Wang S. et al., 2017). Interestingly, the study also observes that S1292-LRRK2 phosphorylation is significantly higher in CSF compared to urine in all subjects, suggesting a higher activation level of LRRK2 in brain compared to urine, and highlighting the need for more quantitative measures of LRRK2 functions.

These observations are consistent with the hypothesis that LRRK2 in urinary exosomes is modulated in disease, warranting further study of LRRK2 as a biomarker in this biofluid. For instance, the published results show a partial overlap in the distribution of S1292 phosphorylation levels in urinary exosomes in control and mutant/disease groups, suggesting that it is not an absolute predictor of disease. Also, it remains to be elucidated whether some of the observed differences are specific to certain ethnic groups or are (co-) dependent on additional factors such as dietary habits or sleep patterns, or additional lifestyle factors such as occupation. Weaknesses of this approach include the fact that it is impossible to know the cell type(s) or tissues of origin for the recovered EVs present in urine; however, given the high level of LRRK2 expression in the kidney, it is likely that much of the LRRK2 detected in these samples arises from these cells. Additionally, it is possible that more subtle changes in pS1292-LRRK2 levels may be overlooked due to the reduced sensitivity and quantitative limitations inherent to Western immunoblotting.

Besides measuring LRRK2 and its phosphorylation, other proteins in the LRRK2 complex or LRRK2 pathway offer additional possibilities as LRRK2 related biomarkers of disease or pharmacodynamic response. Therefore LRRK2’s substrates, such as the ezrin–radixin–moesin family of proteins (Jaleel et al., 2007), microtubule affinity-regulating kinase 1 (MARK1) (Krumova et al., 2015), endophilin A (Matta et al., 2012), or Rab proteins (Steger et al., 2016), are also potential biomarkers.

LRRK2 or LRRK2 pathway proteins in urinary exosomes also offer the possibility of monitoring pharmacodynamics response to potential LRRK2 targeting therapeutics. According to this hypothesis, pS1292-LRRK2, pS935-LRRK2 or phospho-Rabs would be reduced in urinary exosomes following LRRK2 inhibitor treatment. This hypothesis remains to be confirmed in biofluids. A caveat to the potential use of this biospecimen source in target engagement measures is that it was initially shown that LRRK2 release in exosomes was sensitive to pharmacological kinase inhibition, specifically via its interaction with 14-3-3 (Fraser et al., 2013). Thus, in samples from subjects undergoing LRRK2 kinase inhibitor treatment, the detection of exosomal LRRK2 will likely be impaired.

It should be noted that these studies also revealed sex differences in LRRK2 levels in urinary exosomes. Most notably, total LRRK2 levels are found to be higher in male compared to female subjects (Fraser et al., 2016b). In addition, pS1292-LRRK2 median levels were higher in men compared to women, while the relative elevation in pS1292-LRRK2 levels for PD versus healthy subjects is greater in women than in men. Interestingly, in a different sample set from a Norwegian patient cohort, sex differences displayed a different trend with males harboring the G2019S mutation showing higher pS1292-LRRK2 levels while the opposite holds true for females (Wang S. et al., 2017).



CSF Exosomes

LRRK2 is not thought to exist as a soluble protein in CSF, which presents a challenge when interrogating its function in the CNS. Despite this obstacle a number of studies have demonstrated LRRK2 detection in CSF after isolating small extracellular vesicles through techniques such as differential ultracentrifugation (e.g., Fraser et al., 2013; Wang S. et al., 2017). For instance, Fraser et al. (2013) showed that in neat CSF, LRRK2 is not detectable, nor in the supernatant of ultracentrifuged CSF, but only in the pellet which contains small EVs (exosomes). Following exosome enrichment, this group has successfully applied western blotting techniques to detect total LRRK2 and pS1292 LRRK2 signals and they continue to study the biological mechanism whereby LRRK2 is introduced into these vesicles. An interesting point is that CSF pLRRK2 does not appear to correlate with urinary pLRRK2 levels and CSF levels did not correlate with disease severity while urinary levels did (Wang S. et al., 2017). It should be noted that the CSF pS1292-LRRK2 levels became saturated (within the semi-quantitative linear range of the Western immunoblot approach) compared to urinary exosomes, complicating the analyses of potential correlations with clinical features.

In terms of having a reliable biomarker endpoint that can be used in a clinical trial, exosome enrichment poses several challenges. Differential ultracentrifugation may be difficult to perform in a reproducible manner across different labs and volume requirements are quite high (∼1 ml). In addition, Western blotting analysis techniques are not considered amenable to the throughput and robustness requirements of a clinical trial. Therefore, additional techniques which can isolate LRRK2 in CSF without exosome enrichment/isolation (see Mabrouk et al., 2020) would be beneficial going forward.



FUTURE DIRECTIONS AND APPROACHES


Nucleic Acid-Based Approaches

Genome wide association studies analyses revealed that LRRK2 polymorphisms are not only associated with PD, but also other disorders including Crohn’s disease and Leprosy pointing out the importance of the immune functions of LRRK2. Thus, one may expect that LRRK2 genotype stratification might help to better classify patients with higher risk to develop prominent immune phenotypes to orientate clinical trials and pharmacogenomics studies.



Genome Wide Methylation

Assuming that environmental factors may have a larger impact on sporadic PD development compared to familial PD, it is surprising that no difference is found between sporadic PD and LRRK2 patients heterozygous for a LRRK2 mutation either in the methylation status of islands of the LRRK2 promoter in patient derived leucocytes (Fernandez-Santiago et al., 2015) or when investigating whole genome methylation of dopaminergic neurons generated from patient derived induced pluripotent stem cells (iPSCs). Several interpretations might be formulated to explain this result. The role of genetics and environmental factors is proposed to explain the reduced penetrance of LRRK2. It is thus possible that patients with or without LRRK2 mutations share a similar influence of environmental factors or that these unknown environmental factors influenced numerous low risk alleles in genes converging to LRRK2 pathways. Moreover, this same study also revealed an important PD associated hypermethylation occurring only upon differentiation into dopaminergic neurons of PD patients, but not somatic cells (Fernandez-Santiago et al., 2015). This shows that the epigenetic control of the differentiation into dopaminergic neurons plays a crucial role for the development of PD phenotypes. They also highlight the need for exploring the transcriptome expression profiles of sporadic PD and LRRK2 patients to identify biomarkers and other pathways of interest to help better understand the pathogenesis of PD.



LRRK2 RNA Expression and Splicing

The LRRK2 gene on chromosome 12p12 is composed of 51 exons. Usually, large genes are more likely to give rise to several transcripts due to alternative splicing events. The Ensembl database showing only one transcript encoding the full-length protein of 2527 AA is supported by strong biological evidence. Other transcripts encoding proteins of 1271 AA, 454 AA, 521 AA, 206 AA, or 78 AA, as well as 3 transcripts not encoding proteins have been proposed based on computational mapping, based on gene identifiers from Ensembl, Ensembl Genomes and model organism databases. With the development of new sequencing technologies, such as RNAseq, several groups have investigated the existence of LRRK2 RNA expression and/or splicing variants in the brain and other tissues. Of interest, association of quantitative trait locus (QTL) involving exons 32–33 have been found in the brain and is associated with the presence of a polymorphism rs3761863 (p.M2397T, involved in Crohn’s disease) together with two additional QTLs in liver and monocytes. Nevertheless, a 2019 study by Vlachakis et al. (2018) recently confirmed the existence of several spliced transcripts in brain occurring at different ratios according the studied brain regions. The development of large transcript sequencing technologies such as PacBio will enable a more robust mapping and reconstitution of each LRRK2 transcript structure. Such analyses have the potential to identify a specific transcript whose expression may be used as an early biomarker of PD and that might then be easily detectable in PBMCs.



Transcriptome Analyses of LRRK2 Patients

Because of the nature of such studies (assessing changes at the transcriptional level rather than the protein level), transcriptomic analyses, in the context of PD biomarker development, are restricted to patient stratification in studies of disease severity and/or progression. These kinds of studies are not applicable to clinical trials of investigational compounds in which markers of target engagement are required. The transcriptome of blood or neurons heterozygous for LRRK2 variants has revealed numerous pathways, similar to idiopathic PD, that differ from controls. In PBMCs and dopaminergic neurons, we found a prevalent common dysregulation of translation, immune system signaling, and vesicular trafficking and endocytosis (Mutez et al., 2014). These results are sustained by other observations showing that LRRK2 controls several steps of these key mechanisms, such as the phosphorylation of several proteins of the translation machinery, the eukaryotic initiation factors 4EBP and ribosomal protein S15 (within drosophila models), and thus deregulating translation (Martin et al., 2014). However, the exact mechanism leading to the deregulation of translation remains poorly understood.

Transcriptome analyses have also highlighted deregulation of intracellular vesicle trafficking and function within the endocytic pathways. Their biological relevance has been confirmed (see above), since we know that LRRK2 phosphorylates at least 10 Rab GTPases regulating such processes as vesicular trafficking and endocytosis. The recent observations of Connor-Robson et al. (2019) study, using both transcriptome and proteome analyses, demonstrated that 25 of the 70 Rabs are deregulated, confirming a major role of LRRK2 in endocytosis.

RNAseq and microarray analyses of both PBMC and iPSC derived dopaminergic neurons have also demonstrated the strong deregulation of the “axon guidance pathway.” Ensemble of Gene Set Enrichment Analyses (EGSEA) of the integrated dataset revealed endocytosis and axon guidance as the two most significantly perturbed pathways, both of which were predicted to be inhibited in the presence of the G2019S mutation. The LRRK2-G2019S mutation has previously been demonstrated to disrupt axon guidance in iPSC-derived dopaminergic neurons (Sanchez-Danes et al., 2012; Reinhardt et al., 2013; Su and Qi, 2013; Borgs et al., 2016). Numerous reports using animal models confirmed deregulation of axonal guidance proteins [for review (Civiero et al., 2018)]. In addition, another analysis using single-cell transcriptional profiles of LRRK2 multipotent neural stem cells revealed neuronal lineages with signature similar to PD. Of note, among these genes, two regulate neurite extension upon down-regulation (NRSN1) or overexpression (SRRM4) (Ohnishi et al., 2017). The authors suggest that it could explain the discrepancies in the results obtained on neurite outgrowth assaying the LRRK2 role in neurite extension (Garcia-Miralles et al., 2015).

Interestingly, deregulation of transcripts linked to mitochondrial dysfunction is also observed by the above studies (Ohnishi et al., 2017). For instance, a significant up-regulation of nine mitochondrial genes was noted, emphasizing the critical role of mitochondria in the disease process. Additionally, the role of LRRK2 mutations in mitochondrial dysfunction is also reported in other PD patient-specific human neuroepithelial stem cells. Aberrations in mitochondrial morphology and functionality were evident in neurons bearing the LRRK2-G2019S mutation compared with isogenic controls (Walter et al., 2019).

Since deregulation of these pathways was also observed in blood cells, further study needs to be performed to establish whether some of these changes might be useful as PD biomarkers, giving clues to the development of novel neuroprotective therapeutics. In this context, Infante et al. (2016) compared the transcriptome of carriers of the LRRK2 G2019S mutation (symptomatic and asymptomatic) as well as PD patients without the G2019S mutation and controls. These comparisons highlighted six deregulated genes that were previously associated to PD risk in Genome-wide association studies (Do et al., 2011; Rhodes et al., 2011; Pankratz et al., 2012; Nalls et al., 2014). Among the 58 genes deregulated in both idiopathic PD and LRRK2 patients, those involved in oxygen transport function or iron metabolism were significantly enriched as we previously noted (Mutez et al., 2011; Mutez et al., 2014). Cell adhesion molecule perturbations were also noted in these latter studies. The deregulation of the extracellular matrix (ECM) was also noted in transcriptome profiles of iPSC derived midbrain-patterned astrocytes from PD patients harboring the LRRK2 G2019S missense mutation (Connor-Robson et al., 2019). These data put forward the involvement of Transforming growth factor beta 1 (TGFB1), an inhibitor of microglial inflammatory processes in murine models of PD (Chen et al., 2017), and matrix metallopeptidase 2 (MMP2), known to degrade α-synuclein aggregates (Oh et al., 2017).



Lipidomics

Another potential alternative LRRK2 related biomarker is BMP [bis(monoacylglycero)phosphate], also known as lysobisphosphatidic acid (LBPA), which is an anionic phospholipid found exclusively on the intra-lumenal vesicles of late endosomes and lysosomes (Bissig and Gruenberg, 2013). BMP can also be secreted into biofluids, where it may be enriched on exosomes (Miranda et al., 2018) or apolipoprotein particles, like HDL (Grabner et al., 2019). BMP promotes electrostatic interactions between intralumenal vesicles and lysosomal lipases and their regulators (e.g., saposins) in order to facilitate glycosphingolipid degradation (Gallala and Sandhoff, 2011). BMP di22:6 levels increase dramatically in urine from patients with the lysosomal storage disorder Niemann-Pick type C, highlighting the translatability of this biomarker as an indicator of changes in lysosome function in vivo (Liu et al., 2014).

Several reports have now firmly demonstrated that LRRK2 activity modulates BMP levels in urine, providing key foundational evidence linking LRRK2 to lysosome function. Cynomolgus monkeys treated with LRRK2 inhibitors GNE-7915 and GNE-0877 for 7 and 29 days showed a dose dependent decrease in urine BMP after 29 days of dosing. This effect was recapitulated in LRRK2 KO mouse urine, demonstrating that the effect is on-target (Fuji et al., 2015). Similarly, the recent study by the group of Alcalay et al. (2019) showed that LRRK2 carriers had elevated urinary di-BMP levels, suggesting a link between LRRK2 and lysosomal function. While BMP reduction in urine represents on-target pharmacology of LRRK2 inhibitors, much work remains to fully understand the dynamics and biological significance of this biomarker. Studies of BMP reductions in urine following LRRK2 inhibitor treatment have focused on time points of maximal inhibition or on long-term recovery time points, so we do not have a good understanding of the timecourse or dose-dependence of BMP reduction relative to other measures of LRRK2 inhibition such as pS935 or pRab10 (Fuji et al., 2015). Additionally, the mechanism by which LRRK2 LOF leads to changes in species of BMP on a cellular level is currently unknown, confounding our understanding of the biological effects of changes in BMP in biofluids. Studies such as this give investigators new directions in understanding LRRK2 biology but also serve as potential biomarkers in clinical trials. Future lipidomic studies examining the relationship between LRRK2, GBA and lysosomal function will help define common mechanisms of genetic PD. In addition, other LRRK2 interactors have been discovered which may have value as biomarkers of LRRK2 function such as 14-3-3 (Nichols et al., 2010).



Alternate Sample Types: Gut and Saliva

Besides improvements in detection or exploitation of additional markers in the LRRK2 pathway, additional avenues can be opened by studying alternate sample types. Besides urine, PBMCs or CSF, other types of human samples may be of interest to monitor LRRK2 or LRRK2 pathway proteins as disease or pharmacodynamic biomarkers. Interestingly, the presence of LRRK2 has been confirmed in both the enteric nervous system (ENS) as well as in the epithelial gut cells. In the enteric nervous system, Maekawa et al. (2017) report LRRK2 expression in the myenteric plexus of the small intestine. These may be of interest in relation to the gut-brain hypothesis of PD pathology whereby the GI tract is considered a trigger site of PD pathological processes (e.g., Santos et al., 2019). In relation to this hypothesis, alpha-synuclein positive structures can be found in neurons of the submucosal plexus of sporadic PD patients and these structures are similar in LRRK2-G2019S PD subjects (Rouaud et al., 2017). Further work will be required to establish whether LRRK2 expression in the ENS is limited to the myenteric plexus or whether LRRK2 is also expressed in the submucosal plexus or in enteric glial cells (Derkinderen, 2017). It also remains to be determined whether LRRK2 may contribute to α-synuclein pathology in the ENS and/or to the transmission of pathological α-synuclein species from the ENS to the CNS.

An additional link of LRRK2 with the gut is the expression of LRRK2 in epithelial gut cells, including Paneth cells (Zhang et al., 2015). This pattern of expression may be put into relation with the finding that genetic association studies have found LRRK2 to be a risk factor for inflammatory bowel disease (Crohn’s disease, CD) (e.g., Derkinderen and Neunlist, 2018; Hui et al., 2018; Ridler, 2018). Studies of LRRK2 KO mice have shown that LRRK2 in Paneth cells is involved in the lysosome sorting process to protect from enteric infection, pointing to a potential pathological mechanism for Crohn’s disease involving LRRK2 in Paneth cells (Rocha et al., 2015). It is also possible that LRRK2 gut expression may affect digestive tract symptoms that are very common in PD such as constipation. From the few studies focusing on non-motor symptoms, the frequency of such GI complications is similar between LRRK2-PD and iPD (e.g., Gaig et al., 2014). It remains to be elucidated whether levels of LRRK2, phospho-LRRK2 or the LRRK2 pathway proteins are affected in CD or PD at the level of the GI tract. A practical consideration here is the invasiveness of collecting gut samples for diagnostic purposes. The procedure performed via endoscopy is considered moderately invasive and is used on a routine basis to diagnose digestive disorders such as colorectal cancer, inflammatory bowel disease and peptic ulcer, therefore its application for Parkinson’s disease is feasible (Corbille et al., 2016).

Saliva is also considered a valuable biofluid for biomarker analysis and has specifically been highlighted for its potential for PD biomarkers. Indeed saliva is an attractive biofluid for diagnostics, especially in the elderly as it is much less invasive than other sample types. Principally, the primary use of saliva is as a source of DNA for genetic testing. Despite the growing interest of saliva as a biomarker fluid, little has been done to analyze LRRK2 protein or LRRK2 pathway proteins in saliva. Recently, proteomics analyses have uncovered that LRRK2 is detected in saliva as one of more than 2,000 confidently identified proteins (Pappa et al., 2018). Further research should now be performed to develop robust and quantifiable detection methods for LRRK2 in saliva and assess LRRK2 and phospho-LRRK2 levels in patient groups compared to controls.



CONCLUSION

As we have outlined in the sections above, there are a great many options already available for the interrogation of LRRK2 and LRRK2-related pathways as tools in the clinical setting. We have summarized the current state of biomarker development and use in Table 1, and key outstanding issues are highlighted in Box 1. For example, as LC-MS instrumentation manufacturers continue to make gains in terms of sensitivity, ease of use, robustness, more discoveries will be made leading to novel biomarkers to advance clinical stage programs. Mass spectrometry will continue to play an important role both in LRRK2 biomarker discovery and LRRK2 clinical development. These techniques have also been used to identify novel phosphorylation sites on LRRK2 protein (Greggio et al., 2009). From an exploratory perspective, the evolution and adoption of LC-MS techniques has proven to be extremely powerful with the discovery of the Rab proteins as bona fide substrates of LRRK2 kinase activity (Steger et al., 2016), and in just a few short years, Rab10/pRab10 measurements have been introduced as a clinical endpoint in a LRRK2 therapeutic trial.


Box 1. Outstanding issues.

1. In general, studies reporting differences in specific biomarkers in PD patient groups compared to healthy control are still few in number. It remains therefore important to verify whether initial findings can be broadly replicated and extended to longitudinal studies.

2. Biomarker readouts have often been assessed individually, however, it is unclear whether a single biomarker will have sufficient predictive power. One potential path to resolve this issue is to develop a scoring system that would allow researchers to combine several biomarker readouts and thereby enhance predictive power.

3. Assays used to assess biomarker potential of LRRK2 and LRRK2 related measures have often been low-throughput assays in research laboratories (e.g., Western immunoblotting). For the most promising biomarkers, there remains a need for higher throughput robust assays that can be deployed broadly in clinical laboratories.

4. Our understanding of LRRK2 pathways has increased considerably in the last half decade. Besides kinase substrates that have begun to be considered, several other partners in these pathways remain to be assessed as potential PD biomarkers.

5. Similarly, LRRK2 phosphorylation has been intensely studied for a limited number of phosphosites (particularly S935 and S1292), however, it remains to be assessed what added value other less studied sites may have as PD biomarkers.

6. Besides potential LRRK2 related biomarkers that have emerged from proteomics and phosphoproteomic studies, other omics studies including lipidomics, transcriptomics have begun to point to potential additional potential biomarkers that require further assessment.



Finally, as it should be clear from the literature reviewed here, while the field has made great advances in the use of LRRK2-targeted biomarkers as measures of target engagement (i.e., for small molecule inhibitors of LRRK2 kinase), much work remains in optimizing the interpretation of these outcome measures for use in staging the disease, tracking progression, predicting pheno-conversion (in carriers of specific mutations), or as a tool to confirm the diagnosis of PD. For this aspect to be developed, larger multi-cohort longitudinal studies will be required, assessing multiple readouts for the presence of correlations with specific clinical features, at various disease stages.
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Since the discovery of LRRK2 mutations causal to Parkinson’s disease (PD) in the early 2000s, the LRRK2 protein has been implicated in a plethora of cellular processes in which pathogenesis could occur, yet its physiological function remains elusive. The development of genetic models of LRRK2 PD has helped identify the etiological and pathophysiological underpinnings of the disease, and may identify early points of intervention. An important role for LRRK2 in synaptic function has emerged in recent years, which links LRRK2 to other genetic forms of PD, most notably those caused by mutations in the synaptic protein α-synuclein. This point of convergence may provide useful clues as to what drives dysfunction in the basal ganglia circuitry and eventual death of substantia nigra (SN) neurons. Here, we discuss the evolution and current state of the literature placing LRRK2 at the synapse, through the lens of knock-out, overexpression, and knock-in animal models. We hope that a deeper understanding of LRRK2 neurobiology, at the synapse and beyond, will aid the eventual development of neuroprotective interventions for PD, and the advancement of useful treatments in the interim.
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INTRODUCTION; A LRRK IN THE PD ARENA

Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting 1–2% of the population by 65 years of age, and increasing to 4–5% by 85 years of age (de Lau and Breteler, 2006). Over 200 years after its initial clinical description (Parkinson, 2002), PD is still characterized primarily by its cardinal motor symptoms and the loss of dopamine (DA) neurons in the substantia nigra (SN). However, increasing recognition of non-motor symptoms and additional cell loss, such as in the cortex (MacDonald and Halliday, 2002) and thalamus (Henderson et al., 2000; Halliday, 2009), has highlighted the involvement of other neurotransmitter systems in early and later disease processes. While symptoms are significantly alleviated by interventions such as dopamine replacement therapies and deep brain stimulation, none of the current treatment options slow disease progression (reviewed in Oertel, 2017). It is hoped that advancing our understanding of PD etiology, including SN cell loss and beyond, will enable the production of neuroprotective treatments for PD. This requires uncovering etiological factors at the cellular level, and genetic models of PD are essential to this process. Moreover, they provide the opportunity to examine pathophysiological processes at various disease stages, while complimenting models of late-stage disease.

Although PD was long considered the archetypical non-genetic disease, it is now understood to arise from a complex interplay between environmental and genetic factors, with current estimates suggesting heritability underlies ~30% of PD risk (Keller et al., 2012; Goldman et al., 2019). The recognition of familial PD cases began ~20 years ago, with the identification of mutations, duplications and triplications in the SNCA gene encoding the α-synuclein (α-syn) protein (Polymeropoulos et al., 1997; Singleton et al., 2003; Chartier-Harlin et al., 2004). This discovery was a turning point for PD research, particularly given the later detection of α-syn in Lewy bodies (LB), the pathological protein inclusions found post-mortem in brains from people with PD and several related diseases now termed synucleinopathies (Goedert et al., 2013). In 2004, two separate studies identified multiple pathogenic mutations responsible for late-onset, autosomal-dominant parkinsonism—that they were all within the same gene, in the PARK8 locus, really shook things up (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). The sequence suggested the protein was a member of a newly described leucine-rich repeat kinase family (Manning et al., 2002); that protein, about which nothing was known, is LRRK2.

Perhaps the most thought-provoking aspect of LRRK2 PD was the discovery that clinical presentation, indistinguishable from “idiopathic” PD, is not always accompanied by traditionally expected pathology. While nigral cell loss is consistently observed in LRRK2 PD, α-syn-containing LBs are only found in about half of cases post-mortem; patients also present with ubiquitin-, tau-, or TAR DNA-binding protein 43-positive inclusions, or show nigral degeneration with no aggregate pathology (Zimprich et al., 2004; Rajput et al., 2006; Ujiie et al., 2012). This indicates that α-syn aggregation is not the cause of symptoms or nigral degeneration in half of LRRK2 PD, and therefore is not the cause of all forms of late-onset PD. That said, there is much evidence suggesting α-syn and LRRK2 proteins functionally interact, and that the dysfunction of either may disrupt a common physiological process, which eventually causes the disease to develop. Synucleins are one of the most abundant proteins in the brain and, as the name indicates, they are enriched at synapses (Maroteaux et al., 1988; Foffani and Obeso, 2018; Sulzer and Edwards, 2019). This enrichment is cell-type specific, with synuclein being highly expressed at excitatory terminals in the striatum by electron microscopy (Totterdell et al., 2004) and associated with structures positive for the vesicular glutamate transporter VGluT1 (Emmanouilidou and Vekrellis, 2016; Taguchi et al., 2016, 2019), but surprisingly not at TH expressing-nigral DA terminals (Emmanouilidou and Vekrellis, 2016; Taguchi et al., 2016). There is a clear consensus that α-syn is involved in regulating synaptic vesicle (SV) release, yet even after 30 years of progress, the underlying molecular physiology remains a matter of some debate (Sulzer and Edwards, 2019). Here we will review evidence accrued over the last 15 years that argues LRRK2, like synuclein, is also a regulator of synaptic physiology.

Since 2004, a host of animal models have examined loss-of-function, gain-of-function, and mutation-specific effects of LRRK2, implicating it in multiple cellular processes including neurite regeneration (Ramonet et al., 2011; Winner et al., 2011), autophagy (Albanese et al., 2019), endo-lysosomal sorting (MacLeod et al., 2013; Gómez-Suaga et al., 2014; Rivero-Ríos et al., 2019, 2020) and cytoskeletal dynamics (Parisiadou et al., 2009; Pellegrini et al., 2017). Although the literature on LRRK2’s role in PD etiology remains complex and inconclusive, membrane traffic is a common theme, and recent findings have also converged on the synapse as a key site of early pathophysiological change. Given that their intricate morphology and unique physiology require neurons to be uniquely dependent on endocytic and secretory processes, often at high frequencies and in the absence of cell replacement/regeneration, it is perhaps unsurprising if alterations to membrane traffic have negative effects in neurons, which may be tolerated in other cell types.

Several groups have linked LRRK2 to endocytic machinery (Shin et al., 2008; Matta et al., 2012; Arranz et al., 2015; Belluzzi et al., 2016), synaptic vesicle trafficking (Piccoli et al., 2011; Pan et al., 2017; Nguyen and Krainc, 2018), and altered synaptic transmission in multiple neuronal types (Tong et al., 2009; Beccano-Kelly et al., 2014, 2015; Sweet et al., 2015; Matikainen-Ankney et al., 2016; Volta et al., 2017). With emerging reports that LRRK2 functionally interacts with α-syn and other PD-linked proteins in axons and at the synapse (Lin et al., 2009; Inoshita et al., 2017; Mir et al., 2018; Novello et al., 2018; MacIsaac et al., 2020), therapeutic advancements may well depend on understanding how mutations in LRRK2 disrupt synaptic activity within the complex neural circuitry underlying PD. Many insights have come from invertebrate model systems, especially those overexpressing mammalian LRRK2; however, protostomes such as C. elegans and Drosophila have a single LRRK gene, of an ancient origin, which is more homologous to LRRK1 than LRRK2 (Marín, 2008). Thus, in the interest of brevity, the focus here is mostly restricted to mammalian LRRK2, as we discuss the evolution and current state of the literature placing LRRK2 at the synapse through the lens of knock-out, overexpression, and knock-in mammalian models.



WHERE (AND WHEN) DOES IT LRRK?

In the initial studies investigating LRRK2 expression, mRNA was found in all human tissues examined, including heart, brain, placenta, lung, liver, skeletal muscle, kidney, and pancreas (Paisan-Ruiz et al., 2004; Zimprich et al., 2004). By RT-PCR, levels of LRRK2 mRNA were ~5-fold higher in the lung than the next highest tissue, the putamen of the striatum, which was ~2-fold that of other brain regions (Zimprich et al., 2004). While LRRK2 mRNA is highly expressed throughout embryonic development in the lung, kidney, spleen and heart (Zimprich et al., 2004; Biskup et al., 2006; Larsen and Madsen, 2009; Maekawa et al., 2010; Giesert et al., 2013), its expression within the CNS, primarily within the putamen of the striatum, increases drastically after birth. Northern blot showed a similar tissue pattern, with enrichment of LRRK2 transcripts in neocortex and putamen (Paisan-Ruiz et al., 2004). In situ hybridization studies in adult mouse brain confirmed LRRK2 mRNA was highest in the striatum and cortex (Melrose et al., 2006; Simón-Sánchez et al., 2006) but results varied for other regions including the hippocampus and SNpc. Galter et al. (2006) compared LRRK2 mRNA across the mouse, rat, and human post-mortem brain tissue, reporting high expression in striatal spiny projection neurons (SPNs), but no visible signal in SNpc dopamine neuron cell bodies. Thus, in human and mouse studies, LRRK2 mRNA is found in much of the circuitry implicated in PD but is not enriched (nor perhaps even present) in SNpc cell bodies; however, as highlighted below, mRNA transcript levels often do not correlate with protein abundance (reviewed in Liu et al., 2016).

The emergence of polyclonal LRRK2 antibodies (West et al., 2005), at the time not validated against LRRK2 knock-outs, provided the first glimpses of LRRK2 protein localization in the adult rat, mouse, and human brain. Widespread protein expression was found, with enrichment in the cortex and dorsal striatum, and low levels in the dopaminergic olfactory bulb and SNpc (Biskup et al., 2006). A direct comparison between LRRK2 mRNA and protein confirmed this; mRNA was high in regions receiving dopamine projections but absent in dopamine cell bodies, whereas LRRK2 protein was localized throughout the nigrostriatal pathway, including at low levels in the SNpc (Higashi et al., 2007). Elsewhere, no LRRK2 immunoreactivity was found in the olfactory tubercle, despite high mRNA expression, and the opposite pattern was seen in the thalamus (Melrose et al., 2006). A cross-comparison of the many available LRRK2 antibodies, tested against LRRK2 knock-outs, indicated extreme variability in the suitability of most across applications but did confirm LRRK2 protein expression in neuronal cell bodies (but not obviously in other cell types) of rodent cortex, striatum, and cerebellum (Davies et al., 2013), results that have since been replicated (West et al., 2014; Beccano-Kelly et al., 2015). Overall, reports from human, rodent and primate studies largely agree on striatal and cortical enrichment, with mixed findings in the SNpc (Biskup et al., 2006; Galter et al., 2006; Melrose et al., 2006; Simón-Sánchez et al., 2006; Higashi et al., 2007; Lee et al., 2010; Mandemakers et al., 2012; Davies et al., 2013). LRRK2 protein is also clearly found in other tissues; while not directly quantified between tissues, similar LRRK2 protein levels have been found in mouse lung, kidney, spleen, and brain (Mir et al., 2018), in agreement with the original mRNA observations (Zimprich et al., 2004). In terms of cell type, beyond neurons, abundant LRRK2 protein is found in mouse embryonic fibroblasts (Mir et al., 2018), and human neutrophils and monocytes (Fan et al., 2018; Mir et al., 2018; Atashrazm et al., 2019). Interestingly, a recent study demonstrated low levels of LRRK2 protein in human induced pluripotent stem cell (IPSC)-derived macrophages and microglia that were highly increased upon activation by IFN-γ, suggesting CNS stress and inflammation will upregulate LRRK2 in brain glial cells (Lee et al., 2020).

The elucidation of LRRK2’s developmental profile in the brain was another important advance; analyses of LRRK1/LRRK2 mRNA and protein expression found LRRK2 was expressed primarily in neurons at birth and increased in the first postnatal week particularly within cortex, striatum and olfactory bulb (Giesert et al., 2013). Interestingly, these first postnatal weeks are also marked by synaptogenesis, especially in the striatum and cortex (Mensah, 1982; Ishikawa et al., 2003). These results have been confirmed, with LRRK2 protein being present by embryonic day 15 in the cortex (Higashi et al., 2007; Beccano-Kelly et al., 2014), and levels rising >5 fold over 3 weeks in the postnatal brain and up to 21 days in vitro (DIV21) in cortical/hippocampal neuron cultures (Piccoli et al., 2011; Beccano-Kelly et al., 2014).

Expression analyses were paralleled by attempts to identify LRRK2’s subcellular localization. Fractionation studies found that LRRK2 was enriched in microsomal, synaptic vesicle-enriched, and synaptosomal cytosolic fractions in rat brain tissue (Biskup et al., 2006). LRRK2 also separated with markers of synaptic plasma membrane vesicles in mouse brain extracts (Hatano et al., 2007). Immunocytochemical fluorescence studies in neuronal cultures suggested LRRK2 localized to lysosomes, mitochondria, and microtubules (Biskup et al., 2006), in addition to Golgi and the synaptic vesicle (SV) marker synaptotagmin-1 (Hatano et al., 2007). Unfortunately, LRRK2 antibodies have almost universally failed tests of specificity against knock-out samples in immunofluorescence experiments (Davies et al., 2013). To avoid the confounds of LRRK2 antibody specificity, Schreij et al. (2015) gene-edited an HA-tagged LRRK2, and found it colocalized with clathrin-light chains and the early endosomal marker EEA1. As this was done in COS-7 cells, this possibly included synaptic endosomes, and other studies have placed LRRK2 at synaptic endosomes, in association with Rab5 (Shin et al., 2008; Yun et al., 2015; Inoshita et al., 2017). Such literature provided support that LRRK2 has a seat at the synapse, but what of functional observations?

At this juncture, it is important to note some parameters of synaptic maturation (expertly reviewed in Sala and Segal, 2014; Kavalali, 2015; Andreae and Burrone, 2018; Chanaday and Kavalali, 2018), given that one of the most important, but underappreciated, confounds to the interpretation of many LRRK2 studies is the maturation state of the chosen system. Excitatory synapses develop their specialized synaptic structures as they mature, over a similar timeframe both in vivo and in rodent primary cultures of cortex and hippocampus, in which many pertinent observations have been reported. In cultures, immature postsynaptic protrusions, filopodia, and thin spines re-appear on dendrites between 4 and 7 days in vitro (DIV4–7) after excitatory neurites have regenerated, and new contacts begin to form between axons and dendrites (Papa et al., 1995; Boyer et al., 1998; Takahashi et al., 2003). As the postsynaptic structures mature, they become shorter, fatter, and mushroom-like. By DIV14 the number of postsynaptic protrusions doubles, being ~50:50 immature- and mature-looking; the number again doubles by DIV21, at which point densities stabilize, and 80–90% of protrusions exhibit a mature morphology (Papa et al., 1995; Boyer et al., 1998; Takahashi et al., 2003). Unlike hippocampal and cortical cultures composed of predominantly excitatory cells, GABAergic medium-sized spiny striatal projection neurons (>90% of striatal cells) do not develop a complex dendritic architecture or dendritic spines if grown in monocultures (Segal et al., 2003; Kaufman et al., 2012; Burguière et al., 2013). However, if co-cultured with glutamatergic neurons, they form a great many excitatory synapses over the same time-frame, and to approximately the same extent as in vivo (Segal et al., 2003; Tian et al., 2010; Randall et al., 2011; Kaufman et al., 2012; Milnerwood et al., 2012; Burguière et al., 2013; Lalchandani et al., 2013; Penrod et al., 2015). These patterns of synaptic maturation up to ~DIV21 are matched by immunostaining of synaptic marker cluster density, colocalization of pre- and postsynaptic markers, biochemical quantification of synaptic proteins, and synaptic activity (Levinson and El-Husseini, 2005; Arstikaitis et al., 2008, 2011; Han and Stevens, 2009; Beccano-Kelly et al., 2014; Harrill et al., 2015). Furthermore, as mentioned, this is the same temporal expression pattern as that for LRRK2 protein (Piccoli et al., 2011; Beccano-Kelly et al., 2014).

Such maturation is dependent on appropriate patterns of presynaptic release, which also requires time to mature (reviewed in Kavalali, 2015); young, developing synapses (<DIV8) lack a readily releasable vesicle pool (RRP), but can spontaneously release glutamate through a slow recycling pool of vesicles (Mozhayeva et al., 2002). The frequency of spontaneous currents in these developing synapses can be increased by strong depolarization (e.g., high extracellular [K+]), but not by action potentials or hypertonic sucrose (Mozhayeva et al., 2002). In contrast, older synapses (>DIV12) respond to strong depolarization, action potentials, and hypertonic sucrose (Mozhayeva et al., 2002; Andreae et al., 2012). Thus, as synapses mature beyond the first 2 weeks in vitro, they utilize different means of release, dependent on different forms of vesicle cycling, and begin to become structurally and functionally mature, a process that appears to plateau at ~DIV21 (reviewed in Kavalali, 2015).



NO LRRK2, NO PROBLEM? SILENCING, REDUNDANCY, AND TARGET VALIDATION

Early LRRK2 knock-out (LKO) models sought to examine whether loss-of-function recapitulated parkinsonian motor dysfunction, DA loss, and α-syn accumulation. Despite reports of peripheral phenotypes, most notably within the kidney and lung (Tong et al., 2010; Herzig et al., 2011), LKO mice, and even wild-type (WT) mice subject to acute LRRK2 knock-down (Volta et al., 2015a), do not present with overt PD-like phenotypes, and generally seem normal in terms of behavior and neurophysiology (Andres-Mateos et al., 2009; Lin et al., 2009; Hinkle et al., 2012; Beccano-Kelly et al., 2014, 2015; Volta et al., 2015a). This suggests loss-of-function is unlikely to explain PD pathology or etiology, and that LRRK2 may itself be a safe and attractive therapeutic target if ablated specifically within the CNS to avoid peripheral tissue damage. So, if LRRK2 can be eliminated without dire consequence, what clues do we have from deletion studies as to the neurophysiology of LRRK2?

Early reports comparing neurite length in very young (<7 DIV) cultures (Parisiadou et al., 2009; Dächsel et al., 2010), or soon after knock-down in older cultures (MacLeod et al., 2006; Meixner et al., 2011), suggested that LKO neurites show elevated growth. However, a more recent longitudinal study over 3 weeks in vitro found no difference in axon outgrowth (DIV3) or total dendritic length (up to DIV21) in LKO neurons (Sepulveda et al., 2013). That said, when examining neurites by time-lapse imaging, Sepulveda et al. (2013) found increased axonal and dendritic motility in LKO neurons, depending on the growth substrate. This may be indicative of less mature/stable processes in LKO, and explain the differences observed at single time points in very young neurons (Parisiadou et al., 2009; Dächsel et al., 2010). Together, these reports could be interpreted as evidence for slightly slower maturation in LKO scenarios, over the first couple of weeks in vitro. Nevertheless, a recent study reported forebrain atrophy and reduced dendritic complexity in SPNs of 12- (but not 2-) month-old LKO mice, accompanied by changes in nuclear morphology and some motor impairment compared to WT mice, in contrast to hyperactivity observed in younger LKO mice (Chen et al., 2020). Thus, investigating age-dependent changes in dendritic morphology in an ex vivo context may warrant further attention.

Functional investigation of individual synapses has been conducted by vesicle dye-imaging experiments to examine exocytosis and endocytosis in the absence of LRRK2. On the first approximation, these have also yielded conflicting results. In the seminal study, siRNA-mediated LRRK2 knock-down in cultured rat hippocampal neurons did not affect synaptic exocytosis at DIV14, but did slow/impair endocytosis; however, this also occurred with overexpression of WT and mutant (G2019S or R1441C) LRRK2 (Shin et al., 2008). Slowed/reduced SV endocytosis (and normal exocytosis) was also observed at the neuromuscular junction in a Drosophila Lrrk KO (Matta et al., 2012), and in striatal neurons from LKO rats at ~DIV11 (Arranz et al., 2015). The latter was conducted in striatal mono-cultures, which usually yield 70–90% GABAergic neurons (Shehadeh et al., 2006; Kaufman et al., 2012); thus, synaptic vesicle endocytosis was likely impaired at developing GABAergic terminals (Arranz et al., 2015). In contrast to mono-cultures, when grown in co-culture with glutamatergic neurons, striatal neurons develop a more complex dendritic architecture, acquire their eponymous dendritic spines, and benefit from increased pro-survival signaling through glutamate receptors (Segal et al., 2003; Kaufman et al., 2012; Milnerwood et al., 2012). This may explain why a study similar to Arranz et al. (2015), but using older DIV14–17 cells in cortico-striatal co-cultures from LKO mice, found unaltered exocytosis but modestly increased endocytosis at striatal GABAergic synapses (Maas et al., 2017). Thus, the cellular environment may dictate LKO phenotypes, especially the age/maturity of the neuronal culture, and the amount of LRRK2 that should be expressed at any given age. Moreover, the response to LRRK2 knock-out may differ between cell types e.g., in the same study that found increased endocytosis in older co-cultured LKO striatal neurons, no changes to endocytosis (or exocytosis) were seen in hippocampal cultures (Maas et al., 2017).

Regardless of how LKO might disturb the vesicle cycle, one would expect a consequence for synaptic transmission; however, on the surface, investigations of synapse function in LKO have also appeared somewhat contradictory. In the same study that described reduced endocytosis in cultured LKO mouse striatal neurons, Arranz et al. (2015) found no effect on spontaneous excitatory postsynaptic currents (sEPSCs; action potential-dependent currents included) in hippocampal neurons (aged DIV7–12). This lack of alteration is consistent with intact endocytosis in other similarly aged LKO hippocampal preparations (Maas et al., 2017). More mature (DIV21) LKO cortical cultures, which are similar to hippocampal cultures, also had no alterations to synapse markers or miniature EPSCs (mEPSCs; quantal glutamate release only, with action potentials blocked; Beccano-Kelly et al., 2014). Hypertonic sucrose can be used to stimulate release from the readily releasable pool, driving an increase in sEPSC frequency; Arranz et al. (2015) found that this effect was absent in DIV7–12 LKO hippocampal cells. This could reflect impaired release, but might also result from LKO synapses maturing slightly slower, as this form of release is normally absent in cultures at <DIV8 (Mozhayeva et al., 2002).

Together, experiments in glutamatergic cell cultures suggest no gross alterations to neurite growth, endocytosis, or basal synaptic activity due to LRRK2 germ line knock-out, especially in more mature systems. However, differences in LKO throughout early maturation may indicate a developmental delay resulting from the absence of LRRK2. This is supported by functional experiments in brain slices from LKO mice, where decreased glutamate transmission has been observed in striata of postnatal day (P) 15 mice (Parisiadou et al., 2014), but not in slices from >3-month-old animals (Beccano-Kelly et al., 2015). Similarly, no differences were found in glutamate transmission in hippocampal slices from 3-week-old LKO mice (Maas et al., 2017), nor in dopamine release in 18-month-old animals (Hinkle et al., 2012). Overall, while loss-of-function studies first implicated LRRK2 in synaptic transmission, the weight of evidence suggests that deleting LRRK2 results in modest and transient effects, far from those observed in PD.



MORE LRRK2, MORE PROBLEMS?

Given a lack of strong behavioral or degenerative phenotypes when deleting LRRK2, a logical conclusion is that pathophysiological mutant effects result from gain-of-function. The past decade of research on over-expression (OE) models supports this, but with a twist in the story; wild-type LRRK2 overexpression imparts PD-relevant changes in behavior, dopaminergic neurons, and even α-synuclein accumulation in mice, but does not produce nigral cell loss. This is similar to other PD genetic models based on α-synuclein, where the vast majority of models, including wild-type α-syn OE mice, also lack cell death (Giasson et al., 2002; excellently reviewed in Chesselet and Richter, 2011).

The first report of an organismal gain-of-function was in Drosophila, where expressing full-length human LRRK2 produced a 28% loss of dopamine neurons, a progressive decline in climbing ability, and premature mortality (Liu et al., 2008). This has been replicated in other Drosophila studies (Islam et al., 2016), but results from mouse LRRK2 OE models are more mixed. One study reported no pathology or motor phenotype in 12-month-old mice overexpressing human wild-type (hWT) LRRK2 at 8–16-fold endogenous levels (Lin et al., 2009). However, when combined with the A53T α-syn mutation, hWT-LRRK2 OE promoted the accumulation of α-syn in 1-month-old mice, impaired microtubule dynamics, and caused Golgi fragmentation, suggesting an interaction whereby overabundant LRRK2 accelerates α-syn-mediated neurodegeneration (Lin et al., 2009).

Studies using bacterial artificial chromosomes (BACs) to overexpress hWT-LRRK2 in mice resulted in a reduction in striatal DA tone, measured by microdialysis (Melrose et al., 2010; Beccano-Kelly et al., 2015), accompanied by either no behavioral deficit (Li et al., 2009; Melrose et al., 2010) or (in larger cohorts) hypoactivity and impaired recognition memory at 6 (Beccano-Kelly et al., 2015) and 12 months (Volta et al., 2015a). In contrast, BAC-mediated overexpression of murine WT LRRK2 led to progressive hyperactivity and improved motor performance, likely related to a ~25% increase in evoked extracellular DA (Li et al., 2010). BAC models include human or murine regulatory elements, consequently driving variable expression levels and/or patterns, which may underlie differences in behavior and regulation of dopamine homeostasis. Thus, overexpressing LRRK2 in a human-specific pattern produced some parkinsonian-like phenotypes in these rodents, whereas overexpressing LRRK2 in a mouse-specific pattern led to hyperdopaminergia and hyperactivity. These studies again show that the consequences of LRRK2 manipulations depend upon the cell type being studied. In light of that, selectively overexpressing hWT-LRRK2 in dopamine neurons resulted in moderate hyperactivity, as well as elevated dopamine release in young mice (Liu et al., 2015).

Dopamine alterations from LRRK2 overexpression are accompanied by dysfunction at glutamate synapses; while there were no basal electrophysiological differences observed in evoked glutamate release onto striatal neurons, concomitant dopamine release negatively tuned glutamate release onto SPNs of hWT-LRRK2 OE mice, an effect eliminated by presynaptic D2 receptor (D2R) blockade (Beccano-Kelly et al., 2015). This may have been in part due to elevated presynaptic D2R protein, but similar changes were not observed at nigral terminals, suggesting the increase could be specific to glutamate synapses (Beccano-Kelly et al., 2015). While neuromodulation appears altered, a direct effect of LRRK2 overexpression on the glutamatergic release is less clear: there were similarly no basal differences in synaptic transmission in hippocampal slices from BAC hWT-LRRK2 OE mice compared to non-transgenic animals (Sweet et al., 2015), but cortical cultures show a small increase in synapse density and a non-significant trend to increased spontaneous release (Beccano-Kelly et al., 2014). Overall, an overabundance of normal LRRK2 confers more pathophysiological changes than eliminating it, but effects on behavior, dopamine release, and glutamate transmission are dependent on the expression pattern (e.g., mouse vs. human BAC) and context (e.g., adult brain slice vs. culture).

Many of the aforementioned studies also examined overexpression of LRRK2 harboring pathogenic mutations, particularly those within the kinase or Roc-GTPase domains. In Drosophila, overexpressing human LRRK2 with either G2019S (Liu et al., 2008) or R1441C (Islam et al., 2016) mutations led to a more severe loss of TH-positive neurons and climbing ability, and caused earlier mortality than hWT-LRRK2 OE. Overexpressing the R1441C mutation additionally downregulated SNARE proteins SNAP-25 and syntaxin 1A, as well as exocytosis-related proteins synaptotagmin-1 and Rab3, suggesting that the resulting pathology may be linked to synaptic vesicle dynamics (Islam et al., 2016). In mice, overexpressing human LRRK2 with the G2019S mutation (hG2019S-LRRK2) did not worsen the A53T α-syn-mediated neurodegeneration already present when overexpressing hWT-LRRK2, suggesting that the pathological interaction is not entirely dependent on kinase activity (Lin et al., 2009). However, a subtle motor phenotype emerged, where hG2019S-LRRK2 OE mice exhibited increased ambulatory activity at 12 months when compared to hWT-LRRK2 OE and non-transgenic mice. Similarly, increased exploratory behavior was observed in BAC hG2019S-LRRK2 OE mice, in contrast to a lack of phenotype in hWT-LRRK2 OE mice (Melrose et al., 2010). In line with this, Tet-inducible G2019S-LRRK2 OE in rats led to enhanced locomotor activity at 12 months, attributed to impaired dopamine reuptake (Zhou et al., 2011). Elsewhere, two studies (Li et al., 2010; Liu et al., 2015) found no behavioral abnormalities with G2019S-LRRK2 OE, despite significant alterations to DA axon terminals and reductions in evoked striatal DA, compared to the increased motor activity and DA release observed with hWT-LRRK2 OE.

Part of the confusion between these studies may be explained by context and age-dependent phenotype presentation. Young mice overexpressing hG2019S-LRRK2 OE showed increased exploration and normal cognitive performance at 6 months, an age at which hWT-LRRK2 OE mice were impaired in both tasks, but mutant OE went on to display similar cognitive deficits at 12 months (Volta et al., 2015a). Chen et al. (2012) provide further evidence of hypoactivity in 12- to 16-month-old G2019S-LRRK2 OE mice, which was rescued by L-DOPA treatment. Species and overexpression levels also factor in: a recent study in rats found that while overexpressing the C-terminal domain of G2019S-LRRK2 in the SNpc via lentivirus did not affect the number of DA neurons, the higher expression level obtained by adeno-associated virus (AAV) led to 30% TH neuron loss within 6 months (Cresto et al., 2020). Importantly, this did not lead to a concomitant motor deficit within the examined time frame, highlighting a disconnect between cell loss and motor phenotypes (Cresto et al., 2020).

Regardless of how motor and behavioral phenotypes present, these studies generally converge on altered dopamine transmission, likely due to altered synaptic vesicle endo- and exocytosis. In support of this, selective hG2019S-LRRK2 overexpression in DA neurons resulted in behavioral deficits, increased pathologic phosphorylation of α-syn, reduced synaptic vesicle number, and increased clathrin-coated vesicles (CCVs) at DA terminals (Xiong et al., 2018). A closer look at endo- and exocytic machinery in OE models further implicates a role for LRRK2. Recent work from Pan et al. (2017) suggest that the G2019S mutation disrupts the synaptic vesicle cycle in cultured neurons and converges with another PD-linked protein, synaptojanin-1 (synj1), a key mediator of clathrin coat removal from endocytosed synaptic vesicles. Notably, G2019S-LRRK2 impaired endocytosis specifically in midbrain neurons, and enhanced exocytosis in hippocampal and cortical neurons (Pan et al., 2017). While this suggests neuron-specific effects and provides a potential mechanism for the selective vulnerability of DA neurons (Pan et al., 2017), the assays were conducted in immature (~DIV7) cultures in which there are normally low levels of endogenous LRRK2. In contrast, another group found that the G2019S mutation increased LRRK2-dependent phosphorylation of Snapin, a presynaptic SNARE protein involved in exocytosis, thereby decreasing the readily releasable pool and exocytotic release in slightly older (DIV18) hippocampal neurons (Yun et al., 2013).

Further evidence of non-dopaminergic alterations induced by G2019S-LRRK2 overexpression comes from reports of increased synaptic transmission and altered synaptic plasticity in acute hippocampal slices (Sweet et al., 2015), and upregulation of the 5-HT1A serotonin receptor, resulting in anxiety and depression-like behavior (Lim et al., 2018). Overall, overexpression of the G2019S mutation results in more dramatic neural dysfunction than overexpressing higher levels of WT LRRK2, including altered endo- and exocytosis (Pan et al., 2017), dopamine axon terminal damage (Chen et al., 2012; Liu et al., 2015), cytoskeletal changes (Parisiadou et al., 2009; Winner et al., 2011), synaptic plasticity deficits (Sweet et al., 2015), phosphorylated tau accumulation (Melrose et al., 2010; Chen et al., 2012) and mitochondrial dysfunction (Ramonet et al., 2011; Liu et al., 2015).

As the most common mutation, G2019S has been more extensively modeled, but LRRK2 mutations in the Roc-GTPase domain cause similar pathophysiological changes. R1441G-LRRK2 OE in mice results in progressive motor deficits that are responsive to L-DOPA, and fragmentation of dopaminergic axon terminals (Li et al., 2009). The initial report suggests a phenotype that is arguably more severe than those resulting from G2019S-LRRK2 overexpression, but subsequent studies reported much milder motor effects (Bichler et al., 2013; Dranka et al., 2013). Overexpressing WT, G2019S- and R1441C-LRRK2 has been directly compared, with mutation-specific effects being found in LRRK2 expression pattern, dopamine turnover, neuronal degeneration, and motor phenotype (Ramonet et al., 2011). Moreover, in mouse models, both mutations appear to converge on synaptic vesicles endocytosis. Nguyen and Krainc (2018) recently determined that patient iPSC-derived dopamine neurons from both R1441C/G and G2019S mutation carriers have increased phosphorylation of auxilin (a protein acting downstream from synj1), impaired endocytosis, and reduced SV density. Together, these studies suggest overexpression of pathogenic LRRK2 mutations produces similar behavioral and physiological effects, that are distinct from, or more pronounced than, the effects of WT overexpression.

Overexpression models have produced a wealth of information regarding the possible pathophysiological processes in LRRK2-PD, but they have been mired by confounding variables that makes interpretation, and especially the comparison between models, very difficult. In particular, expression levels have varied from ~2-fold (Melrose et al., 2010; Beccano-Kelly et al., 2015; Volta et al., 2015a) to ~16-fold (Lin et al., 2009) and effects are distinct between human and mouse regulation of expression, as well as between constitutive vs. acute overexpression (Zhou et al., 2011). Lastly, much-employed BAC transgenesis has the huge advantage of including the relevant regulatory elements for LRRK2 gene expression, but also engenders species- and cell type-dependent expression patterns, in addition to caveats of random gene insertion (with each construct), and the presence of endogenous LRRK2 expression (Daniel and Moore, 2014). Such confounds were the impetus for the development of germ-line “knock-in” models, in which disease mutations are expressed in the endogenous Lrrk2 gene, enabling examination of mutation-specific effects with the point mutations being the only variable.



RECAPITULATION OF GENETIC PREDISPOSITION BY KNOCK-IN OF PD MUTATIONS

The first LRRK2 mutant knock-in (KI) mice were produced by introducing the R1441C mutation into the endogenous LRRK2 Roc domain (Tong et al., 2009). These R1441C KI mice displayed grossly normal motor behavior and no nigral TH or cell loss. However, the hyperlocomotive response to amphetamine was absent in these animals, and locomotor inhibition by D2 agonism was reduced, suggesting an altered dopamine system (Tong et al., 2009). The authors concluded that not only was dopamine transmission impaired, but nigral neuron firing was also much less sensitive to inhibition by dopamine and dopamine agonists (Tong et al., 2009). Aging to >24 months revealed emergent phenotypes in R1441C KI mice, where subtle motor and prodromal PD-like alterations were detected, including impaired gait and olfaction; however, another study found no signs of nigral cell loss, changes in SPN morphology, or endo- or exocytosis in cultured hippocampal neurons (Giesert et al., 2017).

Additional experimental perturbation of the dopamine system is also required to uncover a motor phenotype in R1441G knock-in mice. Acute catecholamine depletion by reserpine led to greater locomotive impairment and failed recovery in R1441G KI compared to WT mice (Liu et al., 2014). In an in vitro assay of dopamine uptake, R1441G-LRRK2 synaptosomes trended toward less uptake at 10 months of age, and a significant reduction in mutant dopamine uptake was observed in reserpinated mice, suggesting perturbed DA homeostasis (Liu et al., 2014). This was thought to be due to impaired dopamine transporter (DAT) function, given that isolated synaptosomes from 3- and 18-month-old mutant mice showed reduced DA uptake following reserpine depletion (Liu et al., 2014). Together the data suggest that endogenous expression of LRRK2 Roc-GTPase mutations confers latent motor impairment and alterations to striatal dopamine regulation/homeostasis; however, it must be noted that other neurotransmitter systems have not yet been addressed in this context.

Herzig et al. (2011) presented the first G2019S-LRRK2 knock-in (GKI) mice, finding no pathological or locomotor differences at 5 months of age, even after cocaine administration. Elsewhere, the same animals were shown to exhibit a basal hyperactive phenotype, beginning at 6 months and persisting to up to 15 months of age, which was reversed by LRRK2 kinase inhibition (Longo et al., 2014). Other independent reports of GKI mice found a subtle and transient enhancement of motor activity (Yue et al., 2015) and exploratory rearing in a cylinder test (Volta et al., 2017). Although reported motor phenotypes appear to be subtle and context-dependent, several alterations to the dopaminergic system have been observed. A >50% reduction of striatal dopamine levels and stimulated release was seen by in vivo microdialysis in 12-month-old, but not 6-month-old, G2019S knock-in mice (Yue et al., 2015). This was thought to be due to impaired exocytosis, given that dopamine metabolites were not altered, and reverse DA transport was intact (Yue et al., 2015). However, when striatal dopamine release was directly assayed in brain slice by fast-scan cyclic voltammetry, no impairment was found in mice aged >12 months (Volta et al., 2017). Conversely, younger mice (3 months) exhibited increased dopamine release with repeated stimuli, and slower single response decay, indicating an elevated extracellular lifetime of dopamine (Volta et al., 2017). Slower responses were independent of DAT clearance, being maintained when blocking DAT (Volta et al., 2017); further, DAT levels and activity are not impaired but are higher in older G2019S knock-in mice (Longo et al., 2017; Volta et al., 2017). Thus, a persistent augmentation in DA release may be masked by increased DAT clearance in older GKI mice.

Evidence for the G2019S mutation perturbing other neurotransmitter systems has also emerged. Increased glutamate miniature event frequency was reported in 3-week-old cortical neurons cultured from G2019S KI mice, with no change in the density of synaptic markers, likely reflecting an increase in the probability of release (Beccano-Kelly et al., 2014). This was paralleled by increased spontaneous event frequency in striatal slices from the same G2019S KI mice, present at 3 months but reduced to WT levels by 12 months (Volta et al., 2017). A transient effect was also observed independently in slices from similar P21 GKI mice, with elevated glutamate event frequency primarily through cortical neuron firing; this was not seen in LRRK2 kinase-dead mice, was normalized by LRRK2 kinase inhibition, and was absent in slices from older animals (Matikainen-Ankney et al., 2016). Neither study found differences in glutamatergic synapse markers (Matikainen-Ankney et al., 2016; Volta et al., 2017), again suggesting that presynaptic release, not synapse number, was the source of elevated event frequency.

G2019S knock-in mice also exhibit postsynaptic alterations. A significant increase in SPN dendritic spine head width was observed in the dorsolateral striatum (Matikainen-Ankney et al., 2016), along with reduced calcium-permeable AMPA receptors in the ventral striatum/nucleus accumbens (Matikainen-Ankney et al., 2018). In addition to differences in basal transmission, striatal LTP was absent in G2019S knock-in mice aged <2 months (Matikainen-Ankney et al., 2018). Altered responses to dopamine agonists and antagonists have also been found at glutamatergic synapses on SPNs (Volta et al., 2017; Tozzi et al., 2018); D2 dopamine receptor agonism had an augmented effect on negatively tuning dopamine release in slices from young GKI mice, but glutamatergic synapses were relatively insensitive to D2 agonism and antagonism (Volta et al., 2017). In contrast, others found exaggerated responses to D2 agonism in older G2019S knock-in mice (Tozzi et al., 2018). Such changes to long- and short-term plasticity at excitatory synapses may underlie some cognitive and psychiatric phenotypes observed in LRRK2 mouse models (Volta et al., 2015a; Adeosun et al., 2017; Matikainen-Ankney et al., 2018; Guevara et al., 2020).

Together, motor phenotypes in LRRK2 mutant knock-in mice appear subtle, age- and context-dependent, but hyperactivity has been consistently reported. A lack of gross motor dysfunction is arguably appropriate for a model of PD etiology, early pathophysiology, and pre-motor dysfunction (see “Conclusions and Future Directions” section), especially so over the limited lifespan of a mouse. The weight of evidence suggests that LRRK2 mutations result in dysfunction at dopamine and glutamate synapses, and likely in other neurotransmitter systems, such as GABA (Beccano-Kelly et al., 2014) and serotonin (Lim et al., 2018). Interestingly, synaptosomes prepared from the striatum or cerebral cortex of the same animal revealed opposite effects of the G2019S mutation, as well as LRRK2 kinase inhibition, on dopamine and glutamate release (Mercatelli et al., 2019), providing further evidence that LRRK2’s actions are brain region-, synapse-, and age-specific. Overall, the literature provides a strong argument for further study of pathophysiological changes at the circuit level, including in dopamine, glutamate, and GABA transmission. This may be particularly pertinent in the striatum, given that is where these systems functionally interact and is precisely “where the action is” in PD pathogenesis.



MOLECULAR INTERACTORS AND THE LOCI OF LRRK2 DYSFUNCTION

More than a decade of research has provided a wealth of evidence for synaptic LRRK2 function, but the underlying mechanisms remain unclear. Many potential binding partners and substrates have been identified, although some may be a result of forced in vitro interactions that do not occur physiologically in neurons, let alone at synapses. As in all fields of modern neuroscience, progress on the molecular cell biology of LRRK2 has been hampered by poorly selective LRRK2 antibodies and kinase inhibitors, although the joint effort to standardize such resources by academia, industry, and non-profit organizations set an example for other research communities (Davies et al., 2013; Ito et al., 2016; Steger et al., 2016; Mir et al., 2018). In no small part thanks to this, many promising candidates have emerged.

At the presynapse, LRRK2 has been linked to several proteins involved in the synaptic vesicle (SV) cycle (Figure 1A). The ATPase N-ethylmaleimide sensitive factor (NSF) is a central component of the cellular machinery generally employed to transfer membrane vesicles from one compartment to another, including synaptic vesicle exocytosis and endocytosis, where it catalyzes SNARE-family protein complex dissociation (Rizo and Xu, 2015). NSF was shown to co-immunoprecipitate with LRRK2 through WD40 domain interactions in brain lysate (Piccoli et al., 2011, 2014) and was subsequently identified as a LRRK2 substrate, with its phosphorylation resulting in enhanced SNARE dissociation (Belluzzi et al., 2016). Thus, LRRK2 mutations would be expected to alter vesicle recycling through NSF hyperphosphorylation.


[image: image]

FIGURE 1. LRRK2’s potential involvement in pre- and post-synaptic pathways. (A) Cartoon of a generalized presynaptic terminal showing processes in which LRRK2 has been implicated. Synaptic vesicles (SVs; large black circles), and their cycling (blue arrows) regulate the loading of neurotransmitters (small black circles), which are released by Ca2+-dependent fusion at the synaptic active zone into the synaptic cleft. SVs are retrieved by clathrin-mediated endocytosis (black triskelia), and/or bulk endocytosis, and subsequent clathrin coating/uncoating. Vesicles are recycled through endosomal intermediates back into the vesicle cycle. Various members of the Rab GTPase family, many of which are LRRK2 substrates, regulate nearly all steps of this cycle (see text), and other major molecular regulators are named, and marked, depending on the proposed LRRK2 association; putative LRRK2 kinase substrates*, physical LRRK2 binding+, and functional interactions with a mechanism to be determined∧. (i) Calcium (Ca2+) flux and buffering may be altered by pathogenic LRRK2 mutations, as LRRK2 regulates CaV2.1 voltage-gated calcium channels (Bedford et al., 2016), and mitochondrial homeostasis (Cherra et al., 2013; Verma et al., 2017); disruption of these processes would create downstream effects on Ca2+-dependent vesicular exocytosis. (ii) Exocytosis is dependent on numerous proteins that regulate synaptic vesicle availability, traffic, and active zone SNARE complex assembly/disassembly; N-ethylmaleimide sensitive factor (NSF; Piccoli et al., 2014; Belluzzi et al., 2016), syntaxin 1 (Piccoli et al., 2011, 2014; Islam et al., 2016), α-syn (Bieri et al., 2019; MacIsaac et al., 2020), and snapin (Yun et al., 2013) have been linked to LRRK2, in addition to Rab3 (not shown), which colocalizes with α-syn and maybe an LRRK2 substrate (reviewed in Shi et al., 2017). (iii) Classical clathrin-mediated- and bulk-endocytosis both appear important in mature synaptic terminals (Clayton and Cousin, 2009; Clayton et al., 2010; Gross and von Gersdorff, 2016; Chanaday and Kavalali, 2018). LRRK2 is implicated in synaptic endocytosis via a functional interaction with Endophilin A (Matta et al., 2012; Ambroso et al., 2014; Arranz et al., 2015; Soukup et al., 2016), synaptojanin (Piccoli et al., 2014; Islam et al., 2016; Pan et al., 2017), auxilin (Nguyen and Krainc, 2018), and dynamin1 (Piccoli et al., 2011; Stafa et al., 2013). Early endosome formation, mediated by potential LRRK2 substrate Rab5b (Shin et al., 2008; Yun et al., 2015), is required for the transport of clathrin-dependent endosomes (reviewed in Shi et al., 2017). (iv) SV trafficking and recycling may involve LRRK2 in concert with VPS35 (Inoshita et al., 2017; Mir et al., 2018), Rab29 (aka Rab7L1; MacLeod et al., 2013), Rab10, Rab11, and Rab35 (Steger et al., 2016) which regulate cargo and membrane recycling from sorting endosomes back into the cycle or the endolysosomal pathway for degradation (reviewed in Taylor and Alessi, 2020). LRRK2 is also implicated in SV storage and mobilization through its phosphorylation/binding of synapsin-I (Beccano-Kelly et al., 2014; Cirnaru et al., 2014; Carrion et al., 2017; Marte et al., 2019; Marku et al., 2020). (B) Cartoon of a generalized postsynaptic structure showing processes in which LRRK2 has been implicated, and which are also regulated by numerous Rab GTPases (reviewed in Hausser and Schlett, 2019). While altered neurotransmitter receptor (depicted in red) composition and structural plasticity have been observed in mutant LRRK2 models (Sweet et al., 2015; Matikainen-Ankney et al., 2018), much less is known about LRRK2’s physiological role in postsynaptic processes. (i) Neurotransmitter receptors are removed from the plasma membrane by clathrin- and dynamin-mediated endocytosis (reviewed in Anggono and Huganir, 2012), likely involving LRRK2, Rab4, and Rab5 (Ehlers, 2000). (ii) As at the presynapse, VPS35 (Munsie et al., 2015), Rab10 (Glodowski et al., 2007), and Rab11 (Park et al., 2004) play a role in endosomal sorting and traffic of internalized receptors, thereby implicating LRRK2. (iii) LRRK2 may regulate receptor insertion into postsynaptic membranes by exocytosis via phosphorylation of NSF (Nishimune et al., 1998; Huang et al., 2005) and/or Rab8 (Gerges et al., 2004; Steger et al., 2016). (iv) LRRK2 has also been implicated in cell signaling and cytoskeletal dynamics, including altered morphology of dendritic spines (Matikainen-Ankney et al., 2018), functional interactions with ERM proteins (not depicted; Parisiadou et al., 2009) and/or protein kinase A (PKA; not depicted), which may additionally affect postsynaptic receptor expression in LRRK2 mutants (Muda et al., 2014; Parisiadou et al., 2014; Tozzi et al., 2018).



Another player in the SV cycle is endophilin A1 (endoA), which acts early in endocytosis by inducing plasma membrane curvature (Gallop et al., 2006; Masuda et al., 2006). EndoA was reported to be phosphorylated by LRRK2 in Drosophila, with G2019S mutant overexpression causing increased endoA phosphorylation, and a concomitant defect in SV recycling (Matta et al., 2012). LRRK2-mediated phosphorylation of endoA has been shown to control plasma membrane association (Ambroso et al., 2014), and similar results have since been observed in mice (Arranz et al., 2015).

EndoA additionally interacts with dynamin, together regulating the fission of vesicles from the plasma membrane (Sundborger et al., 2011) and bulk endosomes (reviewed in Clayton and Cousin, 2009; Gross and von Gersdorff, 2016), and subsequently recruits synj1, which facilitates the binding of auxilin to vesicles for clathrin coat removal (Cao et al., 2017; Nguyen and Krainc, 2018; reviewed in Nguyen et al., 2019). Mutant LRRK2 disrupts the interaction between these proteins via hyperactive kinase activity, thereby deregulating SV trafficking (Stafa et al., 2013; Islam et al., 2016; Pan et al., 2017; Nguyen and Krainc, 2018). Interestingly, mutations in the genes encoding dynamin, auxilin, and synj1 have also been directly linked to PD (reviewed in Nguyen et al., 2019). LRRK2 may also play a role in exocytosis via synapsin-I, which binds and tethers SVs, thereby regulating the trafficking between the reserve pool and readily releasable pool (Fdez and Hilfiker, 2006). LRRK2 has been shown to mediate phosphorylation of synapsin-I at several sites both in vitro and in neurons (Beccano-Kelly et al., 2014; Cirnaru et al., 2014; Piccoli et al., 2014; Marte et al., 2019). Interestingly, the phosphorylation of Ser603 and Ser9 residues was decreased in cortical neurons from G2019S-LRRK2 knock-in mice (Beccano-Kelly et al., 2014). Neither of these residues are predicted LRRK2 phosphorylation sites; thus, the reduction suggests impaired activity of another kinase, or increased activity of a phosphatase, conferred by the G2019S mutation. A potential candidate is protein kinase A (PKA), which potentiates SV recycling via phosphorylation of synapsin-I on S9 (Cesca et al., 2010) and may be negatively regulated by LRRK2 (Parisiadou et al., 2014; Greggio et al., 2017). In contrast to reduced phosphorylation of Ser603 and Ser9 residues (Beccano-Kelly et al., 2014), phosphorylation of the putative LRRK2 substrate residues Thr337 and Thr339 is increased in cortical neurons expressing hG2019S-LRRK2 (Marte et al., 2019). This suggests LRRK2 phosphorylates certain synapsin-I sites, associated with altered phosphorylation at other (non-LRRK2 substrate) functional residues, and that this is altered by the G2019S mutation. Phosphorylation at tyrosine and serine sites on synapsin-I impart opposite effects on its association to actin and SVs (Cesca et al., 2010). It is noteworthy that LRRK2’s C-terminal WD40 domain was previously identified as binding synapsin-I and other SV-associated proteins (Piccoli et al., 2014), whereas recent work by the same group shows that the armadillo repeats at the N-terminus also affect LRRK2’s regulation of SV trafficking; these findings may seem contradictory at first, but the complex architecture resulting from LRRK2 dimerization may allow for both terminals to work together in shaping SV dynamics (Marku et al., 2020). Overall, altered synapsin-I phosphorylation, and other functional interactions with LRRK2, may contribute to the increased glutamate release observed in G2019S-LRRK2 neurons (Beccano-Kelly et al., 2014; Matikainen-Ankney et al., 2016; Volta et al., 2017), although an exact mechanism remains to be determined.

A further complication arises as LRRK2 may exert different effects on endo- and exo-cytosis in an activity-dependent manner. Carrion et al. (2017) showed that the LRRK2 N-terminus binds β3 CaV2.1, thereby enhancing SV fusion, whereas the C-terminus binds synapsin-I and actin, which hampers exocytosis; LRRK2’s affinity to each is likely dynamically regulated by calcium concentration. Indeed, activity-dependent calcium influx influences the phosphorylation state of several SV trafficking proteins, and may, in turn, be regulated by LRRK2’s interaction with CaV2.1 channels (Bedford et al., 2016). LRRK2’s potential role in regulating calcium influx is of considerable interest, given some reports that LRRK2 mutations alter mitochondrial homeostasis (Cherra et al., 2013; Bedford et al., 2016; Verma et al., 2017), and that synaptic mitochondria are a major sink for calcium buffering (see Ryan et al., 2015 for an overview of mitochondrial dysfunction in PD). Lastly, LRRK2’s association with several Rab proteins has garnered increasing attention (Shin et al., 2008; Dodson et al., 2012; MacLeod et al., 2013; Beilina et al., 2014; Cirnaru et al., 2014; Yun et al., 2015; Inoshita et al., 2017; Mir et al., 2018). Initial evidence of an interaction with Rab5b was found in GST pull-down and co-immunoprecipitation experiments (Shin et al., 2008), and more recently a large phosphoproteomic study revealed LRRK2 phosphorylates many others (Steger et al., 2016, 2017). Rab proteins are variously implicated in nearly all aspects of endosomal trafficking and recycling and additionally may provide a functional link between LRRK2 and VPS35, another PD-linked protein critical to cargo recycling in sorting endosomes (Inoshita et al., 2017; Mir et al., 2018) and with mutation-dependent effects on synaptic function (Munsie et al., 2015; Ishizu et al., 2016; Temkin et al., 2017; Cataldi et al., 2018).

Despite growing electrophysiological and morphological evidence that LRRK2 also acts postsynaptically, fewer molecular interactions have been uncovered on this side of the equation (Figure 1B). Several studies suggested LRRK2 is involved in postsynaptic receptor trafficking; these have reported altered D1 dopamine receptor distribution in the striatum of GKI mice (Migheli et al., 2013), a lack of calcium-permeable AMPA receptors in nucleus accumbens SPNs (Matikainen-Ankney et al., 2018), decreased NMDA receptor integration in synaptosomes from LRRK2 KO mice (Caesar et al., 2015), and altered NMDA/AMPA receptor ratios in hippocampal slices from hG2019S-LRRK2 transgenic mice (Sweet et al., 2015). Such trafficking could be altered due to differential phosphorylation of Rab8a (Steger et al., 2016) or NSF (Belluzzi et al., 2016), both of which are involved in AMPA subunit trafficking (Nishimune et al., 1998; Gerges et al., 2004). As mentioned previously, LRRK2 binds to, and negatively regulates, PKA (Parisiadou et al., 2014), which also modulates receptor insertion and cytoskeleton dynamics (see Greggio et al., 2017). The R1441C/G mutation disrupts the interaction between LRRK2 and PKA, causing aberrant phosphorylation of downstream proteins (Muda et al., 2014; Parisiadou et al., 2014). Lastly, a recent report found a reduction in the scaffolding protein PSD-95 within the hippocampus of hG2019S-LRRK2 transgenic mice, arguably contributing to an observed cognitive impairment (Adeosun et al., 2017). That said, PSD-95 levels were not altered in cultured cortical neurons (Beccano-Kelly et al., 2014) or striatal slices (Matikainen-Ankney et al., 2016) from GKI mice; thus, further investigation is required to determine whether discrepancies are due to age, neuronal type, and/or LRRK2 expression levels.

LRRK2’s functional interaction with α-synuclein has garnered considerable attention within the field. Although how or why they form is unknown, aberrantly phosphorylated α-syn aggregates are found variously throughout the post-mortem brain in synucleinopathies, including most (but not all) forms of PD (reviewed in Goedert et al., 2013; Giguère et al., 2018). Aggregated α-syn has also been found within fetal graft cells transplanted into PD patient striatum ~10 years before death; a pair of seminal reports in 2008 suggested that α-syn aggregates had either been induced in, or spread to, fetal cells by the host (Kordower et al., 2008; Li et al., 2008). This spreading pathology has led to a “prion-like” model of seeding and transmission of toxic α-syn, for which there is much evidence (Brundin and Melki, 2017); however, the priogenic spreading mechanism is hotly debated (Surmeier et al., 2017). Pathological α-syn phosphorylation and accumulation, resembling that in synucleinopathies, can be induced by application of pre-formed fibrillar α-syn (PFF) exposure in cell lines (Luk et al., 2009), neurons (Volpicelli-Daley et al., 2011), mutant SNCA-overexpressing mice (Luk et al., 2012b), WT mice (Luk et al., 2012a), and rats (Paumier et al., 2015). PFF-induced α-syn aggregation is increased in LRRK2 mutant scenarios (Volpicelli-Daley et al., 2016; Bieri et al., 2019; MacIsaac et al., 2020), suggesting a gain of function effect upon α-syn pathological processes. Indeed, a recent study found that LRRK2 increased α-syn propagation across multiple models in a kinase activity-dependent manner, likely via phosphorylation of Rab35 (Bae et al., 2018). Consistently, PFF-induced α-syn aggregation is reduced by LRRK2 germ line knock-out (MacIsaac et al., 2020) and kinase inhibition (Volpicelli-Daley et al., 2016), albeit not always robustly (Henderson et al., 2018). Interestingly, a recent study shows that LRRK2 inhibitors reduce the accumulation of phosphorylated α-syn, as well as that of oxidized dopamine products, possibly by a Rab10-dependant restoration of glucocerebrosidase activity—which may present a point of convergence with mutations in GBA1, another major PD risk factor (Ysselstein et al., 2019). Although many questions remain as to how (and where) LRRK2 and α-syn interact, these findings suggest targeting LRRK2 will have therapeutic potential beyond familial LRRK2 PD.



CONCLUSIONS AND FUTURE DIRECTIONS

The impetus for the development and characterization of preclinical models is simple; we wish to define disease phenotypes, understand their underlying mechanisms and reverse them, in our efforts to provide useful treatments, and ideally disease-modifying therapy, for patients. In this light, despite complex and deep literature, we posit that investigations of LRRK2 mutations have provided tangible advances.

Traditionally, it has been hoped that mouse models of PD would display the most obvious corollaries of end-stage PD, namely nigral cell loss, synuclein deposition, and severe motor dysfunction. Behavioural assessment has often focused on motor function, with reports on cognitive and psychiatric features beginning to emerge only in recent years. While the results of dopaminergic cell loss are well studied in toxin models that lesion the SN, LRRK2 (and α-synuclein) genetic models rarely show cell death or overt motor dysfunction. Further, it may be unreasonable, and possibly folly, to expect even quite severe alterations to dopamine transmission to manifest as an overt motor deficit in mice. A case in point is aphakia mice, which have a spontaneous mutation in the Pitx3 transcription factor gene, that results in selective developmental loss of nigrostriatal dopamine neurons and an ~90% reduction in dorsal striatal dopamine (Hwang et al., 2003; Nunes et al., 2003; van den Munckhof et al., 2003; Smidt et al., 2004). Although blind, extensive behavioral testing showed these animals lack gross motor dysfunction but do exhibit an altered diurnal activity, manifest as hyperactivity during the day and hypoactivity during the night (when mice should be more active), in addition to cognitive impairments in tasks that require sensorimotor integration and procedural learning (Hwang et al., 2005; Ardayfio et al., 2008). That said, not developing a nigrostriatal pathway may be different from losing one. In MPTP-treated mice, depending on the treatment regimen, studies vary from reporting reduced locomotion, changes to locomotion, and even hyperactivity in the presence of severe dopamine depletion (Luchtman et al., 2009). Similarly, bilateral striatal injection of 6-OHDA to mice, resulting in ~70% loss of striatal TH, produces only modest gait alterations but does result in changes indicative of depression and anxiety (Bonito-Oliva et al., 2014). While other sensitive tests reveal a plethora of motor alterations following chemical lesions, none appear to correlate easily with the degree of nigral cell loss, or reductions in striatal dopamine (reviewed in Meredith and Kang, 2006; Meredith and Rademacher, 2011; Vingill et al., 2018).

Genetic ablation of dopamine neurons during and after development has produced similar results, where a ~90% reduction in TH neurons results in little (or no) motor dysfunction, and evidence that the remaining 10% of dopamine neurons were able to functionally compensate for the loss (Golden et al., 2013). Perhaps clearer in mice are the effects of dopamine depletion upon cognitive tasks, where mild (~25%) and moderate (~60%) depletion produces deficits in cognitive flexibility and working memory (Darvas and Palmiter, 2015), although the relative contributions of dopamine loss and cell death may differentially affect behavioral sequelae (Morgan et al., 2015).

The contributions of the dopaminergic system to cognitive behaviors in mice, and dysfunction thereof, correspond well to those observed in pre-motor and non-motor PD (Chaudhuri and Schapira, 2009; Kalia and Lang, 2016). Nuanced behavioral tasks that test such phenomena should be considered more informative of nigrostriatal dopamine function than oft-used measures of gross motor performance. A hyperactivity phenotype has been observed in several reports of LRRK2 mutant knock-in mice (Longo et al., 2014, 2017; Yue et al., 2015; Volta et al., 2017) and, when assessed, differences in higher-order functions have also been observed (e.g., differential response to conditioned social defeat stress; Matikainen-Ankney et al., 2018; Guevara et al., 2020).

The death of SNpc neurons is now widely accepted to be a consequence, rather than a cause, of PD. As in other neurodegenerative disorders, it is highly probable that neuronal dysfunction precedes neuronal death, and that a loss of appropriate synaptic pro-survival signaling may contribute to toxicity (Milnerwood and Raymond, 2010). We argue that the long prodromal period in PD must contain protracted dysfunction of neural circuits before cell loss, as it is highly unlikely any neuron will function perfectly before it expires. Thus, synaptic dysfunction is a likely neurodegenerative stressor, or at the very least a useful marker of cell stress and degenerative processes. Furthermore, the failure of dopamine replenishment to abate many non-motor symptoms and prevent disease progression, in concert with extranigral cell death in thalamic and cortical areas (reviewed in Giguère et al., 2018), together cement the widespread but often overlooked understanding that PD is a multi-system disease.

Most rodent models of PD based on LRRK2 mutations (and those in other genes) demonstrate alterations to nigral dopamine and other synaptic systems, that are likely pertinent to early disease symptoms and potentially progression. However, it remains unclear whether synaptic changes reflect pathophysiological processes that drive further dysfunction and eventual cell death, compensatory mechanisms within the circuitry, or a combination of the two. Although appropriate synaptic transmission is generally required for synapse-nuclear pro-survival signaling (Greer and Greenberg, 2008; Bading, 2013; Hagenston et al., 2020), altered synaptic glutamate transmission may underlie a particular aspect of PD pathogenesis. If α-syn is specifically enriched in excitatory terminals in the striatum, but not in TH-expressing nigral DA terminals (Maroteaux et al., 1988; Totterdell et al., 2004; Emmanouilidou and Vekrellis, 2016; Taguchi et al., 2016; Foffani and Obeso, 2018; Sulzer and Edwards, 2019), it may be that excitatory synapses are the source of pathological α-syn, which is eventually cytotoxic to nigral cells. Indeed, α-synuclein is secreted from cells (Emmanouilidou and Vekrellis, 2016), and in neurons, this is an activity-dependent process (Paillusson et al., 2013; Yamada and Iwatsubo, 2018). Thus, the increased glutamate activity seen in mutant LRRK2 mice (Beccano-Kelly et al., 2014; Matikainen-Ankney et al., 2016; Volta et al., 2017) may increase the burden of secreted α-syn, resulting in increased uptake by nigral terminals and a cascade of retrograde α-synuclein-induced pathological processes (Foffani and Obeso, 2018). Such a mechanism supports a link between prodromal striatal dysfunction in humans and a “dying-back” model of dopamine degeneration (reviewed in Tagliaferro and Burke, 2016; Foffani and Obeso, 2018).

LRRK2 kinase activity is not only enhanced by LRRK2 PD mutations, but also by mutations in VPS35 (Mir et al., 2018), another cause of clinically-typical, late-onset PD (Vilariño-Güell et al., 2011; Zimprich et al., 2011). Similarly to LRRK2, VPS35 mutations alter synaptic transmission in mouse cortical cultures (Munsie et al., 2015; Temkin et al., 2017), and dopamine release in mutant knock-in mice (Ishizu et al., 2016; Cataldi et al., 2018). Moreover, emerging evidence suggests increased LRRK2 activity in the post-mortem brains from people with PD (Di Maio et al., 2018), as well as in peripheral tissues (Fraser et al., 2016; Atashrazm et al., 2019). LRRK2 kinase inhibition has been shown to reverse increased synaptic transmission in GKI mice (Matikainen-Ankney et al., 2016), the impaired plasticity in transgenic G2019S-LRRK2 mice (Sweet et al., 2015), and the aforementioned PFF-induced increase in α-syn pathological phosphorylation and accumulation (Volpicelli-Daley et al., 2016). Built mostly on in vitro observations in a non-neuronal context, LRRK2 inhibitors are already in human trials, even though preclinical replication and mechanistic consensus are currently lacking (reviewed in Zhao and Dzamko, 2019). Should LRRK2 kinase inhibitors fail, targeted gene therapy, including the silencing of α-syn (reviewed in Brundin et al., 2015) or LRRK2 (Volta et al., 2015a,b; Zhao et al., 2017), may provide a valid alternative. Indeed, acute LRRK2 silencing by antisense oligonucleotides is tolerated by mice (Volta et al., 2015a), and is effective in reducing experimentally-induced α-syn aggregation (Zhao et al., 2017). Regardless, a much deeper understanding of LRRK2 biology and the effects of LRRK2 kinase inhibition or silencing is required to gauge clinical efficacy, guide biomarker discovery, and aid trial/patient selection.

An increasing body of evidence points towards a convergence of pathophysiological mechanisms in various forms of PD, involving both genetic and environmental etiological factors. Translating results from LRRK2 genetic models to other genetic scenarios, and more general PD pathogenic processes, may identify early points of intervention before the motor dysfunction by which PD is diagnosed. We believe an improved understanding of the neuronal function of LRRK2, including its role at the synapse, will facilitate the development of neuroprotective treatments, for not only LRRK2 but also idiopathic PD patients.
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Protein kinases and GTPases are the two major molecular switches that regulate much of biology, and both of these domains are embedded within the large multi-domain Leucine-Rich Repeat Kinase 2 (LRRK2). Mutations in LRRK2 are the most common cause of familial Parkinson’s disease (PD) and are also implicated in Crohn’s disease. The recent Cryo-Electron Microscopy (Cryo-EM) structure of the four C-terminal domains [ROC COR KIN WD40 (RCKW)] of LRRK2 includes both of the catalytic domains. Although the important allosteric N-terminal domains are missing in the Cryo-EM structure this structure allows us to not only explore the conserved features of the kinase domain, which is trapped in an inactive and open conformation but also to observe the direct allosteric cross-talk between the two domains. To define the unique features of the kinase domain and to better understand the dynamic switch mechanism that allows LRRK2 to toggle between its inactive and active conformations, we have compared the LRRK2 kinase domain to Src, BRaf, and PKA. We also compare and contrast the two canonical glycine-rich loop motifs in LRRK2 that anchor the nucleotide: the G-Loop in protein kinases that anchors ATP and the P-Loop in GTPases that anchors GTP. The RCKW structure also provides a template for the cross-talk between the kinase and GTPase domains and brings new mechanistic insights into the physiological function of LRRK2 and how the kinase domain, along with key phosphorylation sites, can serve as an allosteric hub for mediating conformational changes.

Keywords: protein kinase (PK), GTPase, allostery, hydrophobic cores, Walker motifs, leucin rich repeat kinase 2 (LRRK2)


INTRODUCTION

The Leucine-Rich Repeat Kinase 2 (LRRK2) is a large multi-domain kinase that is linked through numerous mutations to Parkinson’s disease (PD; Funayama et al., 2002; Paisán-Ruíz et al., 2004; Zimprich et al., 2004; Tan and Skipper, 2007) but is also implicated in Crohn’s disease (Hui et al., 2018). The three N-terminal domains (Armadillo/ARM, Ankryn/ANK, Leucine-rich Repeat/LRR) are classic scaffolds while the four globular and well-folded C-terminal domains (Ras Of Complex/ROC, C-terminal of ROC/COR, Kinase/KIN, and WD40) include the two catalytic domains, the ROC-GTPase, and the kinase. In this manuscript, we refer to the four C-terminal domains (ROC COR KIN WD40) as RCKW (Figures 1A,B). While there are countless examples of cross-talk between kinases and GTPases, LRRK2 is one of the few cases where the kinase and the GTPase domains are embedded within the same polypeptide chain. The GTPase domain of LRRK2 belongs to the Roco protein family and plays an important role as an allosteric effector domain (Bosgraaf and Van Haastert, 2003; Marín et al., 2008). While much information has been gleaned from the PD mutations and the evolutionary precursors of the ROC:COR and ANK:ROC:COR domains from Dictyostelium and C. tepidium, respectively (Gilsbach et al., 2012; Deyaert et al., 2019; Wauters et al., 2019), high-resolution structural data for human LRRK2 has been largely missing. The first high-resolution human structure came from the Roc domain in 2008 (Deng et al., 2008) but it took 11 years until the next LRRK2 associated structures were published, an extended ROC-domain (Wu et al., 2019), the WD40 structure (Zhang et al., 2019), and now the RCKW structure (Deniston et al., 2020). However, except for two very low-resolution structures (Guaitoli et al., 2016; Sejwal et al., 2017), nothing definitive was known about the kinase domain nor about the interactions of the kinase and GTPase domains (Roc). Furthermore, while we have hundreds of kinase structures in the literature, most represent the kinase domain only and many are in the presence of nucleotides and/or inhibitors and shed little light on peptide recognition or on the important ways in which the kinase is allosterically regulated, either positively or negatively, by its flanking domains. These critical aspects can now be addressed for the first time for LRRK2 that a relatively high-resolution (3.5 Å) cryo-EM structure of a monomeric RCKW domain in an inactive conformation is available (Deniston et al., 2020). This structure captures the four C-terminal domains including both catalytic domains. Recent structures of BRaf also highlight how important it is to look at full-length proteins and protein complexes (Kondo et al., 2019; Park et al., 2019; Liau et al., 2020). Thus the recent Cryo-Electron Tomography (cryo-ET) structure showing helical polymers of a full-length dimeric LRRK2 mutant (I2020T) wrapped in a closed and active conformation around microtubules allows us to further appreciate the complexity of the domain organization and in particular how the release of the N-terminal domains exposes the C-terminal RCKW domain (Watanabe et al., 2020). Based on these structures and our earlier analysis of the LRRK2 kinase domain (Schmidt et al., 2019), we describe here some of the novel features of the LRRK2 kinase domain and compare it to PKA, Src, and BRaf. These features include the hydrophobic spine architecture, the αC-β4 Loop, and the Activation Segment of the LRRK2 kinase domain (Figures 1B,C) Such a comparison of LRRK2’s kinase domain with other well-understood kinases provides fundamental insight to its activation/regulation and nucleotide-binding features. Also, a comparative analysis of the G-Loop in the kinase domain and the P-Loop in the ROC/GTPase domain, the two most important nucleotide-binding motifs in biology, is presented. A general model of the active kinase domain of LRRK2 showing the alignment of the R-Spine as well as the sequence alignment for the four kinases is included as a frame of reference in Figure 1D. Overall, our analyses provide a dynamic portrait that shows how the N- and C-lobes of the kinase domain create a central allosteric hub that drives the dynamic transitions that LRRK2 undergoes as it toggles between its active and inactive states.
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FIGURE 1. The Kinase domain of Leucine-Rich Repeat Kinase 2 (LRRK2). (A) Organization of the domains of LRRK2 with the kinase domain shown as a ribbon colored from blue at the N-terminus to red at the C-terminus. The Cryo-Electron Microscopy (Cryo-EM) structure of the four C-terminal domains [ROC COR KIN WD40 (RCKW)] construct is indicated by a red box. (B) A model of the active conformation of LRRK2 is shown where the R-spine residues are aligned into an active conformation and both spines as well as the Catalytic Loop are anchored onto the hydrophobic αF-helix. (C) Organization of the N-Lobe in active LRRK2. The five-stranded β-sheet is in teal and the αC-Helix in red. R- and C-spine residues are indicated as shells and the Shell residue (Sh1) that bridges both spines are in teal. The salt bridge between the conserved Lysine in β3 and conserved Glutamic acid in the C-helix is also shown. (D) The sequences of the kinase domains of LRRK2, BRaf, Src, and PKA are aligned and the regions corresponding to the G-Loop, the αC-β4 Loop, and the activation segment are highlighted (red boxes). R-spine residues are indicated by red dots. The cartoon indicates the position of β-strands (teal arrows) and α-helices (red rectangles).




Activation of LRRK2

Protein kinases are highly dynamic molecular switches that are tightly regulated both in their activation and localization. In the case of LRRK2, it also shuttles between monomeric and oligomeric states, and multiple 14–3–3 binding sites have been identified that likely stabilize these distinct conformational states through intramolecular and/or intermolecular mechanisms similar to what was recently revealed for BRaf (Kondo et al., 2019; Park et al., 2019; Liau et al., 2020). The conserved kinase core is defined not only to be a set of highly conserved residues that mediate substrate and nucleotide-binding and phosphoryl transfer but also by a highly conserved hydrophobic core that provides a dynamic scaffold for allosteric regulation of catalysis and activation. The Regulatory (R) and Catalytic (C) Spines anchored to the hydrophobic αF-helix that spans the C-lobe define the core architecture of every protein kinase (Kornev et al., 2008; Taylor and Kornev, 2011), and the assembled R-spine is the hallmark signature motif of every active protein kinase (Kornev et al., 2006; Kornev and Taylor, 2015). The intrinsic switch mechanism that leads to the activation of every kinase is embedded in the assembly of the R-spine. Here we will focus first on the LRRK2 R-spine and how it is dynamically assembled as a consequence of kinase inhibitor binding and in response to selective PD mutations.



Regulatory and Catalytic Spines of LRRK2

The R-spine consists of four residues referred to as RS1, RS2, RS3, and RS4. The essential features of the broken and inactive R-spine in LRRK2 are defined in Figure 2 and compared to two inactive kinases, Src (Figure 2, top left) and BRaf (Figure 2, top right). PKA is used as a frame of reference for the conserved hallmarks of an active kinase where the R-spine is assembled. In this active kinase conformation, the four R-spine residues through hydrophobic contacts interact with each other forming an extended motif that connects the N- and C-lobes of the kinase core. This creates an active conformation that correctly orients the DFG motif, the αC-helix, and the activation loop, all needed for MgATP binding and phosphoryl-transfer (Kornev et al., 2006; Kornev and Taylor, 2015). In contrast, how the R-spine can be broken is not conserved as is demonstrated nicely with these three kinases (BRaf, Src, and LRRK2). The RS3 residue, L1924 in LRRK2, is embedded in the αC-helix, and this helix is in an “out” conformation when the R-spine is broken in LRRK2, BRaf, and Src. There are also three key conserved regulatory residues, referred to as a “Regulatory Triad” that are assembled in a very precise way in every active kinase. These three residues provide the correct positioning of ATP and two Mg2+ ions (Figure 2). In LRRK2 these are K1906 and E1920 in the N-Lobe and D2017 in the DFGѱ, motif of the C-Lobe. K1906 is in β-strand 3 and is part of the G-Loop motif discussed later while E1920 is part of the αC-Helix. The numbering of the key residues from Src, BRaf, PKA, and LRRK2 are provided (Supplementary Table 1).
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FIGURE 2. Confirmation of Inactive LRRK2 is compared to inactive BRaf and Src. The conformation of inactive LRRK2 as seen in the recent RCKW structure (Deniston et al., 2020) is at the bottom panel. For comparison, an inactive conformation of Src and BRaf are shown on the top panel with the shells of the R-spine residues in red and the Shell residues in teal. In the middle of the top panel is the active conformation of the regulatory triad of PKA when it is bound to ATP and Mg ions. The aligned R-spine in active PKA is indicated by beige shells. The bottom panel depicts LRRK2 in an inactive conformation (Deniston et al., 2020). The arrow on the left indicates type I protein kinase inhibitor specific interactions with the linker/hinge region, while the right arrow points to the deep pocket only accessible in the DFG “out” conformation. Type II protein kinase inhibitors protrude into this pocket to stabilize the DFG “out” conformation. Both inhibitor types are ATP competitive (Röhm et al., 2020).



In addition to the R-spine residues, there are two highly conserved Catalytic (C)-Spine residues in the N-Lobe (V1893 and A1904 in LRRK2), and these residues provide a hydrophobic cap for the buried adenine ring of ATP. There are also three “Shell” residues in the N-lobe that contribute to the hydrophobic core architecture (Meharena et al., 2013); Sh1 is I1933, Sh2 is M1947, and Sh3 is L1945. These shell residues lie between the two spines. M1947 is the “Gatekeeper” residue (Okuzumi et al., 2009) and bridges β-strand 5 with the short linker that joins the N- and C-lobes. The LRRK2 “gatekeeper” mutant was used to identify new substrates using chemical genetic analysis (Krumova et al., 2015). I1933 is the only shell residue that directly links the R- and C-spines, and this Isoleucine also interacts with the γ-phosphate of ATP. It provides a hydrophobic docking surface for the phosphate and for the electrostatic bridge between K1906 and E1920 that is also a characteristic feature of the closed conformation. Mutating this Sh1 Valine to Glycine in PKA inactivates the kinase (Meharena et al., 2013). These three shell residues collectively contribute significantly to the hydrophobic architecture of the kinase core, and V104 (I1933 in LRRK2) is localized specifically in the middle of the αC-β4 loop as discussed below.

LRRK2 in the RCKW structure is in an open and inactive conformation (Deniston et al., 2020), and this structure is compared to BRaf and Src in Figure 2. All three kinases in this figure are in an inactive conformation. Clearly, the inactive conformation in each of these kinases is different, but in all cases, the R-spine is broken. How the open and inactive conformation of LRRK2 is stabilized is especially noteworthy and interesting in that it explains our earlier observation that relates to the DFGѱ motif. In most other kinases this highly conserved motif is DFGѱ, and the Phenylalanine is an R-spine residue, RS2. In LRRK2 this Phenylalanine is a Tyrosine, and we discovered that mutating this Tyrosine to Phenylalanine leads to constitutive activation of LRRK2; this mutant also docks spontaneously onto microtubules (Schmidt et al., 2019). We thus hypothesized that this Tyrosine serves as a “brake” to keep LRRK2 in an open and inactive state. The RCKW structure confirms this hypothesis (Deniston et al., 2020). As seen in Figure 2, the side chain hydroxyl group of Y2018 is firmly anchored to the backbone amide and carbonyl of I1933, which is the Sh1 residue, ensuring that both R-spine residues in the N-lobe are locked into an inactive conformation. Besides, the misalignment of the Regulatory Triad will also be stabilized. Simply removing that single hydroxyl moiety would allow the kinase domain to favor an active conformation that can dock onto microtubules even in the absence of the highly specific LRRK2 type I inhibitor MLi-2. This is similar to the I2020T mutant but distinct from the G2019S mutant, which is also constitutively active, like the Y2018F mutant, but still requires MLi-2 to bind to microtubules. Clearly, the DFGѱ motif is a hot spot for allosteric regulation, and it is, in general, the most highly mutated region in other kinases where mutations lead to the creation of oncogenes (Torkamani et al., 2008).

Type I kinase inhibitors such as MLi-2 favor an active DFG “in” conformation, where the R-spine is assembled (Figure 2, bottom panel), whereas type II kinase inhibitors favor a DFG “out” conformation (Röhm et al., 2020). The active conformation of LRRK2 is reflected in the Cryo-ET structure of full-length LRRK2 (Watanabe et al., 2020). Deniston et al. (2020) show that type II inhibitors prevent docking to microtubules. Type II inhibitors target the DFG “out” conformation and this will be a quiet variable in each kinase. In Figure 2 (bottom panel) we point out the general region that will be targeted by type I and type II inhibitors.




CONSERVED αC-β4 LOOP IS A HUB FOR STRUCTURE, FUNCTION, AND PROTEIN: PROTEIN INTERACTIONS

Another essential but less appreciated conserved part of the kinase active site is the αC-β4 Loop that spans the C-terminus of the αC-Helix and β strand 4. This loop in PKA moves as a rigid body with the C-lobe (Tsigelny et al., 1999), and two of the R-spine residues as well as the Sh1 residue are embedded in the αC-β4 loop (Figure 3). The tip of the αC-β4 loop which includes the side chain of H1929 and the backbone of H1928 in LRRK2 is the only piece of the N-lobe that is always anchored to the C-lobe when one considers the rigid body movements of PKA. While the G-loop between β1 and β2 is highly flexible and the αC-helix can move in or out as part of the mechanism for assembling the R-spine, the β-sheet and the αC-β4 loop remain fixed; they are not flexible. The αC-β4 loop is flanked by the two R-spine residues in the N-lobe, RS3, or L1924 that lies one turn of the helix beyond E1920 and RS4 or L1935 that marks the beginning of β4. RS4 is always anchored firmly to the five-stranded beta-sheet that spans the N-lobe while RS3 toggles in and out as a function of the assembly of the R-spine (Taylor et al., 2019). Another important interaction of the αC-β4 loop with the C-lobe is mediated by a highly conserved Tyrosine in the αE-helix. The hydroxyl moiety of this Tyrosine binds to the backbone of H1928 in the αC-β4 loop and is also a critical part of this motif. How the αC-β4 Loop is anchored by a conserved Tyrosine in the αE-helix of both Src and BRaf is also highlighted in Figure 3.
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FIGURE 3. The αC-β4 loop of LRRK2. The highly conserved αC-β4 loop of LRRK2 is indicated in red. The two hydrophobic R-spine residues are shown as a red transparent surface while the Sh1 residue that touches the adenine ring of ATP is in teal. Sh2 and Sh3 also in teal serve as a further hydrophobic bridge. RS3 (L1924) is at the N-terminus of the αC-β4 Lop while the C-terminus is the RS4 (L1935) residue. In the active conformation RS3 and RS4 are aligned with RS1 and RS2 in the C-Lobe. RS4 is always firmly anchored to the β-sheet while RS3 lies at the C-terminus of the aC-Helix which can flip “in” and “out.” The two right panels show how the αC-β4 Loop is anchored to the αE-helix.



While the tip of the αC-β4 loop and the backbone of H1928 are anchored to the C-lobe, the flanking regions of this motif often interact with elements that lie outside the kinase core. It is a “hot spot” for protein:protein interactions. Thompson et al. (2009) defined a set of spatially conserved pockets on the surface of the kinase core although the chemical properties of these pockets were variable. Perhaps the best studied of these surface pockets is the hydrophobic PIF pocket in the AGC kinases, including PKA, which binds to and stabilizes the αC-helix (Biondi et al., 2000; Hindie et al., 2009). In LRRK2 this region appears to be stabilized by the COR domain, which is confirmed by hydrogen-deuterium exchange/mass spectrometry (manuscript in preparation). The combined αC-helix/αC-β4 loop is a critical allosteric docking site for all protein kinases.

In many ways, we can think of these combined motifs, the αC-Helix, and the αC-β4-Loop, as bi-functional. One surface of the αC-helix contains conserved residues that contribute to the active site while the other surface is facing away from the active site and is controlled by the tails that flank the kinase core or by other proteins that regulate the position of the helix. In the same way, one surface of the αC-β4 loop faces the active site where the γ-phosphate of ATP is located, while the other surface is known to be a potential allosteric docking surface. The surface facing the active site cleft is conserved across the kinome; it provides a platform for the catalytic residues and mediates interactions that are shared by all protein kinases. In contrast, the other faces solvent and is variable; it provides an allosteric surface that can be regulated by many interacting domains and proteins. In the case of BRaf, this surface provides the asymmetric interface in the BRaf dimer (Figure 4). R509, in particular, that is stabilized by backbone interactions with Y565 in the αE-helix (Figure 3) is a critical part of this dimer interface and dimerization is thought to be an important part of the activation mechanism for BRaf (Hu et al., 2013). Many oncogenic mutations in BRaf, including a mutation that enhances the hydrophobicity of the RS3 residue, “hijack” this finely tuned regulatory mechanism and lead to constitutive activation that is now independent of Ras-mediated dimerization (Hu et al., 2013; Shaw et al., 2014). In the case of LRRK2, this important allosteric surface is a docking site for the C-terminal helix that follows the WD40 domain (Figure 5). This helix spans both lobes of the kinase core, and the C-terminal residues are docked firmly onto the αC-β4 Loop in the inactive conformation (Deniston et al., 2020). This C-terminal helix will certainly be an important motif for the regulation of the kinase domain of LRRK2 and, based on cross-linking experiments with inactive LRRK2, will likely also be an important interacting surface for the ARM:ANK:LRR repeats (Guaitoli et al., 2016). Finally, and perhaps most intriguing, is the phosphorylation site that lies at the very end of the C-terminal helix (Pungaliya et al., 2010). Most recently Manschwetus et al. have identified pT2524 as a putative 14–3–3 binding site (Manschwetus et al., 2020).
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FIGURE 4. The αC-β4 Loop in BRaf is a dimer interface. At the top is the anti-parallel BRaf dimer. The close-up view of this interface (bottom) shows how R509 in the αC-β4 Loop drives dimer formation and mutating this Arginine breaks the dimer. R509 in BRaf is homologous to H1928 in LRRK2. Another key interaction that is conserved in all kinases is the anchoring of the αC-β4Loop to the αE-Helix through a conserved hydrophobic Tyr or Phe (Y565).
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FIGURE 5. The αC-β4 Loop in LRRK2 is an interface between the C-terminal helix that follows the WD 40 domain. The αC-β4 Loop of LRRK2 is also anchored to the αE-Helix through a conserved Y1984 in αE and H1929 at the tip of the αC-β4Loop. H1928, analogous to R509 in BRaf is part of the docking interface for the Ct-helix. T2524 is a putative docking site for a 14-3-3 (Manschwetus et al., 2020).





ACTIVATION LOOP

Kinases are dynamically assembled in ways that often involve the Activation Loop (AL) which in most kinases contains a key phosphorylation site (Johnson and Lewis, 2001; Nolen et al., 2004). This entire region that includes the Activation Loop and the P + 1 Loop is referred to as the Activation Segment (Figure 6). The segment is flanked on the N-terminal side by the DFGѱ motif while it is flanked at the other end by the APE motif (Figure 6G). The APE motif at the C-terminus of the P + 1 Loop is anchored to the αF-helix, and this node (APE-αF Linker) provides an allosteric docking site for many substrates and inhibitor proteins such as PKI and PKA regulatory subunits (Knighton et al., 1991; Johnson et al., 2001; Kim et al., 2005; Figures 6A,B). In many kinase structures, perhaps most, the AL is disordered. Most likely this is because we typically look at only the kinase domain and not the full-length protein, and in the absence of phosphorylation the kinase is not fully active. When the kinase is in an inactive state this loop can be ordered by other parts of the protein or by other interacting proteins. The RS2 R-spine residue is embedded in the DFGѱ-motif of the AL and many inactive kinases have a DFG “out” conformation. How this region is ordered in inactive full-length protein kinases is a major question that is mostly still unknown. The structure of full-length BRaf gave us some clues for the first time about the ordering of the AL when BRaf is in an inactive conformation (Kondo et al., 2019; Park et al., 2019; Liau et al., 2020).


[image: image]

FIGURE 6. Activation segments. (A) The Activation Loop (tan) and the P+1 Loop (red) in their active conformation, as exemplified by PKA, are shown on the top left. (B) The motif that links the activation segment to the αF-helix (also shown in tan) provides an allosteric docking surface for substrates and other regulatory proteins. These regions are highlighted at the bottom in the sequence alignment of PKA, LRRK2, BRaf, and Src. (C) The three activation segments are aligned and compared to active PKA shown on the right. In each of these inactive structures (D–F), the αC-helix is in an “out” conformation. The middle panel shows the different ways in which the Activation segment is ordered or disordered in inactive conformations of Src, BRaf, and LRRK2. (G) These regions are highlighted at the bottom in the sequence alignment of PKA, LRRK2, BRaf, and Src. The red dot corresponds to the phosphorylation site in the activation loop of PKA.



In the open and inactive conformation of LRRK2, as seen in the recent RCKW structure (Deniston et al., 2020), the AL as well as most of the P + 1 Loop are disordered (Figure 6E). In inactive Src the entire Activation Segment is ordered in a nonactive conformation (Xu et al., 1999; PDBID:2SRC). In BRaf (Ren et al., 2012; PDBID:4E4X) the P + 1 Loop is partially ordered but in an inactive conformation, and most of the AL is disordered (Figure 6D). These structures suggest that the P + 1 Loop may, in general, be more flexible than we have previously assumed. In the case of the RCKW structure, which is also in contrast to most other kinase structures, there is no nucleotide bound, and this could also contribute to the altered conformation of the P + 1 loop. There are three potential phosphorylation sites in the AL of LRRK2 and two have been identified as functional sites (Greggio et al., 2008; Li et al., 2010). Most likely, based on cross-linking experiments with full-length LRRK2, the AL in full-length inactive LRRK2 is ordered by regions that are embedded in the ANK/ARM/LRR repeats (Guaitoli et al., 2016) but this is another of the important questions that need to be resolved. Greggio et al. (2008) demonstrated that an N-terminal truncation construct of LRRK2 which lacks the Ank, Arm, and LRR repeats exhibits enhanced kinase activity. This points out a crucial inhibitory function of the N-terminus of LRRK2 and indicates that the observed increased kinase activity by many of the PD mutations is most likely initiated by “unleashing” the N-terminal domains. This regulation by the N-terminus of LRRK2 is analogous in many ways to BRaf where so many oncogenic mutations release the N-terminal Ras-binding domain and expose the kinase domain (Hu et al., 2011, 2013, 2015). LRRK2 and BRaf belong to the same branch of the Kinome tree so most likely there are many lessons that we can learn from BRaf that will apply to LRRK2.

Although the recent apo RCKW structure represents an open and inactive conformation, Deniston et al. (2020), in collaboration with Watanabe et al. (2020), show that occupancy of the ATP binding site in the kinase domain is a critical switch that controls the conformation of RCKW. They show, in particular, that type I inhibitors that canonically occupy the Adenine binding pocket generate a closed conformation. This closed conformation is similar to the MLi-2 bound structure of a humanized Dictyostelium Roco4 kinase (Gilsbach et al., 2015), and it is this closed conformation that is capable of forming long polymers that can dock onto microtubules as seen in the Villa structure (Watanabe et al., 2020). It is known that wild-type full-length LRRK2 does not dock onto microtubules spontaneously but rather shows a cytosolic distribution in cells; however, when treated with a type I kinase inhibitor such as MLi-2 or LRRK2in1, the microtubules become decorated with LRRK2 polymers (Deng et al., 2011; Blanca Ramírez et al., 2017; Leandrou et al., 2019; Schmidt et al., 2019). This correlates with a closed conformation, and three of the four common mutations also appear to induce a closed conformation where full-length LRRK2 docks spontaneously onto microtubules (Kett et al., 2012). The kinase-dead mutants do not dock onto microtubules even in the presence of MLi-2 suggesting either that they are not capable of forming a fully “closed” conformation or are not able to bind MLi-2 (Schmidt et al., 2019). While occupancy of the ROC/GTPase domain with nucleotide is likely to also be a conformational sensor (Wauters et al., 2018; Deyaert et al., 2019), it is the opening and closing of the kinase domain that appears to be the major driver of conformational changes in LRRK2. While much future work is needed to decipher the mechanisms that allow these two switch domains to communicate with each other and with the rest of the molecule, it is important here to elucidate the fundamental differences between a P-loop and a G-Loop and in particular to compare and contrast the specific P-loop and G-Loop in LRRK2.



P-LOOPS AND G-LOOPS PROVIDE DISTINCT MECHANISMS FOR NUCLEOTIDES TO REGULATE LRRK2

LRRK2 is highly unusual in that it has both a P-Loop in the ROC/GTPase domain and a classic G-Loop in the kinase domain. Binding of nucleotides is the key mechanism that allows both of these switches to function and it is important to appreciate the distinction between them (Saraste et al., 1990; Kornev and Taylor, 2015). With LRRK2 we have the unique opportunity to observe a P-loop and a G-Loop in the same molecule. In this first 3.5 Å structure of the RCKW domain GDP(Mg) is bound to the ROC/GTPase domain while the kinase domain is in its apo state. Although both motifs contain a glycine-rich loop and a conserved Lysine and both bind nucleotides and metal ions (Figures 7A–C), the mechanisms by which they bind their nucleotides are fundamentally different. The P-Loop (also known as the “Walker motif”) belongs to the classical family referred to as the “Rossman fold” and consists of a β-strand followed by a glycine-rich loop and a helix where the conserved Lysine is located (Figure 7C; Ramakrishnan et al., 2002). Until the first protein kinase structure of PKA was solved it was assumed that all nucleotide-binding sites would conform to the “Rossman Fold.” In the case of the P-loop, the adenine ring is more solvent-exposed and the γ-phosphate is at the base of the cleft so that closing of the cleft, as in the case of hexokinase, brings the substrate close to the γ-phosphate (Ramakrishnan et al., 2002). In the case of ATPases and GTPases, the γ-phosphate is transferred to the water. With the ATPase-driven motors, we see how exquisitely sensitive these loops are to the state of the nucleotide (Vale and Milligan, 2000; Lyubimov et al., 2011). In the case of the G-Loops in protein kinases, the adenine ring is buried at the base of the cleft while the γ-phosphate is pointing outwards towards the catalytic loop and the R-spine (Figure 7A). The closing of the active site cleft fuses the two parts of the C-spine that come from the N- and C-lobes and this buries the adenine ring in a mostly hydrophobic shell. The G-Loop also begins with a β-strand followed by a glycine-rich loop but then it is followed by two more β-strands. Each of these strands has a critical and highly conserved hydrophobic residue that caps the “top” of the adenine ring of ATP while the third β-strand also contains the conserved Lysine that binds to the ATP phosphates. In LRRK2 these hydrophobic C-spine residues are V1893 in β2 and A1904 in β3.
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FIGURE 7. The P-Loop and G-Loop of LRRK2. (A) The canonical G-Loop found in all kinase domains. The adenine ring is buried under the first three β-strands with Alanine in β-strand 3. Valine in β strand 2 being highly conserved C-spine residues that cap the upper surface of the adenine ring. (B) The sequences of the G-Loop in PKA and LRRK2 are aligned at the top and the sequences of the P-Loop of phosphoenolpyruvate carboxykinase (PCK) and LRRK2 are aligned at the bottom. (C) The canonical P-loop first described by Rossmann (Ramakrishnan et al., 2002). Although it is also associated with ATP binding the architecture of this loop is distinct from the G-Loop. The Glycine-rich loop is preceded by a beta-strand as in the G-Loop, but it is then followed by a helix that contains the conserved Lysine. The nucleotide is positioned typically on the surface of the protein while the γ-phosphate of ATP is buried under the loop. (D) The G-Loop of LRRK2 conforms to this canonical architecture. Two conformations are shown in the box: on the left is a model with ATP-bound; on the right is the apo structure (Deniston et al., 2020). (E) LRRK2 has a canonical P-loop in the ROC domain that binds to GTP/GDP. In the RCKW structure, GDP is bound and the loop contains a phosphorylated Threonine (T1343). The conserved glycines are shown as red balls.



Another key hydrophobic residue in the G-Loop immediately precedes the third Glycine (Figure 7B). This residue is usually a Phenylalanine or a Tyrosine and when the kinase is in an active conformation and bound to ATP this residue shields the γ-phosphate of ATP from the solvent. In the inactive RCKW structure, F1890 is folded under β strands 1 and 2. This location is unusual but has been observed in several other kinases when nucleotide or inhibitor is missing. Most likely in the absence of nucleotide, this Phenylalanine is flexible (Figure 7D). Not many structures are available that lack nucleotide, but it is intriguing to hypothesize that binding of nucleotide forces this side chain into an “out” conformation where it is now “primed” to bind substrate and guide the transfer of the phosphate.

The P-Loop in the ROC/GTPase domain corresponds to “Switch I” in the GTPase terminology (Yao et al., 2016). In the RCKW structure, this site is occupied by GDP (Figure 7E). However, in the RCKW structure, there is another unusual feature that has not been observed or commented on in other GTPase structures. There is a single phosphate in the RCKW structure, pT1343, and it is located precisely in the middle of the G-loop. If we compare many other GTPase sequences, including the highly homologous Dicytostelium and C. tepidium ROC:COR domains from the LRRK2 homologs, there is no Threonine or Serine. Instead, this position is preceded by an acidic residue, and this acidic residue is conserved in many GTPase domains. The Threonine in LRRK2 may be a feature of the more highly evolved mammalian LRRK2 structures. While the biological significance of this Threonine remains to be determined, it is positioned in a strategically important region. The donor of this phosphate may be the GTP that is bound to the ROC domain. There would also likely be functional consequences of this phosphorylation event. This phosphorylated form of RCKW could not, for example, form the dimer that is seen in the earlier ROC:COR structures. A similar phosphorylated residue has not been previously reported in other GTPases so it could be highly dynamic and not usually trapped. It is perhaps a unique feature of cryo-EM that allows one to trap different conformational states that might otherwise be washed out by averaging in a crystal structure.


The Kinase Domain Is the Driver of LRRK2 Dynamics

With structures now in hand, we are poised to explore some of the detailed mechanisms that allow LRRK2 to toggle between its active and inactive states and most importantly to understand how PD mutations interfere with this finely tuned regulatory switch. How do multiple phosphorylation sites as well as nucleotide-binding influence the structure and function of LRRK2? How does the binding of 14–3–3 influence the conformation, activity, and localization of LRRK2? and most importantly how do PD mutations disrupt the normal finely tuned functioning and lead to pathogenic states? These are our next exciting challenges. From these first publications of human LRRK2 structures, however, it is already clear that the kinase domain will be a major driver of these conformational transitions. It is also clear that the N-Lobe of the kinase domain will be regulated not only by its hydrophobic core and by nucleotide-binding but also by the domains that flank it. The CORB domain will influence the αC-Helix while the C-terminal helix will communicate with the C-lobe and the αC-β4 loop. Most intriguingly in this structure, we see for the first time how the activation loop of a kinase comes close to a GTPase domain. We also see, how key phosphorylation sites, strategically positioned around the kinase core, are poised to influence the structure, function, and cellular location of LRRK2.
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The first families with LRRK2 related Parkinson’s disease (PD) were presented around 15 years ago and numerous papers have described the characteristics of the LRRK2 phenotype. The prevalence of autosomal dominant PD varies around the world mainly depending on local founder effects. The highest prevalence of LRRK2 G2019S PD in Norway is located to the central part of the country and most families could be traced back to common ancestors. The typical Norwegian LRRK2 phenotype is not different from classical PD and similar to that seen in most other LRRK2 families. The discovery of LRRK2 PD has allowed us to follow-up multi-incident families and to study their phenotype longitudinally. In the Norwegian LRRK2 families there has been a significantly higher incidence of inflammatory diseases like multiple sclerosis and rheumatoid arthritis that seen in other PD populations. Recent studies in LRRK2 mechanisms have indicated that this protein may be crucial in initiating disease processes. In this short survey of 100 Norwegian mutation carriers followed through more than 15 years are presented. The prevalence of inflammatory diseases among these cases is highlighted. The role of LRRK2 in the conversion process from carrier status to PD phenotype is still unknown and disease generating mechanisms important for initiating LRRK2 PD are still to be identified.
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INTRODUCTION

The etiology of Parkinson’s disease, PD, is unknown and for many years it was regarded as a sporadic disease explained by environmental causes. The first PD gene locus was reported in 1996 and 1 year later the gene was located to the SNCA coding for α-synuclein (Polymeropoulos et al., 1997). This protein was later shown to constitute a major part of the Lewy-bodies, the pathoanatomical hallmark of Parkinson’s disease (Spillantini et al., 1997). During the following years three important genes coding for autosomal recessive PD were found, one for parkin, PRKN, the most common gene for young onset parkinsonism, and PINK1 and DJ-1 as autosomal recessive causes of PD (Kitada et al., 1998; Valente et al., 2001; Bonifati et al., 2003). A Japanese group had pointed to an important locus on chromosome 12 and mutations in the LRRK2 gene were finally identified by several other groups in 2004. LRRK2 is probably the most common cause of autosomal dominant PD and the most common monogenic form of PD (Paisan-Ruiz et al., 2004; Zimprich et al., 2004).

The discovery of LRRK2 as a major cause of PD has led to a tremendous race of new biomarkers for PD and new insights on disease pathogenesis (Paisan-Ruiz et al., 2004). The LRRK2 G2019S is the most prevalent risk factor among the LRRK2 mutations. It is most common in the Middle East and there is a very clear south north gradient in distribution. The prevalence of LRRK2 G2019S PD in Scandinavia is low with an exception located to the northwestern coast of Norway. This cohort of PD patients has been followed for many years and were included in many studies for better understanding of clinical and biochemical processes related to PD (Aasly et al., 2005). Although the LRRK2 PD phenotype is rather close to classical PD the long-term follow up of Norwegian LRRK2 cases have shown that inflammatory mechanism may contribute to the disease process.

Neuroinflammation is now considered to play a major role in the pathogenesis of PD. This change in paradigm has come after findings of activated microglia and upregulation of cytokines in PD brains. One of the most important substances seem to be cyclooxygenase-1 and -2, which show increased expression, together with inflammatory cytokines and inflammatory-related substances. The risk for PD is correlated with inflammatory cytokine genes (i.e., tumor necrosis factor-α and interleukin-1β) polymorphisms and with cell-surface human leukocyte antigen2 (Crotty et al., 2020).

The role of the immune system and inflammation and LRRK2 upregulation is also being increasingly explored and coupled to the innate and adaptive immune system. Large multi-center whole exome, WES, -studies have shown that the LRRK2 gene is associated with several chronic inflammatory disorders, including Crohn’s disease and leprosy (Hakimi et al., 2011).

The aims of this survey are to present the long-time follow up of the original Norwegian LRRK2 cohort and to discuss the possible importance of recognizing the high prevalence of inflammatory diseases among these cases.


Clinical Material

The LRRK2 G2019S cohort in central Norway was first presented in Aasly et al. (2005). The families had been followed for several years and more subjects were added to the material within a few years after the discovery of the mutation. The patients were identified and included as part of a screening program of multi-incident PD families living at the coastline of central Norway. When the LRRK2 gene was found and connected to PD, these families were further evaluated and characterized.

In this survey of the first 100 Norwegians known to carry the a heterozygous LRRK2 G2019S mutation, are presented. Twenty-nine patients out of the first 100 cases had developed PD at the time when they were identified through the family screening program. Three more cases converted to PD through the follow-up period. The age of onset of the 32 first PD cases varied substantially, with an average onset of 61.2 years. The majority of cases had converted to PD in their seventh decade. Nine cases, 29%, were in their sixties at disease onset and the mean age at onset and for this small group the mean onset was 64 years. Two patients had disease onset in their late thirties and two cases showed first signs of tremor and bradykinesia up in their eighties (Table 1). The phenotypical features at onset were similar to that commonly found in sporadic PD. All cases had asymmetric signs and symptoms, more than 80% showed rest tremor at onset. All patients diagnosed with PD had well preserved cognition at disease onset. The remaining 68 mutation carriers who had not developed PD and were diagnosed as healthy LRRK2 carriers were all assessed as cognitively well-doing. During the follow-up period three asymptomatic LRRK2 mutation carriers developed dementia of Lewy body type, DLB, without typical PD signs. The mean age of the mutation carriers who did not developed PD was 62 years (range 45–83 years) at the end of the follow-up period. The majority of cases had been evaluated clinically several times and had been to repeated PET- or Datscans.


TABLE 1. List of 100 LRRK2 G2019S mutation carriers, 15 years-follow-up.
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Familial Clustering

The vast majority of Norwegian LRRK2 G2019S mutation carriers known so far, all originate from small settlements along the coastline of Central Norway. The LRRK2 mutation was found in about 15 families or family branches. The first married couple mentioned by name common to all these families, were born around year 1580 (Johansen et al., 2010). Although this is an autosomal dominant disease, multi-incident PD families were only reported in among half of the cases. In some families with clear familiar clustering of cases this knowledge was more or less kept as a secret and was not a topic for open discussions. When unveiling the cause of the disease these families became very motivated for further collaboration in the struggle for finding new therapeutic remedies. All families had been living in the same area since many generations and most families had families that could give precise information on their ancestors through the last century. One fourth of the families had 3 or more affected family members. Our first identified family LRRK2 PD case with tremor and parkinsonism was born at the time when Charcot named the disease. She had developed the disease in her early forties and had to be taken care of by her family for many years. In a family photo from 1911 the very typical parkinsonian features in her face and body are visualized and even the hand tremor is depicted in the grip of one of her daughters (Figure 1).
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FIGURE 1. First identified Norwegian LRRK2 patients, family photo 1911 (with permissions from the family).




Clinical Phenotypes

About a third of the mutation carriers had developed PD at the time when the follow-up period started 15 years ago. Tremor was the initial parkinsonian sign that brought 3 out of four to the neurologists. This percentage of tremor is well in line with reports from that observed in sporadic PD. The last one-fourth of the cases experienced akinesia, gait problems, micrographia or dystonia as initial signs. This does not differ from other PD populations. Many studies have shown that LRRK2 PD usually respond very well to levodopa and to dopamine agonists. The same was seen in Norwegian cases. Four out of the 32 cases have also ended up with severe complications and needed advanced therapy. In all four patients were treated with deep brain stimulation, DBS, and all four had good or excellent effects. Their mean age at PD onset was 46 years (range 39–59). The first one had DBS 19 years ago at age 49 years. She is still in H&Y III, cognitively intact and living in her own home. It is not well understood why LRRK2 patients with mutations in the kinase domain respond very well to DBS (Schupbach et al., 2007; Johansen et al., 2011; Angeli et al., 2013). This impression is based on reports from several centers around the world. It may also be true for those with mutations in the cor domain, while patients with roc domain mutations seem to have a less favorable outcome from DBS (Gomez-Esteban et al., 2008; Hatano et al., 2014). Some reports on LRRK2 families have noticed that atypical phenotypes also occur (Wszolek et al., 2004). There were no multiple system atrophy or other atypical PD phenotypes observed among members of our families who converted to PD. There was one members diagnosed with MSA observed in one of our families but eventually he tested negative for the G2019S mutation.



Inflammatory Diseases in LRRK2 G2019S Mutation Carriers Before and After Converting to PD


Multiple Sclerosis, MS

Three out of 100 LRRK2 G2019S mutation carriers were diagnosed with MS. Two cases had no parkinsonian signs or symptoms. The third had mild rigidity and bradykinesia.

Case 1: A 69 years old man, his father had PD. He worked as a carpenter and was a moderate smoker. At the age of 45 year he was diagnosed with retrobulbar neuritis. Two years later he suffered a mild central paresis of the right lower limb with increased tendon reflexes and his right sided plantar reflex was clearly abnormal. Lumbar puncture showed increased cerebrospinal fluid, CSF, immunoglobulins with 5–6 bands not found in his serum. Repeated cerebral MRI scans showed typical MS lesions. His disease was quite benign with little progression. He was not on any medication. At age 69, 24 years after first attack, he was still ambulating and had only minor autonomic dysfunctions; his EDSS grade was 2. He had been to regular follow-up as an asymptomatic LRRK2 carrier and he has developed mild rigidity and bradykinesia but no tremor. A Datscan showed mild reduction of uptake in the putamen bilaterally but not in the caudate nuclei. No anti-parkinsonian therapy was needed.

Case 2: A 57 years old woman was diagnosed with MS at the age of 35 years. CSF bands indicated intrathecal synthesis of immunoglobulins and brain MRI demonstrated periventricular high-signal intensity lesions with typical distribution for multiple sclerosis. Initially she suffered 5–6 attacks and later her disease turned to a more chronic progressive pattern. She was on interferon-beta treatment over a period of 5 years. She had moderate autonomic dysfunctions. Her dominating MS-pattern through all these years has been an extreme feeling of fatigue. Twenty-two years after onset she was still ambulating, living in her own apartment and her EDSS grade was 4. She had moderate spasticity and no rigidity. There was no bradykinesia unrelated to MS. A Datscan was not done. In contrast to the male MS patients she had always been a non-smoker.

Case 3: A 59 years old man, his mother developed PD around the age of 60 years and he is the brother of case 2. There was no additional family history of MS. From age 32 years he suffered multiple attacks of optic neuritis and central nervous manifestations. CSF and MRI examinations showed typical MS pathology. He had a rapid disease progression and reached EDSS grade 4 already after 4 years of disease duration. He stopped smoking around age 50, mainly because of his physical condition. At the age of 59 he was non-ambulating, almost quadriplegic with a tiny rest function of motility in one hand. He had no rigidity and no tremor. His speech was unremarkable but talking could trigger attacks of severe trigeminal neuralgia. His cognitive functions were considered as good. His autonomic dysfunctions were affected and regarded as part of his long-lasting MS. At last examination, age 59 years, his EDSS was between 8.0 and 9. He died from an acute abdominal disease 6 months later. At autopsy his brain weight was 1,290 g with focal demyelinated plaques and variable degrees of inflammation, gliosis, and neurodegeneration. There was no neuron loss in the substantia nigra and multiple stains for tau, amyloid and alpha-synuclein pathology were negative.



Achalasia

Case 4: A 52 years old previously healthy teacher presented with swallowing problems. His mother had PD and was genotyped with the LRRK2 G2019S mutation. He was on anti-hypertensives and he was a heavy smoker. His dysphagia progressed over the period of some months and he underwent a barium esophagogram which showed a narrowed part of the lower sphincter of the esophagus (Figure 2). It was supplied with high resolution manometry pressure topography, confirming the diagnosis of achalasia. A pneumatic balloon dilatation was successfully performed. Followed-up visits through 18 years have been unremarkable and he had no swallowing problems. No tests for viral agents or immunological causes were performed. At age 54 he tested positive for the G2019S mutation and was included in the long-term follow-up study. During the last 10 years he has developed mild bradykinesia and rigidity but no tremor. A Datscan showed mainly left-sided abnormalities (Figure 3). He does not need anti-parkinsonian therapy. At age 65 he had an acute episode with a ruptured colon diverticulitis. A biopsy from the lower colon did not show any Lewy bodies. His esophagus problems have not recurred and a control esophagogram was unremarkable.
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FIGURE 2. Case 4, achalasia, a barium esophagogram showing a narrowed part of the lower part of the esophagus.
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FIGURE 3. Case 4, Datscan at age 67 years. Bradykinesia and rigidity but no tremor.




Rheumatoid Arthritis

Case 5: A 44 years old nursing home assistant was member of a multi-incident PD family and had been followed as a healthy mutation carrier of a heterozygous LRRK2 G2019S mutation. She was a moderate smoker. Her mother had PD and case 5 was positive for the same mutation. Five years after inclusion she converted to PD. Her most prominent signs were asymmetric rest tremor, bradykinesia and rigidity. She responded well to levodopa and dopamine agonists. In the years before converting to PD she complained of joint stiffness and pain. A diagnostic procedure was performed at the department of rheumatology and their conclusion was sero-positive rheumatoid arthritis. She was treated with local injections and systemic therapy according to current guidelines. Her rheumatic disease progressed and was the main reason for her retirement a few years later. Around the age of 60 years her PD is fluctuating and is in an advanced stage and she has been under consideration for DBS therapy or apomorphine infusions.

Case 6: A 50 years old woman, manager of a small trading company, came to evaluation together with her mother, who, like the grandmother, had been diagnosed with PD. A genetic test showed that they both were carriers of the LRRK2 G2019S mutation. A PET-scan performed the same year revealed marked basal ganglia pathology (Figure 4). She has now been followed annually for 15 years. She gradually developed moderate bradykinesia and rigidity without any other parkinsonian symptoms and she has not converted to PD. The same year as she had her first PET-scan she started to complain of finger stiffness and swollen, painful joints. She was positive for multiple inflammatory markers and were diagnosed with sero-positive rheumatoid arthritis. She has been on methotrexate therapy for more than 10 years, in combination with other anti-inflammatory drugs. She had to stop working at the age of 65, mainly due to her rheumatism and because of the general COVID-19 situation.
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FIGURE 4. Case 3, LRRK2 mutation carrier, severe MS. MRI at age 50 with white matter lesions and some central and cortical brain atrophy.




Non-inflammatory Diseases


Cancer

It has been claimed that LRRK2 PD cases have higher prevalence of cancer compared to sporadic PD (Agalliu et al., 2015). This has also been studied in our local Norwegian PD population. We obtained our data from the national Cancer Registry of Norway and we calculated data and cancer outcomes from 857 sporadic PD patients and 76 LRRK2 mutation carriers. The PD population also included 27 LRRK2 PD cases. These were compared data obtained from the national Cancer Registry of Norway and included cancer type and age at cancer onset. All participants were ethnic Norwegians. The LRRK2 mutation carriers had increased risk of non-skin cancer compared with sporadic PD subjects (OR 2.09; 95% CI 1.16–3.77; p = 0.015). A significant association was found between the mutation and breast cancer in women (OR 4.58; 95% CI 1.45–14.51; p = 0.010). There were no other associations between specific cancer types and the LRRK2 mutation. There was one otherwise healthy LRRK2 mutation carrier who had been threated since age 50 years for hairy cell leukemia. He was still without signs of PD at the end of the 15 years follow-up period. It was concluded that being a LRRK2 mutation carriers included an increased risk of non-skin cancer compared with sporadic PD subjects. The increased risk for cancer among LRRK2 carriers was mainly driven by the association between harboring the mutation and breast cancer, observed in women (Waro and Aasly, 2018).



Longitudinal Clinical Evaluations


Olfaction

Olfaction was tested in PD patients and in healthy LRRK2 mutation carriers using the UPSIT and B-sit tests. The cohort of LRRK2 carriers and PD patients in central Norway showed the same level of impaired olfactory identification as reported from other centers (Marras et al., 2011; Saunders-Pullman et al., 2011; Sierra et al., 2013; Gaig et al., 2014). The impairment seen in our LRRK2 group was significant although less than in subjects with idiopathic Parkinson disease (Johansen et al., 2014). Others have shown that olfactory dysfunction in LRRK2 patients is positively correlated with reduced uptake of (123)I-meta-iodobenzylguanidine (MIBG) on cardiac scintigraphy, a measure of postganglionic sympathetic cardiac innervation (Valldeoriola et al., 2011).



Cognition


Prevalence of Dementia With Lewy Bodies, DLB

All LRRK2 mutation carriers below the age of 60 years had normal cognitive functions, PD patients included. About half of the LRRK2 PD patients developed cognitive decline as the disease progressed. These cases have been reported in previous publications and at autopsy there was a significant association between cognitive impairment/dementia and the presence of Lewy bodies after adjustment for the degree of Alzheimer disease–related pathology (Kalia et al., 2015).

Previous studies have aimed to determine the risk for conversion to PD in LRRK2 mutation carriers. Norwegian LRRK2 mutation carriers seem to have a significant higher age at conversion compared to individuals carrying the same mutation in Tunisia and Israel (Hentati et al., 2014; Trinh et al., 2014). There have been no studies on the prevalence of DLB in asymptomatic LRRK2 mutation carriers. In our rural districts with scattered population, patients with gradual cognitive decline without the combination of obvious movement disorder signs, often ends up in nursing homes and do not undergo further specific diagnostic procedures. There has been less focus on cognitive decline in LRRK2 mutation carriers without motor signs and who do not convert to PD. Patients who gradually develop cognitive decline often desist from long-time follow-up programs and must be retrieved by active calls from the hospitals. Three of our mutation carriers were located to nursing homes and all had an unspecified diagnose of dementia. None had tremor and a neurological examination showed that they all were rigid and bradykinetic thus fulfilling the criteria for DLB (McKeith et al., 2020). These three cases illustrate the problem of ignoring DLB cases as part of the phenoconversion to PD or to DLB. The three mutation carriers in our cohort had all been diagnosed with unspecified dementia by their local physicians. Whether a LRRK2 mutation carrier converts to PD or DLB is equal from a medical point of view although the histopathological distribution of Lewy bodies in the brain may have slightly different patterns.



LRRK2 Mutations Combined With GBA-Mutations

There are 6–7 LRRK2 mutations which are strongly correlated with PD. Other strong PD risk factors are mutations in the gene for Gaucher disease, GBA-mutations. Recently 10 of our patients also had their GBA genes fully sequenced and four cases were shown to carry GBA mutations in addition to the G2019S mutation. One 58 years old asymptomatic woman had two GBA mutations. Only one of our cases had converted to PD, at the age of 47 years. The combination LRRK2 and GBA mutations does not seem to have an additive effect to the phenotype. Some have postulated a possible modifying effect of the G2019S mutation on GBA PD (Omer et al., 2020).



Biomarkers

There have been a large number of studies aiming to find robust biomarkers for PD progression by using LRRK2 pre-clinical cases and compare these to LRRK2 PD, sporadic PD and normal controls. The Norwegian cohort has been part of many of these studies (Shi et al., 2011; Aasly et al., 2012, 2014; Loeffler et al., 2016; Ichinose et al., 2017, 2018). Most studies have been performed in cerebrospinal fluid, CSF, some in blood and others in urine and in saliva (Stewart et al., 2015; Wang et al., 2017).

Most CSF studies have included known metabolites involved in neurodegeneration, like Aβ1-42, tau, α-synuclein, oxidative stress markers, autophagy-related proteins, pteridines, neurotransmitter metabolites, exosomal LRRK2 protein, RNA species, inflammatory cytokines, mitochondrial DNA (mtDNA), and intermediary metabolites. Better technique and smarter machines later added the possibility of studying pteridines, α-synuclein, mtDNA, 5-hydroxyindolacetic acid, β-D-glucose, lamp2, interleukin-8, and vascular endothelial growth factors. Many of the studies suggested to differentiate LRRK2 PD from sporadic PD patients. It was claimed that 8-hydroxy-2′-deoxyguanosine (8-OHdG), 8-isoprostane (8-ISO), 2-hydroxybutyrate, mtDNA, lamp2, and neopterin may differentiate between healthy LRRK2 carriers and LRRK2 PD subjects; and soluble oligomeric α-synuclein, 8-OHdG, and 8-ISO might differentiate healthy LRRK2 carriers from control subjects (Aasly et al., 2012, 2014; Shi et al., 2012; Podlesniy et al., 2016; Vilas et al., 2016; Loeffler et al., 2017; Wang et al., 2017; Ichinose et al., 2018; Klaver et al., 2018). The high number of analytes in combination with the low numbers of investigations of each analyte, and the small sample sizes, together with methodological differences, has limited the conclusions that can be drawn from these studies. There is so far no useful biomarker that can predict PD phenoconversion; not in sporadic PD and not in monogenic PD types. The validity of the analytes identified in these studies needs to be confirmed in larger studies (Aasly, 2020). So far, no robust biomarker for useful PD-specific progression has been found (Loeffler et al., 2019). Neurofilament light chain (NfL), a neuronal cytoplasmic protein highly expressed in large myelinated axons is a well-known marker in a variety of neurological disorders, including inflammatory, neurodegenerative, traumatic and cerebrovascular diseases but it is rather unspecific (Gaetani et al., 2019).



Autopsies

Five LRRK2 mutation carriers came to autopsy during the 15-year follow-up period, the results have been presented elsewhere (Kalia et al., 2015; Aasly, 2020). Four had developed PD and one was the mutation carrier with MS, without signs of the PD. The presence of LBs were closely correlated to their cognitive functions. An 85-years-old woman died after 25 years of PD. She had no cognitive defects and no LBs. An 80-years-old man died 20 years after disease onset and in a state of very severe dementia. The autopsy showed diffuse LB disease. A 79-years-old male died 20 years after disease onset. His cognitive function was slightly impaired and the autopsy showed only a few LBs. We concluded that there was a clear correlation with the presence of Lewy bodies in the brain and the intellectual performance (Kalia et al., 2015).



Imaging Markers

LRRK2 mutation carriers in the Norwegian LRRK2 cohort have taken part in a number of imaging studies. It was soon shown that asymptomatic mutation carriers may have quite extensive basal ganglia dopaminergic defects with very low UPDRS scores. We did a retrospective evaluation of a cohort of 39 participants who underwent Datscan as part of their follow-up. Our goal was to assess whether a combination of systematic clinical testing and different imaging techniques in familial PD cases could detect subclinical signs in the preclinical and prodromal stages of PD. Our cohort of 39 participants were studied with visual analysis of Datscan imaging to assess patterns of dopaminergic degeneration. They were grouped according to diagnostic criteria suggested by the Movement Disorders Society (MDS) Research Criteria for Prodromal PD (Aasly et al., 2005; Gao et al., 2018).

The imaging studies showed that LRRK2 mutation carriers above the age of 60 all had some kind of Datscan or PET abnormalities, always reflecting subclinical rigidity and bradykinesia (Ichinose et al., 2018). Corresponding defects has been shown for other neurotransmitters. The Norwegian LRRK2 cohort has taken part in three PET-studies aiming at central dopaminergic, serotoninergic and cholinergic activities. These studies all showed a change in transmitter activity years before conversion to PD (Figure 5). This may be interpreted as an early upregulation for LRRK2-dysfunction or a change of transmitter content in non-neuronal cells (Sossi et al., 2010; Wile et al., 2017; Liu et al., 2018).


[image: image]

FIGURE 5. Case 6, 65 years-old healthy LRRK2 mutation carrier with sero-positive rheumatoid arthritis. PET-scan at age 50 DAT 11C-MP, methylphenidate. Left scan: Case 6, at age 50, right scan: 54 years-old normal control (with permission from J Stoessl and V Sossi, Pacific Parkinson’s Research Centre, Vancouver, British Columbia, Canada).




DISCUSSION

This is the first report of the 15 years follow-up of a Norwegian cohort of LRRK2 G2019S mutation carriers. About one third of the original Norwegian LRRK2 cohort had developed PD after 15 years follow-up. In those who converted to PD the phenotype was close to that seen in sporadic PD and did not differ from patients seen in other LRRK2 G2019S cohorts. The motor signs were levodopa responsive, they had better olfaction functions than sporadic PD, had less autonomic deficits and they responded very well to DBS. There was an increased prevalence of inflammatory diseases among members of this material. This has not been observed in previous reports from LRRK2 cohorts. Three mutation carriers without PD developed multiple sclerosis, two had sero-positive rheumatoid arthritis and one needed treatment for severe achalasia. This is a relatively high percentage of inflammatory diseases, not commonly seen in combinations with PD.

Multiple sclerosis is rarely seen in PD patients and vice versa. The three MS cases in this report represent per se different types of the wide specter of MS. They all fulfilled the criteria for MS and they all had in common that they are LRRK2 G2019S mutation carriers. The local prevalence of MS among the population in Central Norway is 160 out of 100,000 (Dahl et al., 2004), or 0.16%. The 3% prevalence in a small cohort of LRRK2 carriers could be a coincidence. So far there has been drawn very few connections between PD and MS in genetic studies. In a large Danish register study there was no increase in incidence of PD among MS patients (Nielsen et al., 2014) and reports on both MS and PD are mostly anecdotal case reports (Valkovic et al., 2007). But the association between the immune system and PD needs to be kept in mind. A recent genome-wide association study systemically investigated pleiotropy between PD and autoimmune diseases. There was an overlap between PD and inflammatory diseases, including rheumatoid arthritis and multiple sclerosis, in 17 novel loci, including LRRK2 (Witoelar et al., 2017). The neuroinflammation in PD may be initiated by activated microglia, upregulated cyclooxygenase-1 and -2-expression, increased inflammatory cytokines and related molecules. In addition, polymorphisms in inflammatory cytokine genes (i.e., tumor necrosis factor-α and interleukin-1β) and cell-surface human leukocyte antigen have been associated with an increased PD risk (Crotty et al., 2020). Recently it was shown that PD patients share a LRRK2 risk variant, N2081D, and a protecting variant, N551K, with Crohn’s disease, CD, patients. This pleiotropic effect of LRRK2 functional variants affect the risk for PD and CD independent of ethnicity (Hui et al., 2018). It is further of interest that CD and MS share common principles for modern treatment. Natalizumab is the most potent drug for MS, mainly by blocking the T lymphocyte intrusion in the central nervous system through the blood-brain barrier, and is effective for CD by blocking cell trafficking into the gut (Pagnini et al., 2017). In both diseases the main effects are achieved through several vascular cell adhesion molecules (Zundler et al., 2019). It is also noted that another very potent drug used for MS, cladribine, is a drug of choice for hairy cell leukemia (Paillassa et al., 2020). Maybe similar treatments should be explored in future LRRK2 PD studies.

The prevalence of rheumatoid arthritis varies between countries and it is highest in high-income western countries. The local prevalence of sero-positive rheumatoid arthritis is 0.35% compared to 2% in this small cohort (Videm et al., 2017). In a survey from Taiwan the cumulative incidence of PD was 2.42% lower in a large RA cohort than in the non-RA cohort (Sung et al., 2016). The lower risk for developing PD in patients affected with RA was not correlated to treatment or use of anti-rheumatic drugs. Other studies have shown that ibuprofen, a non-steroidal anti-inflammatory drug, NSAID, lower the risk for PD while other NSAIDs may not have the same effect (Gao et al., 2011). However, the non-association between treatment and outcome may be differ within PD subgroups. It has been shown that regular NSAID use may be associated with reduced penetrance in LRRK2-associated PD (San Luciano et al., 2020), and that the LRRK2 protein is involved in inflammatory pathways and appears to be modulated by regular anti-inflammatory use. The authors postulate that if LRRK2 set the fire, can non-steroidal anti-inflammatory drug wet the flames? (Crotty et al., 2020).

Achalasia has been connected to PD mainly through case reports. In our LRRK2 case there was also a parallel between start of esophageal symptoms and the clinical manifestation of subclinical parkinsonism. Given its relatively common prevalence (10.82/100,000) achalasia seen in a patient could be a coincidental finding (Sadowski et al., 2010). The etiology of achalasia is unknown but genetic or immune factors may be involved. A number of genes have been shown to increase the risk for achalasia. Polymorphisms of genes for enzymes catalyzing the production of nitric oxide, NO, from L-arginine have been associated with a higher risk for achalasia (Gao et al., 2018). Large genome wide association studies are underway, which may shed further light into genetic predisposition of the disease. Secondly, ample evidence suggests that achalasia is an autoimmune disorder, where an antibody response to a common antigen, perhaps a virus, selectively knocks out esophageal autonomic control mechanisms at the myenteric plexus ganglia and the neuronal level (Villanacci et al., 2010). This theory has been further supported by antibodies that target enteric ganglia which have been identified in the sera of achalasia patients (Moses et al., 2003). Achalasia may be cause by a virus and both Herpes simplex virus type I, measles and human papilloma virus has been suggested as infectious triggers. It has been shown that the nerve plexi/ganglia involved in the motor responses in the distal esophagus show an antigen–antibody response to these agents corresponding to degree of damage contributing greatly to the clinical and smooth muscle findings. This include both the lower esophageal sphincter and esophageal body. Inflammatory responses are mainly seen in type 1 and type 2 with ganglion cells with cell death (Ghoshal et al., 2012).


Biomarker for LRRK2 PD

Traditional CSF biomarkers in PD patients have not shown any significant change in protein fractions related to neuroimmunological disease mechanisms. It could be more relevant to study small (40–100 nm) extracellular membranous vesicles, exosomes, because they may be carriers of more relevant disease markers which also may include the immune system. Exosomes may been isolated from several body substances like urine, CSF or plasma.

It has been shown that the protein pS1292-LRRK2 protein is robustly expressed in CSF exosomes. In a cohort of Norwegian subjects with and without the G2019S-LRRK2 mutations, with and without PD, we quantified levels of pS1292-LRRK2, total LRRK2, and other exosome proteins in urine from 132 subjects and in CSF from 82 subjects. These results provided insights into the effects of LRRK2 mutations in both the periphery and brain in a well-characterized clinical population and showed that LRRK2 protein in brain exosomes may be much more active than in the periphery in most subjects (Wang et al., 2017). In a similar study plasma-derived extracellular vesicles or exosomes, were isolated from PD, matched healthy controls, and atypical parkinsonism with tauopathies.

Specific groups of markers related to inflammatory and immune cells are located to the surface of exosomes. These markers have been analyzed and correlated to movement disorder patients according to the clinical diagnosis. PD and MSA patients had considerably larger parts of immune markers, indicating that neuroimmune regulation in PD and MSA is different from that observed in atypical parkinsonism. The true positive rate for compound exosome markers showed optimal diagnostic performance for PD. The exome marker curves for PD and MSA were rather congruent and different from those of corticobasal degeneration and progressive supranuclear palsy. In the panels shared by PD and MSA was a transcription factor playing, SP1, which is an important regulator of neuroinflammation in multiple sclerosis (Vacchi et al., 2020).



CONCLUSION

The aim of this survey of 15 years follow-up of the original Norwegian LRRK2 cohort was to emphasize the presence of neuroinflammation in a group of LRRK2 mutation carriers. The role of LRRK2 in inflammation and immune system regulation is being increasingly explored. It is expressed in the cells of the innate and adaptive immune system. The LRRK2 gene is associated with several chronic inflammatory disorders, including Crohn’s disease and leprosy but these results have originated from vast genetic studies like GWAS in heterogenous PD populations. LRRK2 may play a crucial part in the complex interactions of neuroinflammation. The combination of PD and inflammatory diseases is rare. Multiple sclerosis and rheumatoid arthritis are rarely seen with PD. Achalasia may have been reported in early PD but its significance has been debated. The high percentage of inflammatory cases among LRRK2 carriers could indicate that anti-inflammatory drugs may be recommended in risk populations to reduce inflammation and subsequent neurodegeneration.
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with ddC promoter and

6 weeks with elav (more severe
than human LRRK2 WT OE
model) (Liu).

Not assessed

Decreased fertility in females
(Imai).

Decreased fertility in females
and climbing deficits in 45-day
old flies (Imai).

No climbing deficits (Imai).

No deficits.
No deficits.
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Drosophila dLRRK KO Models
1

Author(s), year(s)

Dodson et al., 2014

Lee et al., 2007; Imai et al.,
2008; Wang D. et al., 2008;
Tain et al., 2009

Lee et al., 2007

Model

Partial loss by early stop
codon [dLRRK (+/-)].

KO of dLRRK by
piggy-BAG insertion
[dLRRK (—/-)].

KO of dLRRK by deletion of
3 UTR region and EP
element [dLRRK (—/-)].

DA neuronal loss

No change in PPM1/2,
PPM3, PPL1, PPL2, VUM,
and PAL clusters.

Loss of TH staining is
decreased in DM and PM
clusters at 3 and 10 days
(Lee). No loss in PPM1/2,
PPL1, PPM3 (Imai). No
change in number or
distribution (Wang). No
change in PPL1 cluster
(Tain).

Not assessed.

Locomotor/behavioral
changes

Not assessed.

Climbing deficits at 3 days
and loss of fertility in
females (Lee). Smaller
abdomen and decreased
fertility (Imai). No behavioral
abnormality or decrease in
fertility (Wang). Tendency
for decreased climbing
ability (Tain).

Climbing deficits at 3 days
and loss of fertility in
females (data not shown).
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Transgenic overexpression
Drosophila models

1
2

Author(s), year(s)

Linetal., 2010
Linetal., 2010

Lin et al., 2010; Hindle et al.,
2013

Lin et al., 2010; Hindle et al.,
2013; Godena et al., 2014

Lin et al., 2010; Hindle et al.,
2013

Venderova et al., 2009

Venderova et al., 2009; Hindle
etal., 2013

Venderova et al., 2009

Venderova et al., 2009; Hindle
etal.,, 2013

Ng et al., 2009

Ng et al., 2009

Ng et al., 2009

Ng et al., 2009

Liu et al., 2008; Hindle et al.,
2013; Godena et al., 2014

Model (species, gene,
mutation, tag)

Human LRRK2 WT - FLAG.

Human LRRK2 G2019S —
FLAG.

Human LRRK2 G2385R —
FLAG.

Human LRRK2 R1441C -
FLAG

Human LRRK2
G2019S-K1906M- FLAG.

Human LRRK2 WT.

Human LRRK2 11122V.

Human LRRK2 Y1699C.

Human LRRK2 12020T.

Human LRRK2 WT - Myc
Human LRRK2 G2019S — Myc.

Human LRRK2 Y1699C - Myc.

Human LRRK2 G2385R — Myc.

Human LRRK2 WT - FLAG.

DA neuronal loss

Not assessed.

Loss at 4 weeks in dorsolateral
and dorsomedial groups with
ddC (dopa decarboxylase)
promoter (dopamine and
serotonin neuron Specific).

Not assessed.

Not assessed.

Not assessed.

Loss at 50 days with TH
promoter (catecholaminergic
cell specific) in PPL1 and
PPM1/2 neuronal clusters.
Loss at 50 days with TH
promoter in PPL1 and PPM1/2
neuronal clusters.

Loss at 50 days with TH
promoter in PPL1 and PPM1/2
neuronal clusters.

Loss at 50 days with TH
promoter in PPL1 and PPM1/2
neuronal clusters (most
dramatic compared to others).
No loss.

Loss at 60 days old under ddC
promoter.

Loss at 60 days old under ddC
promoter.

Loss at 60 days old under ddC
promoter.

Loss at 35 days using ddc but
49 days with elav promoter
(pan-neuronal) (Liu).

Locomotor/behavioral
changes

Not assessed.

Locomotor deficits (climbing
index) at 3 weeks and
decreased viability at 4 weeks.

Not assessed.

Not assessed.

Not assessed.

Decreased locomotion starting
at 10 days (time required to
recover from tapping).

Decreased locomotion starting
at 10 days (time required to
recover from tapping).
Decreased locomotion starting
at 10 days (time required to
recover from tapping).
Decreased locomotion starting
at 10 days (time required to
recover from tapping).

No climbing deficits.

Climbing is impaired at 60 days
with ddC promoter.

Climbing is impaired at 60 days
with ddC promoter.

No climbing deficits.

Climbing impaired at 4 weeks
with ddC promoter and
6 weeks with elav.
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Peptide Name

s910

pS910

S935

pS935

$933

pS933

Q930R
Q930R/pS933
Q930R/pS935
Q930R/pS933/pS935
$910/5935
pS910/5935
S910/pS935
pS910/pS935
S1443/51444
pS1443

pS1444
pS1443/pS1444
R1441C
R1441C/pS1444
Tos524

pT2524

Sequence

SFLVKKKSNSISVGEFYRD
SFLVKKKSNpSISVGEFYRD

SPNLQRHSNSLGPIF

SPNLQRHSNpSLGPIF

RCSPNLQRHSNSLGPIFDH
RCSPNLQRHpSNSLGPIFDH
RCSPNLRRHSNSLGPIFDH
RCSPNLRRHpSNSLGPIFDH
RCSPNLRRHSNpSLGPIFDH
RCSPNLRRHpSNpSLGPIFDH

KKSN SISVGEFYRDAVLQRCSPNLQRHSNSLGPIF
KKSNpSISVGEFYRDAVLQRCSPNLQRHSNSLGPIF
KKSNSISVGEFYRDAVLQRCSPNLQRHSNpSLGPIF
KKSNpSISVGEFYRDAVLQRCSPNLQRHSNpSLGPIF
LFNIKARASSSPVILVGT

LFNIKARApSSSPVILVGT

LFNIKARASPSSPVILVGT
LFNIKARApSpSSPVILVGT

LFNIKACASSSPVILVGT

LFNIKACASpSSPVILVGT

HIEVRKELAEKMRRTSVE
HIEVRKELAEKMRRpTSVE

All peptides were synthesized with N-terminal fluorescein labels for FP

measurements.
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Cells, tissues

mouse kidney,
lung
rat kidney, lung

Drosophila
monkey lung

Primary mouse
astrocytes
G2019S patient
fibroblast
Primary mouse
neurons
RAW264.7 cells,
HEK293 cells

Manipulation

knockout

knockout

knockout
inhibitor dosing

overexpression of WT
or G2019S, knockout

endogenous G2019S
mutation

G2019S knockin

knockdown,
overexpression

Effects on lysosome morphology

Increase in size and number of lysosomes in mouse KO kidney proximal tubules

and lamellar bodies in KO lung type Il cells.

Increase in size and number of lysosomes in rat KO kidney proximal tubules
and lamellar bodies in KO lung type Il cells.

Enlarged lysosomes with undigested contents in Irrk null flies

Increase in size and number of lamellar bodies in the lung of monkey dosed
with LRRK2 kinase inhibitors

Lysosomes were enlarged, the number was decreased upon G2019S
overexpression. Increase in number in KO cells.

Enlarged and clustered lysosomes in LRRK2-PD fibroblasts

Lysosome size was decreased, the number and total area were increased in
G2019S neurons.

Knockdown caused the enlargement upon overload stress. Overexpression,
especially PD mutants, suppressed the enlargement.
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Potential biomarker

Total LRRK2

pS935-LRRK2 (rate)

pS1292-LRRK? (rate)

pT72-Rab8a (rate)

pT73-Rab10 (rate)

In vitro kinase assays
(autophosphorylation or
substrate phosphorylation)

Genetic testing

Current understanding

Expression level of LRRK2 has been shown to be modifed in
disease related states, after LRRK2 kinase inhibitor treatment or
after stimulation in immune cells.

A heterologous phosphorylation site of LRRK2. Modifed in at
least some disease related conditions. Signal decreases in cells
exposed to LRRK2 kinase inhibitor by sensitizing LRRK2 to
dephosphorylation.

Autophosphorylation site. Indicator of LRRK2 kinase activity in
cells. Modified in at least some disease related conditions.
Signal decreases in cells treated with LRRK2 kinase inhibitors.

LRRK2 substrate. Indicator of LRRK2 kinase activity.

LRRK2 substrate. Indicator of LRRK2 kinase activity.

Indicator of intrinsic kinase activity, potentially affected by
post-translational modifications.

Pathogenic mutations and risk polymorphisms are indicators of
varying degrees of increased risk for PD.

Potential use

Essential to determine calculate LRRK2 phosphorylation rates.
Biomarker research and exploratory studies prior to potential
use in a clinical setting.

Pharmacodynamic marker in clinical trials with LRRK2 kinase
inhibitors. Biomarker research and exploratory studies for
assessment as PD progression or diagnostic marker.

Pharmacodynamic marker in clinical trials with LRRK2 kinase
inhibitors. Biomarker research and exploratory studies for
assessment as PD progression or diagnostic marker.
Pharmacodynamic marker in clinical trials with LRRK2 kinase
inhibitors. Biomarker research and exploratory studies for
assessment as PD progression or diagnostic marker.
Pharmacodynamic marker in clinical trials with LRRK2 kinase
inhibitors. Biomarker research and exploratory studies for
assessment as PD progression or diagnostic marker.
Biomarker research and exploratory studies for assessment as
PD progression or diagnostic marker.

Patient stratification.
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Mouse LRRK2 KO
models

1

Author(s), year(s)

Giaime et al., 2017

Déchsel et al., 2010;

Hinkle et al., 2012;
Volta et al., 2015

Herzig et al., 2011

Model

Double KO of LRRK1
and LRRK2 KO mouse
[mouse LRRK2
(—=/=)/mouse LRRK1
(=/=).

LRRK2 KO by removal
of exon 41 of LRRK2
[mouse LRRK2 (—/-)].

LRRK2 KO using
cre-recombinase
deletion [mouse LRRK2
(=/=).

Background (strain)

Mouse C57BL/6J and
129 hybrid.

C57BL/6J [(also
contains C57BL/6N —
(Yue et al., 2015)]

C57BL/6J or BALB/c.

DA neuronal loss

Loss at 14-15 months
in SNpc and LC. Loss
of medium spiny
neurons in striatum.

No loss in SN at
18 months (Hinkle).

Not assessed.

Locomotor/behavioral
changes

Not assessed.

Increased thigmotaxis
(open field), decreased
center exploration time
(open field) and
decreased object
approaches (novel
object test) at 7 and
16 months. Increased
latency to fall (rotarod)
at 7 months (Hinkle).

Not assessed.

Other notes

Presence of synuclein
pathology. Increased
p62 and LC3 in brain at
15 months. Increased
electron dense
vacuoles in SNpc at

10 months.

No synuclein or tau
pathology in kidney or
brain at 3, 12, and

18 months. Progressive
kidney degeneration
seen at 3 months with
increased lipofuscin or
lysosomes. Increased
autophagy markers at
20 months (p62 at

12 months) (Hinkle).
Increased neurite
outgrowth in
hippocampal and
midbrain neuron
cultures (Dachsel).

Darkened kidney.
Increased weight and
vacuoles at 5 months.
Increase of secondary
lysosomes in the kidney
and lung cells at

1.5 months. Increased
diastolic blood
pressure.
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Tong et al. (2009)

Lietal. (2009)

Lin et al. (2009)

Melrose et al. (2010)

Listal. (2010)

Ramonet et al. (2011)

Chen et al. (2012)

Daher et l. (2012)

Model

LRRK2 knockin mice

LRRK2 BAC Tg mice

CamKila-tTA inducible LRRK2 Tg mice
‘crossed with CamKila-tTA inducible
a-synuclein AS3T Tg mice

LRRIK2 knockout mice crossed with
CamKila-tTA inducible a-synuciein Tg
mice

LRRIK2 BAC Tg mice

LRRK2 BAG Tg mice

CMV-PDGFB-driven LRRK2 Tg mice

CMV-PDGFB-riven LRRK Tg mice

CMV-PDGFp-driven LRRK2 Tg mice
‘crossed with PrP-driven a-synuclein
AS3T Tg mice

LRRK2 variant(s)

RI441C

R1441G, Wid-type

620198, Wiid-type

LRRK2"/~

620198, Wild-type

620198,
Wid-type

620198, R1441C,

Wikd-type

620198, Wild-type

620198

Neurodegeneration

Not observed

Not observed

Both G20198 and
wild-type LRRK2
expression was found
to exacerbate striatal
and cortical neuronal
loss.

LRRK2 deletion was.
shown to reduce the
extent of stiatal and
cortical neuronal loss
Not observed

Not observed

Age-dependent DA
neuronal loss was
observed in G2019S.
mice
Age-dependent DA
neuronalloss was
observed in G2019S
mice

DA neuron loss was not
altered in
G20198/AS3T bigenic
mice

Pathology/Protein aggregation

No protein aggregation was observed,
tau and a-synuclein protein levels were:
not altered

RI1441G mice harbored elevated
protein levels of hyperphosphorylated
tau, AT+ axonal swelings and
dystrophic neurites were cbserved in
the dorsal striatum and pirform cortex
awsynudlein protein was not assessed
G2019S/AST bigenic mice were found
to have elevated levels of insoluble:
a-synudiein protein

LRRK2 deletion was found to reduce
the level of insoluble a-synuclein protein

G2019S mice displayed mislocalization
‘and increased phosphorylation of tau
No abnormaliies related to a-synuclein
were detected

asynudlein and ubiquitin protein levels
were not altered, wili-ype mice
displayed fewer PHF-1-+/CP13+ cells
inthe dorsal striatum relative to control
and G2019S mice

Abnormal phosphorytated tau and
‘a-synuclein immunostaining was not
detected

G2019S mice displayed elevated levels
of phosphorylated tau in the substantia
nigra.

No abnormalites related to a-synuclein
were detected

G2019S/AS3T bigenic mice exhibited a
subtle increase in a-synuclein
pathology in select brainstem regions

Additional findings

Altered DA
neurotransmission

R1441G mice
displayed
‘age-dependent motor
activty deficits

G20198/AS3T bigenic
mice displayed
enhanced astrogliosis
‘and microgiial activation

LRRK2 knockout mice
displayed a reduction in
the level of astroglosis.
‘and microgiial activatior
Altered DA
neurotransmission,
G2019S mice display
anxiety-fike behaviors
Altered DA
neurotransmission

2019 mice
accumulate autophagic
vacudles

620198 mice displayed
‘age-dependent motor
activty deficits

Premature lethality was
not exacerbated in
G2019S/A53T bigenic
mice
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(2015)
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(2018)
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(2018)
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(2018)
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Model

Intrastriatal delivery of HSV vectors
‘expressing LRRK2 in mice

Intrastriatal delivery of AdS vectors
‘expressing LRRK2 in rats.

Intrarigral defivery of AAV2/1 vector
expressing WT a-synuclein in LRRK2
knockout rats

Intrastriatal defivery of A5 vectors
expressing LRRK2 in rats

Intranigral delivery of AAV2/1 vector
‘expressing WT a-synuclein in LRRK2
BAC Tgrats

Intranigral delivery of AAV2/5 vector
‘expressing AS3T a-synuclein in LRRK2
knockout rats

Intranigral delivery of AAV2/9 vector
‘expressing a-synuclein in LRRK2
knockin mice

Intrahippocampal delivery of AAV2/6
Vector expressing ither wild-type or
P301S mutant tau in LRRK2 Tg mice
Intrahippocampal delivery of AAV2/6
vector expressing either ild-type or
P3O1S mutant tau in LRRK2 knockout
mice

Intrastriatal delivery of HC-AQV
‘expressing LRRK2 in mice

Intrastriatal delivery of CAV-2 vectors
‘expressing LRRK2 in M. murinus.
(non-human primate)

Intrastriatal delivery of A5 vectors
expressing LRRKZ in rats

Intranigral delivery of CAV-2 vectors
expressing LRRK2 in M. fascicularis
(non-human primate)

LRRK2
variant(s)

G20198,
Wid-ype,
G20195/D1994A

@20198,
Wid-type

LRRK2™/~

G20198,
G2019S/D1994N,
Wild-type

G20198

LRRK2™/~

620198

G2019S

LRRK2™/~

620198,
DI99IN

G20198

G20198,
Wild-ype,
G2019S/K1908M

G20198

Neurodegeneration

DA neuronal loss was observed
ina kinase-dependent manner
with greater loss observed with
the G2019S vector

DA neuronal loss was observed
in rats injected with the
620195 vector

DA neuron loss was
amelorated in LRRK2 knockout
rats

Loss of TH+- fiber density in the
striatum was found to be
independent of LRRK2 kinase
activity, DA neuron loss was not
observed

DA neuron loss was shown to.
be exacerbated in G20198 rats

Aberrant STN burst fiing
activity was ameliorated in
LRRK2 knockout rats

No addifive effect on DA neuron
loss was observed in the
G2019S mice

Hippocampal neuron loss was.
not altered in G2019S mice

Hippocampal neuron loss was
not altered in LRRK2 knockout
mice

DA neuron loss was not
dbserved, but modest striatal
el loss was observed with the
G2019S vector in aged mice
DA neuron loss was observed
with both G2019S and GFP
control vectors

DA neuron loss was observed
in a kinase-dependent manner
with greater loss observed with
the G2019S vector

DA neuron loss was observed
inboth G2019S and GFP
control vectors

Pathology/Protein aggregation

Not assessed

Phosphorylated tau inclusions were transiently
observed in the substantia rigra

a-synuclein and ubiquitin protein abnormaliies
were not detected

LRRIK2 deletion did ot alte levels of
a-synudlein protein

Ubiquitin+ inclusions and attered neurofiament
distribution were observed in the striatum

Tau and a-synuclein protein abnomalities were.
not detected

Not assessed

a-synudein phosphonation state was not
altered across all conditions

a-synuciein pathology was found to be elevated
inthe substantia nigra of G2019S mice

Hippocampal tau pathology was not altered in
G20198 mice

Hippocampal tau pathology was not altered in
LRRK2 knockout mice

No evidence of ubiquitin, tau, or a-synuciein
pathology was observed

Phosphorylated tau and a-synuclein pathology
were observed with the G2019S vector

Phosphorylated tau inclusions were observed in
the substantia rigra across al vectors, AP+
inclusions and degenerative neuriic changes in
the striatum were observed with the G2019S
veator

‘Changes to a-synuclein protein were not
detected

Phosphorylated tau pathology was observed
with both the G2019S and GFP control vectors.
with a modest increase in select regions for the
620195 vector

a-synucein protein was not assessed

Additional findings

Non-selective LRRK2 kinase
inhibitor treatment was
demonstrated to attenuate DA
newronal loss

LRRK2 deletion was also.
demonstrated to protect
‘against LPS-induced pathology

LRRK2 Kinase inhibitor
treatment was demonstrated to
attenuate DA neuron loss

STN burst fring activity was
also corrected by LRRK2
Kinase inhibition (PF360)

G2019S was found to enhance
the neuronal transmission of
wild-type tau

Endogenous LRRK2 was found
o be dispensable for the
neuronal transmission of
wild-type tau

Gilal LRRK2 expression was
found to contrbute to
newroinflammation

LRRK2 kinase inhibitor (PF360)
treatment was demonstrated to
attenuate DA neuron loss

AAV, adeno-associated virus; AdS, human adenovirus serotype 5 BAC, bacterial artificial chromosome; CAV-2, canine adenovirus serotype 2; DA, dopaminergic; HSV, herpes simplex virus; LPS, lipopolysaccharide;
Ta, transgenic; WT, wikd-type.
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References Model LRRK2 Neurodegeneration Pathology/Protein aggregation Additional findings
variant(s)
Volpicelli-Daley ntranigral delivery of PFF in LRRK2 G2019S Not observed G2019S rats exhibited increased a-synuclein
et al. (2016) BAC Tg ra inclusion burden in the substantia nigra
Zhao et al. ntrastriatal delivery of PFF in mice Not Applicable Administration of LRRK2 ASO Administration of LRRK2 ASO reduced
(2017) reated with LRRK2 ASO reduced PFF-induced DA PFF-induced a-synuclein pathology
neuron loss
Henderson ntrastriatal delivery of PFF in LRRK2 G2019S G2019S mice exhibited a G2019S mice displayed elevated a-synuclein G2019S mice demonstrated altered
etal. (2019a) BAC Tg mice modest increase in DA neuronal pathology in select brain regions dynamics of pathological a-synuclein
loss spread
Henderson ntrastriatal delivery of PFF in mice Not Applicable MLi-2 administration did not MLi-2 administration did not alter PFF-induced MLi-2 administration did not impact the
et al. (2019b) reated with LRRK2 kinase inhibitor alter PFF-induced DA neuronal a-synuclein pathology PFF-induced behavioral profile
(MLi-2) loss
Bieri et al. ntrastriatal delivery of PFF in LRRK2 G2019S G2019S mice demonstrated G2019S mice displayed an increased G2019S mice injected with PFF exhibited
(2019) BAC Tg mice enhanced DA neuronal loss a-synuclein inclusion burden in the substantia motor activity deficits and an altered

nigra

ASO, antisense oligonucleotide; BAC, bacterial artificial chromosome; DA, dopaminergic, PFF, preformed fibrils of a-synuclein; Tg, transgenic.

neuroinflammatory profile
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Variation Location Disease
G2019S kinase domain PD
R1441C/GMH ROC domain PD
Y1699C COR domain PD
12020T kinase domain PD
N2081D kinase domain CD
Rs11175593 LRRK2/MUC19 non-coding region CD
Rs11664258 LRRK2/MUC19 non-coding region CDb/UC
M2397T WD40 domain CD/Leprosy
R1398H GTPase domain PD/CD
N551K In linkage with R1398H PD/CD
Rs1873613 Promoter Leprosy
Rs1491938 non-coding region Leprosy
R1628P COR domain Leprosy

A number of genetic variations in both coding and non-coding regions of the LRRK2
gene have been associated with Parkinson’s disease (PD), Crohn’s disease (CD),
ulcerative colitis (UC) and susceptibility to Leprosy infection.
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Herzig et al. (2012)

Bailey et al. (2013)

Yoe etal. 2015)

Vikhail et a. (2015)

Xiong et a. (2017)

Longo et al. (2017)

Xiong et l. (2018)

Nguyen et a. (2018)

LRRKK2 knockout mice crossed with
PrP-diiven a-synuclein ASST Tg mice

Thy1-driven LRRIK2 Tg mice crossed
with Thy1-driven a-synuclein AS3T Tg
mice

LRRK2 BAG Tg mice crossed with
P3O1L tau (Tgd510) Tg mice

LRRK2 knockin mice

LRRIK2 BAC Tg mice crossed with
P301S tau (PS19line) Tg mice

CamKlla-tTA inducible LRRK2 Tg mice

LRRK2 knockin mice

TH-ATA inducible LRRK2 Tg rrice

GMV-PDGFp-criven LRRK2 Tg mice
crossed with P3OTS tau (PS19 ine) Tg
mice

LRRK2 knockout mice crossed with
P3O1S tau (PS19line) Tg mice

LRRK2™/~

620198, Wild-type

Wi-type

G20198

R1441G

620198,
G20198/D1994A

620198

620198,
G2019S/D1994A

G20198

LRRIK2/~

LRRK2 deletion did not
alter DA neuron loss in
AS3T mice.

Not assessed

Not assessed

Not observed

No exacerbation of
neuronal loss was.
observed in
R1441G/P301S-tau
bigenic mice

Not observed

Not observed

Age-dependent DA and
NE neuronal loss was
observed in G2019S5
mice

Not assessed

Not assessed

LRRK2 deletion yields a subtle
reduction in a-synuciein pathology in
select brainstem regions
G019S/AST bigenic mice did not
extibit altered levels of a-synuciein
protein

LRRK2/P301 L-tau bigenic mice display
increased accumulation and
phosphorytation of insoluble tau along
with enhanced corticaltau pathology
G2019S mice developed modest
phosphorytated tau puncta and an
increase in levels of phosphonytated tau
protein,

No differences in a-synuclein were
detected

Tau aggregation and phosphonyiation is
not altered in R1441G/P301S-tau
bigenic mice

G20198 mice displayed increased
levels of insoluble a-synuclein protein in
the cortex, striatum, and hippocampus,
Tau protein was not assessed

G2019S mice displayed elevated levels
of phosphorylated a-synuclein protein
inthe striatum along with
phosphorylated a-synuclein inclusions
Tau protein was not assessed

G2019S mice exhibited elevated levels
of insoluble a-synuciein protein in the
striatum and ventral midbrain

Tau protein was not assessed
G20195/P301S-tau bigenic mice did
not exhibit any alteration to tau protein
levels, solubiity, o phosphorylation
state

LRRK2 deletion did ot exhibit any.
alteration to tau protein levels, solubilty,
or phosphorylation state

Behavioral phenotypes
were not aered by
LRRK2 deletion
GR019S/AST bigenic
mice did ot display
exacerbated
microglosis

Atered DA
neurotransmission

Motor and mermory
deficits are not altered
in R1441G/P301S-tau
bigenic mice

620195 mice exibit
‘amphetamine-induced
behavioral deficits

G2019S mice exhibited
dysfunction of DAT and
VMAT2

G2019S mice displayed
age-dependent motor
actity deficits

BAC, bacterial artificial chromosome; DA, dopamineraic: DAT, dopamine transporter: NE, noradrenergic: Ta, transgenic: TH, tyrosine hydroxydase; tTA. Tet-transactivtor: VMATZ, vesiculsr monoamine transporter 2,
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Herzig et al., 2011;
Longo et al., 2014

Herzig et al., 2011;
Longo et al., 2014

Tong et al., 2009;
Nichols et al., 2010;
Parisiadou et al., 2014

Mouse LRRKZ G20195
KI.

Mouse LRRK2 Kinase
Dead (D19948S) KI.

Mouse LRRK2 R1441C
KI.

CorBL/6J or BALB/C.

C57BL/6 or BALB/c.

C57BL/6.

No loss in striatum at
20 and 22 months
(Herzig).

Not assessed.

No loss in SNpc or LC
at 3, 12, and
22 months (Tong).

Decreased immobility
time (bar time) at
6-19 months.
Increased number of
steps (drag test) at

6 —-19 months.
Decreased immobility
time (open field) at

15 months. Increased
total distance traveled
(open field) at

15 months (Longo).
No changes in bar test,
drag test, rotarod and
open field up to

15 months (Longo).
No changes in open
field, rotarod and
acoustic startle
response. No change in
AMPH injection
compared (Tong).

No synuclein pathology.
Increased diastolic
blood pressure (Herzig).

Increased kidney
weight at 6 months.
Darkened kidney
(Herzig).

Decreased sensitivity
for firing by DA (Tong).
Excess PKA activity in
SPNs (Parisiadou).
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Transgenic
overexpression BAC
mouse models

1

Author(s), year(s)

Beccano-Kelly et al., 2015;
Volta et al., 2015

Volta et al., 2015

Déchsel et al., 2010;
Melrose et al., 2010

Déchsel et al., 2010;
Melrose et al., 2010

Déchsel et al., 2010

Lietal., 2007, 2010

Lietal, 2010

Lietal., 2009

Li et al., 2009; Bichler et al.,
2013; Dranka et al., 2013

Model (species, gene,
WT or mutant, tag).

Human LRRK2 WT.

Human LRRK2 G2019S.

Human LRRK2 WT.

Human LRRK2 G2019S.

Human LRRK2 Y1699C.

Mouse LRRK2 WT — FLAG.

Mouse LRRK2 G2019S -
FLAG.

Human LRRK2 WT.

Human LRRK2 R1441G.

Background (strain).

C57BL/6J [backcrossed
from Melrose et al. (2010)
by Beccano-Kelly].

C57BL/6J [backcrossed

from Melrose et al. (2010)].

FVB/N (backcrossed —
Melrose).

FVB/N (backcrossed).

FVB/N (backcrossed).

C57BL/6J.

C57BL/6J.

FVB/NJ.

FVB/NJ.

Type of expression
system.

OE of human LRRK2 WT
using BAC (RP-11 568G5).

OE of human LRRK2
G2019S using BAC (RP-11
568G5).

OE of human LRRK2 WT
using BAC (RP-11 568G5).

OE of human LRRK2
G2019S using BAC (RP-11
568G5).

OE of human LRRK2
Y1699C using BAC (RP-11
568G5).

OE of mouse LRRK2 WT
using BAC (RP23-31219).

OE of mouse LRRK2
G2019S with mouse BAC
(RP23-31219).

OE of human LRRK2 WT
with BAC.

OE of human LRRK2
R1441G with human BAC
(RP135).

DA neuronal loss.

Not assessed.

Not assessed.

No loss in SN up to
22-24 months (Melrose).

No loss in SN up to
22-24 months (Melrose).

Not assessed.

No loss in SNpc at
12 months (2010).

No loss in SNpc at
12 months.

No loss up to 9-10 months.

No loss up to 9-10 months
(L).

Locomotor/behavioral
changes.

Decreased total distance,
ambulatory time and
rearings at 3-6 months
(Beccano-Kelly). Decreased
rearings at 12 months
(Volta).

Increased cylinder rearings
at 6 months, but normal at
12 months.

No changes in open field,
beam-crossing test, gait
footprint analysis inked
footprint analysis or
negative geotaxis test at
7-8 months (Melrose).

Increased mean path length
and thigmotaxis (wall
hugging) in open field at
7-8 months. No other
changes in beam-crossing,
gait footprint analysis or
negative geotaxis tests
(Melrose).

Not assessed.

Increased rearings at 6 and
12 months, total distance
at 12 months and total
move time at 12 months.
Decreased slips/step at

12 months (2010).

No changes in open field
test, beam test, and gait
stride test at 12 months.

No changes in open field or
cylinder test.

Decreased rearings at 6
and 10-12 months (Li).
Decreased rearings
(cylinder), center activity
(open field), and horizontal
activity (open field) at

20 months (Bichler) (See
Bichler for other important
negative data). Decreased
latency to fall and increased
time on pole test at

16 months (Dranka).
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Author(s), year(s)

Model (species, gene,
mutation, tag)

Background (strain)

Type of expression
system

DA neuronal loss

Locomotor/behavioral
changes

Transgenic
overexpression cDNA rat
models

1

Transgenic
overexpression BAC rat
models

1

Zhou et al., 2009, 2011

Zhou et al., 2011

Sloan et al., 2016

Sloan et al., 2016

Sloan et al., 2016

(Shaikh et al., 2015)
(Taconic — Dr. Chenjian Li)

(Walker et al., 2014; West
et al., 2014; Daher et al.,
2015; Lee et al., 2015;
Volpicelli-Daley et al., 2016)
(Taconic — Dr. Chenjian Li)

Human LRRK2 WT - HA.

Human LRRK2 G2019S -
HA.

Human LRRK2 WT — YPet.

Human LRRK2 G2019S -
YPet.

Human LRRK2 R1441C -

Ypet.

Human LRRK2 R1441G.

Human LRRK2 G2019S.

Sprague-Dawley.

Sprague-Dawley.

Sprague-Dawley.

Sprague-Dawley.

Sprague-Dawley.

Sprague-Dawley.

Sprague-Dawley.

Tet-inducible OE of human
LRRK2 WT with a
ubiquitous promoter
(TRE-miniCMV).
Tet-inducible OE of human
LRRK2 G2019S with a
ubiquitous promoter
(TRE-miniCMV).

OE of human LRRK2 WT
with BAC.

OE of human LRRK2
G2019S with BAC.

OE of human LRRK2
R1441C with BAC.

OE of human LRRK2
R1441G under BAC.

OE of human LRRK2
G2019S under BAC (MJ
Farrer Lab).

Not assessed.

No loss in SNpc and LC at
18 months (compared to
“tet-only” instead of
non-transgenic).

Not assessed.

No loss in SN at
18-21 months.

No loss in SN at
18-21 months.

No loss in SN or striatum
up to 9 months.

No changes (Daher).

Not assessed.

Increased total distance
(open field) at 18 months
using temporary expression
model (given doxycycline
until 5 months).

No changes in rotarod,
T-maze, or grip strength
test.

Decreased latency to fall at
3-6 and 18-21 months.
Decreased alternations in
T-maze at 18-21 months.

Decreased latency to fall,
decreased alternations
(T-maze) and increased gait
disturbances at

18-21 months.

No changes in forelimb
placing test, adjusting
steps test, footprint
analysis, open field test,
acoustic startle response
and Morris water maze.

Decreased latency to fall on
rotarod at 6 months. No
difference in cylinder and
beam walking test (Walker).
Postural instability at

8 months but was
recovered at 12 months.
Rearings increased at

12 months (Lee).
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Mouse LRRK2 KI
models

1

Author(s), year(s)

Giesert et al., 2017

(Steger et al., 2016) (Eli
Lilly)

(Steger et al., 2016)
(Michael J. Fox
Foundation)

lto et al., 2016

Ito et al., 2016; Zhou
etal, 2018

Model (species,
gene, mutation, tag)

Mouse LRRK2 R1441C
KI.

Mouse LRRK2 G2019S
KI.

Mouse LRRK2 A2016T
Kl (kinase inhibitor
resistant).

Mouse LRRK2 Kinase
Dead (D2017A) KI.
Mouse LRRK2

[S910A + S935A] KI.

Background (strain)

C57BL/6J
(backcrossed).

C57BL/6J.

C57BL/6NJ.

C57BL/6J
(backcrossed).
C57BL/6
(backcrossed).

DA neuronal loss

No loss in SN up to
28 months.

Not assessed.

Not assessed.

Not assessed.

Not assessed.

Locomotor/behavioral
changes

Increased time on pole
test, increased total
slips (beam test), and
increased time on
ladder test at

>24 months. Gait
analysis shows
decreased front paw
angle on CatWalk at
26 months. Reduction
in odor sensitivity and
discrimination at
24-26 months.
Decrease in time spent
swimming on forced
swim test at

8-15 months. Talil
suspension test altered
at 8 months in females
(See Giesert for
important negative
data).

Not assessed.

Not assessed.

Not assessed.

Increased latency to fall
at 40 rpm but not

50 rpm on rotarod
(Zhou).

Other notes

No synuclein or tau
pathology. R1441C Kl
line has locomotor or
behavioral symptoms
that may indicate
prodromal/early phase
of PD in humans.

Reduced astrocytes in
dorsolateral striatum at
18 months. Increased
a-synuclein in
dorsolateral striatum at
3 months.
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(Matikainen-Ankney
etal., 2016, 2018) (Eli
Lilly)

(Matikainen-Ankney
et al., 2016) (Eli Lilly)

Liuetal, 2014

Dachsel et al., 2010;
Beccano-Kelly et al.,
2014; Yue et al., 2015;
Volta et al., 2017

Mouse LRRK2 G2019S
Kl.

Mouse LRRK?2 Kinase
Dead (D2017A) KI.
Mouse LRRK2 R1441G
Kl.

Mouse LRRK2 G2019S
KI.

C57BL/6NTac.

C57BL/6NTac.

C57BL6/N

(backcrossed).

C57BL/6.

Not assessed.

Not assessed.

No loss in SNpc up to
18-22 months. No TH
cell loss in striatum at
18-22 months.

No loss in SN up to
18-20 months (Yue).

More resistant to
chronic social defeat
stress (CSDS). Altered
self-care based on
grooming time. No
difference on rotarod or
elevated plus maze test
(2018).

Not assessed.

No changes at 3 and
12 months in open
field.

Increased distance
traveled and latency to
fall at 6 months (not
seen at 12 months)
(Yue). Increased rearing
at 6 months (not seen
at 12 months) (Volta).

Increased sEPSC
frequency in dorsal striatal
SPNs at P21 (restored with
kinase inhibition). SPNs at
P21 had greater spine head
width (2016). Decreased
sEPSC amplitude in NAc
SPNs. Mice lack
CP-AMPAR at baseline and
post-CSDS. Unable to form
LTP in dorsal striatal SPNs
(2018).

No synuclein, tau or
ubiquitin pathology.
Alterations in open field and
DA uptake in response to
reserpine (depletes DA in
striatum).

Increased phospho-tau in
corpus callosum and
midbrain at 18 months.
Decrease in extracellular
DA at 12 months. Dose
dependent increase in
kinase activity. Decrease
fission/fusion of
mitochondria at 15 months
(Yue). Increased sEPSC
frequency in DIV21 cortical
cultures. Reduced synapsin
1 phosphorylatio in DIV21
cortical cultures
(Beccano-Kelly). Increased
sEPSC frequency in striatal
SPNs at 1-3 months and
increased dopamine
transmission (Volta).
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Rat LRRK2 KO
models

1

Author(s), year(s)

(Baptista et al., 2013;
Ness et al., 2013;
Daher et al., 2014;
Miklavc et al., 2014;
Arranz et al., 2015;
Boddu et al., 2015)
(MJFF Comparison
Study - Rats) (Charles
River-SAGE).

Model

LRRK2 KO by 10 bp
deletion in exon 30
resulting in premature
stop codon [rat LRRK2
(=/=).

Background (strain)

Outbred Long-Evans.

DA neuronal loss

No loss, age not
indicated (Daher).

Locomotor/behavioral
changes

LRRK2 KO rats show
increased forelimb and
hindlimb grip strength
and decreased TH+
neurons in SN (MJFF
Comparison study of
rats - data not
published caution
required).

Other notes

LRRK2 KO rats are
protective from
a-synuclein injection
(Daher). Increased body
weight (Ness). LRRK2
KO primary neurons
have slowed
clathrin-mediated
endocytosis and
decreased SVs in vitro
(Arranz).
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Transgenic
overexpression cDNA
Mouse Models

1

Author(s), year(s)

Xiong et al., 2018

Xiong et al., 2018

Weng et al., 2016

Liu et al., 2015

Liu et al., 2015

(Garcia-Miralles et al., 2015)
[Note: (Herzig et al., 2012)
developed a similar model]

(Garcia-Miralles et al., 2015)
[Note: (Herzig et al., 2012)
developed a similar model]

Model (species, gene,
WT or mutant, tag)

Human LRRK2 G2019S -
TAPR.

Human LRRK2 GS/Kinase
Dead
(G2019S + D1994A) — TAP.

Human LRRK2 R1441C -

HA.

Human LRRK2 WT - HA.

Human LRRK2 G2019S -

HA.

Human LRRK2 WT.

Human LRRK2 G2019S.

Background (strain)

C57BL/6 (backcrossed).

C57BL/6 (backcrossed).

FVB/N.

C57BL/6J.

C57BL/6J

C57BL/6.

C57BL/6.

Type of expression
system

Tet-inducible OE of human
LRRK2 G2019S with
human TH promoter
(catecholaminergic cell
specific).

Tet-inducible OE of human
LRRK2 kinase dead with
human TH promoter
(catecholaminergic cell
specific).

OE of human LRRK2
R1441C under
CMVE/(PDGF)-B promoter
(neuronal transgene
specific).

Tet-inducible OE of human
LRRK2 WT with PITX3
promoter (DA midbrain
neuron specific).
Tet-inducible OE of human
LRRK2 G2019S LRRK2
with PITX3 promoter (DA
midbrain neuron specific).
OE of human LRRK2 WT
with murine Thy1.2
promotor (neuronal
transgene specific).

OE of human LRRK2
G2019S with murine
Thy1.2 promoter (neuronal
transgene specific).

DA neuronal loss

Loss at 15 months in SNpc
and 24 months in LC.

No loss in SNpc or LC up
to 25 months.

Loss in SNpc at 16 months.
No neuronal loss in striatum
up to 16 months.

No loss in SNpc or VTA up
to 20 months.

No loss in SNpc or VTA up
to 20 months.

No loss in SNpc up to
12-13 months (limited
expression in SNpc).

No loss in SNpc up to
12-13 months (limited
expression in SNpc).

Locomotor/behavioral
changes

Decreased stride length
and increased descending
time on the pole test at

24 months. Normal rotarod
and open field.

No changes on rotarod,
open-field, pole test, and
gait analysis.

Decreased velocity,
distance moved and
rearings starting at
16 months.

No changes in open field,
rotarod, and gait analysis
up to 18 months.

No changes in gait analysis,
rotarod, fine movement and
horizontal/vertical
movement.

Not assessed.

Not assessed.
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Ramonet et al., 2011

Ramonet et al., 2011

Ramonet et al., 2011; Lim
etal., 2018

Lin et al., 2009

Wang L. et al., 2008; Lin
et al., 2009

Lin et al., 2009

Human LRRKZ W,

Human LRRK2 R1441C.

Human LRRK2 G2019S.

Human LRRK2 WT — HA.

Human LRRK2 G2019S -
HA.

Human LRRK?2 kinase
domain deletion — HA.

Co57BL/6d (backcrossed).

C57BL/6J (backcrossed).

C57BL/6J (backcrossed).

C57BL/6J.

C57BL/6J.

C57BL/6J.

Ot of human LRRK2 WT
with CMVE/human
(PDGF)-B promoter
(neuronal transgene
specific).

OE of human LRRK2
R1441C with CMVE/human
(PDGF)-B promoter
(neuronal transgene
specific).

OE of human LRRK2
G2019S with CMVE/human
(PDGF)-B promoter
(neuronal transgene
specific).

Tet-inducible OE of human
LRRK2 WT with CaMKII
promoter (neuron specific).
Tet-inducible OE of human
LRRK2 G2019S with
CaMKIl promoter (neuron
specific).

Tet-inducible OE of human
LRRK2 kinase domain
deletion with CaMKIl
promoter (neuron specific).

Not assessed (limited
expression in SNpc).

Not assessed (limited
expression in SNpc).

Loss in SNpc at

19-20 months (17-18%).
No loss in VTA at

19-21 months (Ramonet).

Not assessed.

Not assessed in SNpc
(limited expression). No
neuronal loss in striatum or
cortex up to 20 months
(Lin).

Not assessed.

Not assessed.

Decreased horizontal and
vertical activity measured
by beam breaks at

15 months.

No changes in open field,
beam test or acoustic
startle response up to

15 months (Ramonet).
Decreased latency to fall
time on rotarod at

65-83 weeks and
Increased
anxiety/depression
43-52 weeks (Lim).

No changes in beam
breaks and latency to fall
up to 6 months (Lin).
Increased beam breaks at
12 and 18 months.
Rearings normal up to
18 months (Lin).

Not assessed.
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Ramonet et al., 2011

Ramonet et al., 2011

Ramonet et al., 2011; Lim
etal., 2018

Lin et al., 2009

Wang L. et al., 2008; Lin
et al., 2009

Lin et al., 2009

Human LRRK2 WT.

Human LRRK2 R1441C.

Human LRRK2 G2019S.

Human LRRK2 WT — HA.

Human LRRK2 G2019S -
HA.

Human LRRK?2 kinase
domain deletion — HA.

C57BL/6J (backcrossed).

C57BL/6J (backcrossed).

C57BL/6J (backcrossed).

C57BL/6J.

C57BL/6J.

C57BL/6J.

OE of human LRRK2 WT
with CMVE/human
(PDGF)-B promoter
(neuronal transgene
specific).

OE of human LRRK2
R1441C with CMVE/human
(PDGF)-B promoter
(neuronal transgene
specific).

OE of human LRRK2
G2019S with CMVE/human
(PDGF)-B promoter
(neuronal transgene
specific).

Tet-inducible OE of human
LRRK2 WT with CaMKII
promoter (neuron specific).
Tet-inducible OE of human
LRRK2 G2019S with
CaMKIl promoter (neuron
specific).

Tet-inducible OE of human
LRRK2 kinase domain
deletion with CaMKIl
promoter (neuron specific).

Not assessed (limited
expression in SNpc).

Not assessed (limited
expression in SNpc).

Loss in SNpc at

19-20 months (17-18%).
No loss in VTA at

19-21 months (Ramonet).

Not assessed.

Not assessed in SNpc
(limited expression). No
neuronal loss in striatum or
cortex up to 20 months
(Lin).

Not assessed.

Not assessed.

Decreased horizontal and
vertical activity measured
by beam breaks at

15 months.

No changes in open field,
beam test or acoustic
startle response up to

15 months (Ramonet).
Decreased latency to fall
time on rotarod at

65-83 weeks and
Increased
anxiety/depression
43-52 weeks (Lim).

No changes in beam
breaks and latency to fall
up to 6 months (Lin).
Increased beam breaks at
12 and 18 months.
Rearings normal up to
18 months (Lin).

Not assessed.
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Tong et al., 2010a,
2012

Andres-Mateos et al.,
2009

Lin et al., 2009;
Parisiadou et al., 2009

LRRK2 KO by deletion
of promoter and exon 1
[mouse LRRK2 (—/-)].

LRRK2 KO by partial
deletion of exon 39,
complete deletion of
exon 40 and insertion
of premature stop
codon [mouse LRRK2
(=/=).

LRRK2 KO by deletion
of exon 2 resulting in
premature stop codon
in exon 3 [mouse
LRRK2 (—/—-)].

C57BL/6J and 129
hybrid.

C57BL/6.

C57BL/6J.

No loss up to
24 months.

No loss in SN up to
18-22 months.

No obvious
degeneration (not
directly assessed).

Not assessed.

Not assessed.

No changes in open
field and rotarod (Lin).

Smaller size, increased
synuclein aggregation,
increased p62,
increased LC3-,
decreased LC3-Il, and
increased apoptosis in
the kidneys at

20 months (Tong et al.,
2010a). Increased
weight (kidney/body
weight) and size of
kidney at 1, 4, and

7 months. Decreased
HMW a-synuclein,
decreased LC3-1, and
decreased p62 at

7 months. Increased
kidney injury
molecule-1 and
cathepsins (Tong et al.,
2012).

Lack of sensitivity to
MPTP.

Protection against
a-synuclein aggregation
in the striatum (Lin).
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Type

Pg/ml
Call

Cal2
Cal3
Cal4
Cals
Calé

average
stdev
CV%
Bias%

STD

7.51

5.30
5.43

4.28
8.17

6.14
1.63
26.62
22.71

Lac

7.5
9.08

9.59
6.36
11.12
7.93
8.61

8.78
1.60
18.22
17.08

STD

10
10.09

11.10
7.54
9.90
9.14
11.45

9.87

1.42
14.37
—1.30

STD

18.86

18.16
19.08
17.20
18.91
17.65

18.29
0.79
4.29

—8.54

MQcC

40
32.61

31.92
36.54
33.21
40.26
35.05

34.93
3.11
8.91

—12.67

STD

50
49.73

50.40
53.18
44.42
51.19
47.80

49.45
3.03
6.13

—1.09

STD

100
97.40

100.04
100.73
102.87
103.24
98.76

100.51
2.28
2.27
0.51

HQC

150
164.30

184.09
142.80
157.01
148.47
138.01

164.12
16.29
10.57

2.74

STD

200
201.41

209.08
199.04
200.11
198.26
201.26

201.53
3.90
1.93
0.76

EQC

15.54
17.77
16.53
20.05

17.47
1.94
11.12
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group Adjusted LRRK2 95% Confidence p-values (a)
mean value Interval

PD-LRRK2— 32.28 (21.74, 42.83)

PD-LRRK2+ 42.57 (82.20, 52.94)

PD+LRRK2— 30.70 (20.97, 40.42)

PD+LRRK2+ 65.10 (50.20, 80.00) p <0.01 (vs
PD+LRRK2—);
p < 0.01 (vs
PD-LRRK2—)

Bonferroni post hoc analysis for multiple comparisons with a 95% confidence
interval adjustment is shown.
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Antibody Sample

MJFF1 (c5-8)
MJFF2 (c41-2)
MJFF3 (c69-6)
MJFF4 (c81-8)
MJFF5 (c68-7)
SIG-39840

N241A/34
N231B/34

ubD3

8G10
N138/6

Species

Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Mouse

Mouse
Mouse

Rabbit

Mouse
Mouse

LRRK2 Part

C-terminal (9702527 aa)
970-2527 aa)
970-2527 aa)
970-2527 aa)
970-2527 aa)

970-2527 aa)

C-terminal
C-terminal
C-terminal
C-terminal

C-terminal

C-terminal (970-2527 aa)
C-terminal (970-2527 aa)

N-terminal (1-555 aa)

N-terminal (1-555 aa)
N-terminal (1-555 aa)

Spot Intensities
High

High to very high
High
High
High

High to very high

High
Very weak

Very high

High
Moderate

Reprinted with permission from the Michael J Fox Foundation for Parkinson’s disease research.

Main Epitope

LDLSANELRDI
LSANELRDI
LDLSANELRDID
SANELRDID
LSANELRDI
FPNEF

EGDLLVNPDQ
LKFPNEFD

HEKI

DEDGHFP
LNNVQEGKQI

Observations

None

None

None

None

None

Remarkable cross-reaction with
peptides with the motifs FAGREEF
and DELEF

None

Higher intensities with anti-rabbit
Ab; cross-reaction with N-terminal
motif DEDGHFP

Short consensus motif;
cross-reaction with peptides with
motif FENILVLNEVHEFV

None

None
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A2 Sequence # PSMs # Proteins # Protein groups Protein group accessions Area Charge RT[min] #Missed cleavages

High  KAEEGDLLVNPDQPR 4 1 1 Q58007 2.681E8 4 11.97 1
High  AEEGDLLVNPDQPR 2 1 1 Q58007 3.270E7 2 12.48 0






OPS/images/fnins-14-00526/fnins-14-00526-g003.jpg
CSF
-RIPA

e
oKk
©c o © © © © © o
N~ ({e] [ To) < ™ N -
o0 (lw/bd) Z2y¥YT
_I_L_ - ¥
| \00
o%o -ov\oo
*_ -o\oo
Vo,
- b
©c o o o © o o
({o] 0 < ™ N L ol
< (Jw/Bd) ZUNYT






OPS/images/fnins-14-00526/fnins-14-00526-g004.jpg
LRRK2

Hemoglobin

<

© ©o © © o o o

o o o o o o

ﬂ w o0 (L] < N
(Jw/Bd) ZMHHT

ALQ

25000+
0000
15000 -
0000
5000+

-

N
(jwy/Bu) uigojbowaH





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fnins-14-00527/fnins-14-00527-t003.jpg
Mutation ~ Familial/in vitro Cell type/in 910 935 955 Others
mutation vitro assay
KI1906A  Invitro mutation  HEK293T Similar to WT Similar to WT Similar to WT No pThr1357/1491/1503
(o et al,, 2014) (o etal, 2014) (o etal, 2014) (o etal, 2014)
K1906M  Invitro mutation  HEK293T Similar to WT Similar to WT Similar to WT No pThri357/1491/1503
(o et al., 2014) (itoetal., 2014) (toetal., 2014) (itoetal., 2014)
D1994A  Invitro mutation  HEK293T Strong reduction Strong reduction Strong reduction No pThr1357/1491/1503
(o et al., 2014) (itoetal., 2014) (toetal., 2014) (itoetal., 2014)
D1994N  Invitro mutation  HEK293T Strong reduction Strong reduction Strong reduction No pThr1357/1491/1503
(o etal., 2014) (o et al, 2014) (o et al, 2014) (o et al, 2014)
D2017A  Invitro mutation  HEK293T Slight redluction No change No change No pThri357/1491/1503
(o et al., 2014) (itoetal., 2014) (toetal., 2014) (itoetal., 2014)
S2082A  Invitro mutation  HEK293T No change No change No change No information
(toetal., 2014) (o etal., 2014) (toetal., 2014)
T2085A  Invitro mutation  HEK293T No change No change No change No pThr1357/1491/1503
(toetal., 2014) (toetal., 2014) (toetal.,, 2014) (itoetal., 2014)
120207 Invitro mutation  HEK293T Strong reduction Strong reduction Strong reduction Increased $1292
(Doggett et al,, 2012) (Doggett et al,, 2012) (Doggett et al,, 2012) (Kuss et al., 2018)
G2019S  Invitro mutation  HEK293T No change No change No change Increased pT1491
(o et al,, 2014) (o etal, 2014) (o etal, 2014) (o etal, 2014)
T2081S  Invitro mutation  HEK293T No change No change No change Increased P32 incorporation
(to et al, 2014) (toetal., 2014) (toetal., 2014) compared to WT
(Nichols et al., 2010)
Y2018F  Invitro mutation  Notestincel  No change No change No change No phosphorylation of T1491
line, invitro (Schmidt et al., 2019) (Schmidt et al., 2019) (Schmidt et al., 2019) (Schmidt et al., 2019)
assay
A2016T  Invitro mutation  HEK293T Strong reduction Strong reduction Strong reduction No information
(toetal, 2014) (o etal., 2014) (toetal, 2014)

Mutation presented in this table affect the phosphorylation of LRRK2. Their location and phosphorylation changes expressed in a particular cell type are presented and changes in
phosphorylation are presented for Serine 910, 935, 955, and others.
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Mutant

S910A

S935A

SO55A

S973A

S910A/935A

$910/8935/5956/S973A

S908A/S910A/SI35A/S95
5A/S973A/SIT6A

S908E/S910E/S935E/S96
5E/SQ73E/SI76E

S1292A

Thri343A

Thr1343A/1348A
Thr1348A

Thr1348D
Thr1349A

Thr1349D
Thri357A

Thr1357D
S1403A

Thr1404A
Thr1410D
Thr1410A

Thr1452A
Thr1491A

Thr1503A

Thr1503D

Thr2031A

Thr2031D
Thr2031E
S2032A

$2032D
S2032E

Thr2031A/Thr2032A
Thr2035A

Thr2035D
Thr2035E

Thr2131A/S2032A
S2031A/Thr2035A
S2032A/Thr2035A
Thr2031A/S2032A/Thr2036A
Thr2483A

Phenotypic effect

Induces the accumulation of LRRKZ in the cytoplasm of HEK298 cells with no change when treatment with inhibitor (puncta microtubules.
like structures) (Doggett et al,, 2012)
Results in loss of 14-3-3 interaction (Doggett et al., 2012)

Induces the accumulation of LRRK2 in the cytoplasm of HEK293 cells with no change when treatment with inhibitor (puncta microtubules
like structures) (Doggett et al., 2012)

Results in loss of 14-3-8 interaction (Doggett et al., 2012)

‘The phosphorylation at T1508 does not decrease after transfection of 14-3-3 (Lavalley et al., 2016)

Localization is comparable to wild-type LRRIK2 and presents the same pattern as WT when treated with LRRK2-IN1 (Doggett et al., 2012)
No change of the kinase activity (P32 incorporation) (Reynolds et al., 2014)

Localization is comparable to wild-type LRRK2 and presents the same pattern as WT when treated with LRRK2-IN1 (Doggett et al., 2012)
No change of the kinase activity (Reynolds et al., 2014)

Induces the accumulation of LRRK2 in the cytoplasm of HEK293T. When treated with LRRK2-IN1, same patter as LRRK2 WT treated
with LRRK2-IN1 (Doggett et al., 2012)

Results in loss of 14-3-3 interaction (Doggett et al., 2012)

Does not increase the basal ubiquitination of LRRK2 (Zhao et al., 2015)

No change of the kinase activity (P32 incorporation) (Reynolds et al., 2014)

Trend to increased kinase activity (pSer1292 p = 0.066; pThr1491 p = 0.097; pThr2483 p = 0.05) (Reynolds et al., 2014)
LRRK2 s stil capable of destabilization after kinase inhibitor treatment (MLi-2 or PF-06447475) (De Wit et al., 2019)

LRRK2 is still capable of destabilization after kinase inhibitor treatment (MLi-2 or PF-06447475) (De Wit et al., 2019)

Reduced the percentage of cell with enlarged lysosomes (Henry et al., 2015)

Reduced the effect of LRRK2 mutant on neurite growth of rats’ cortical neurons (Sheng et al., 2012)
Does not increase the basal ubiquitination of LRRK2 (Zhao et al., 2015)

No change of the kinase activity (P32 incorporation) (Reynolds et al., 2014)

Strong reduction of kinase activity (P32 incorporation) (Greggio et al., 2009)
Decreased protein expression, suggesting destabilization of LRRK2 (Webber et al., 2011)

No enzymatic activity (Liu et al., 2016)

Mutant presents a strong reduction of GTP binding and strong reduction of kinase activity (P32 incorporation) (Kamikaweii et al., 2013)
Strong redluction of kinase activity (P32 incorporation) (Greggio et al., 2009)
Decreased protein expression, suggesting destabilization of LRRK2 (Webber et al., 2011)

Mutant presents a strong reduction of GTP binding and strong reduction of kinase activity (P32 incorporation) (Kamikawji et al., 2013)
No change of GTP binding and kinase activity compared to WT (Kamikawaji et l., 2013)

No increase kinase activity compared to WT LRRK2 (P32 incorporation) (Greggio et al., 2009)

Reduced GTP binding and LRRK2 kinase activity (Kamikawaji et al., 2013)

Mutant shows a decreased kinase activity (Liu et al., 2016)
Mutant shows a decreased kinase activity and GTP binding (Kamikawali et al., 2013).

Mutant shows a decreased kinase activity and GTP binding (Kamikawai et al., 2013)
Increase of the kinase activity (P32 incorporation) (Greggio et al., 2009)

No phosphorylation of Thr1491 autophosphorylation site (Karmikawaii et al., 2009)
Increase of the kinase actiity (P32 incorporation) (Greggio et al., 2009)

Minor effect on the dimer formation compared to wid type (Pungaliya et ., 2010)

No effect on dimer formation, and no effect on kinase activity on exogenous substrate. Reduction of GTPase activity without a reduction
of binding to GTP (Pungaliya et al., 2010)

Increase of the kinase actiity (P32 incorporation) (Greggio et al., 2009)

No phosphorylation of Thr1491 autophosphorylation site (Karmikawaii et al., 2009)

Trend to decrease the kinase activity (P32 incorporation) (Greggio et al., 2009)

No change of the kinase activity compared to WT (P32 incorporation) (Greggio et al., 2009)
No change of the kinase activity (P32 incorporation) (Reynolds et al., 2014)

Mutations led to decrease the proportion of LRRK2 bound to GTP and decrease the kinase activity (Webber et al., 2011)
Slight increase of the kinase activity (P32 incorporation) (Greggio et al., 2009)

Mutations led to decrease the proportion of LRRK2 bound to GTP, similarly to Thr1503A, without changing the kinase activity compared
to WT LRRK2 (Webber et al., 2011).

No effect on LRRK2 kinase activity, and o effect on LRRK2 toxcity (Li et al., 2010)
No effect on LRRK2 kinase activity (Greggio et al., 2008)

No effect on LRRK2 kinase activity, and no effect on LRRK2 toxicity (Li et al., 2010)
No effect on LRRK2 kinase activity, and no effect on LRRK2 toxicity (Li et al., 2010)

Reduced kinase activity (P32 incorporation) (1o et al., 2014)
Reduced kinase activity (P32 incorporation), and no effect on LRRK2 cytotoxicity (Li et al., 2010)
Reduced kinase activity (P32 incorporation) (Greggio et al., 2008)

No effect on LRRKZ toxicity (Li et al., 2010)

No effect on LRRK2 toxicity (Li et al., 2010)
No effect on kinase activity (P32 incorporation) (Greggio et al., 2008)

Modest cytotoxicity compared to pcDNA control (Li et al., 2010)

Reduced kinase activity (P32 incorporation) and slightly rescued LRRK2 cytotoxicity (Li et al., 2010)
Reduced kinase activity (P32 incorporation) (Greggio et al., 2008)

Reduced kinase activity (P32 incorporation) and slightly rescued LRRK2 oytotoxicity (Li et al., 2010)

Reduced kinase activity (P32 incorporation) and slightly rescued LRRK2 cytotoxiaity (Li et al., 2010)
Reduced kinase activity (P32 incorporation) (Greggio et al., 2008)

Reduced modestly the LRRK2 toxicity (Li et al., 2010)

Reduced kinase activity (P32 incorporation) and rescued LRRK2-induced toxicity (Li et al., 2010)
Reduced kinase activity (P32 incorporation) and rescued LRRK2-induced toxicity (Li et al., 2010)
Reduces kinase activity (P32 incorporation) and completely attenuates cytotoxicity (Li et al., 2010)
No change of the kinase activity (P32 incorporation) (Reynolds et al., 2014)

List of LRRK2 phosphomutants followed by the description of the cellular phenotype associated to the phosphomutant. P32 incorporation is used here as in vitro

autophosphorylation assay.
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3 (Serine)

5 (Seine)

424 (Threonine)
524 (threonine)
776 (Threonine)
826 (Threonine)

833 (Threonine)

838 (Threonine)

850 (Serine)

858 (Serine)

860 (Serine)

865 (Serine)

895 (Serine)

898 (Serine)

908 (Serine)

910 (Serine)

912 (Serine)

926 (Serine)

933 (Serine)

935 (Serine)

954 (Serine)

955 (Serine)

958 (Serine)

962 (Serine)

971 (Serine)

973 (Serine)

975 (Serine)

976 (Serine)

979 (Serine)

1024 (Threonine)
1025 (Serine)
1124 (Serine)

1253 (Serine)

1283 (Serine)

1292 (Serine)

1332 (Tyrosine)

1343 (Threonine)

1345 (Serine)

1348 (Threonine)

1349 (Threonine)

1357 (Threonine)

1368 (Threonine)

1402 (Tyrosine)

1408 (Serine)

1404 (Threonine)

1410 (Threonine)

1443 (Serine)

1444 (Serine)

1445 (Serine)

1452 (Threonine)

1457 (Serine)

1467 (Serine)

1470 (threonine)

1485 (Tyrosine)

1491 (Threonine)

1508 (Threonine)

1508 (Serine)

1536 (Serine)

1612 (Threonine)

1627 (Serine)

1647 (Serine)

1849 (Threonine)

1853 (Serine)

1912 (Threonine)

1918 (Serine)

1967 (Threonine)

1969 (Threonine)

2031 (Threonine)

2032 (Serine)

2085 (Threonine)

2166 (Serine)

2057 (Serine)

2483 (Threonine)

2524 (Threonine)

Number of paper

1 (Gloeckner et al., 2010)

1 (Gloeckner et al., 2010)

1 (Gloeckner et al., 2010)

1 (Gloeckner et al., 2010)

1 (Gloeckner et al., 2010)

1 (Gloeckner et al., 2010)

2 (Gloeckner etal., 2010;
Muda et al., 2014)

1 (Gloeckner et al., 2010)

2 (Gloeckner et al., 2010;
Muda et al., 2014)

2 (Gloeckner et al., 2010;
Muda et al., 2014)

3 (Gloeckner et al., 2010;
Nichols et al., 2010; Muda
etal, 2014)

1 (Gloeckner et al., 2010)

1 (Gloeckner et al., 2010)

1 (Gloeckner et al., 2010)

2 (Gloeckner et al., 2010;
Muda et al., 2014)

More than 5 (Nichols et al.,
2010; Sheng et al., 2012;
Muda et al., 2014)

2 (Gloeckner et al., 2010; Li
etal, 2011)

1 (Gloeckner et al., 2010)
2 (Gloeckner et al., 2010;

Muda et al., 2014)

More than 5 (Gloeckner et al.,
2010; Muda et al., 2014)

2 (Gloeckner et al., 2010;
Muda et al., 2014)

More than 5 (Gloeckner et al.,
2010; Muda et al., 2014)

2 (Gloeckner et al., 2010;
Muda et al., 2014)

1 (Muda et al., 2014)

2 (Gloeckner et al., 2010;
Muda et al., 2014)

More than 5 (Gloeckner et al.,
2010; Muda et al., 2014)

1 (Gloeckner et al., 2010)

More than 5 (Nichols et al.,
2010; Doggett et al., 2012;
Muda et al., 2014)

2 (Gloeckner et al., 2010;
Muda et al., 2014)

1 (Greggio et al., 2009)
1 (Greggio et al., 2009)
1 (Gloeckner et al., 2010)

1 (Pungaliya et al,, 2010)

1 (Pungaliya et al,, 2010)

More than 5 (Sheng et al.,
2012; Reynolds et al., 2014;
Melachroinou et al., 2016;
Purlyte et al,, 2018)

1 (Pungaliya et al,, 2010)

More than 5 (Greggio et al.,
2009; Gloeckner et al., 2010;
Pungaliya et al., 2010;
Webber et al., 2011; Sheng
etal, 2012; Law et al., 2014)

3 (Greggio et al., 2000;
Gloeckner et al,, 2010;
Pungaliya et al,, 2010)

More than 5 (Greggio et al.,
2009; Gloeckner et al., 2010;
Taymans et al., 2011; Webber
etal, 2011; Sheng et al.,
2012)

1 (Greggio et al., 2009)

3 (Pungaliya et al,, 2010;
Webber et al., 2011; Sheng
etal, 2012)

4 (Gloeckner et al., 2010;
Pungaliya et al., 2010;
Webber et al., 2011; Sheng
etal, 2012)

1 (Pungaliya et al., 2010)

3 (Greggio et al., 200;
Kamikawaii et al., 2009;
Pungaliya et al,, 2010)

3 (Greggio et al., 2009;
Kamikawaji et ., 2009;
Pungaliya et al., 2010)

More than 5 (Pungalya et al.,
2010; lto et al., 2014; Mamais
etal., 2014; Melachroinou
etal, 2016)

2 (Pungaliya et al., 2010;
Muda et al., 2014)

2 (Pungaliya et al., 2010;
Muda et al., 2014)

1 (Pungaliya et al., 2010)

3 (Greggio et al., 2009;
Gloeckner et al., 2010;
Pungaliya et al., 2010)

1 (Pungaliya et al., 2010)

1 (Pungaliya et al., 2010)

1 (Pungalya et al., 2010)

1 (Pungalya et al., 2010)

More than 5 (Greggio et al.,
2009; Kamikawaji et al., 2009;
Gloeckner et al,, 2010;
Pungaliya et al., 2010;
Webber et al., 2011; Doggett
etal, 2012; lto et al., 2014;
Law et al., 2014; Reynolds
etal, 2014)

More than 5 (Greggio et al.,
2009; Gloeckner et al., 2010;
Pungaliya et al., 2010;
Webber et al., 2011; Doggett
etal, 2012; lto et al,, 2014;
Liu et al., 2014; Reynolds
etal, 2014)

1 (Pungaliya et al., 2010)

1 (Pungaliya et al,, 2010)

1 (Pungaliya et al., 2010)

1 (Shu etal,, 2016)

1 (Pungaliya et al., 2010)

2 (Pungaliya et al., 2010;
Muda et al., 2014)

1 (Pungaliya et al., 2010)

1 (Pungaliya et al., 2010)

1 (Pungaliya et al., 2010)

2 (Kamikawaij et al., 2009;
Pungaliya et al., 2010)

2 (Kamikawaji et al., 2009;
Pungaliya et al., 2010)

More than 5 (Greggio et al.,
2009; Lietal,, 2010;
Pungaliya et al., 2010;
Doggett et al., 2012; lto et al.,
2014)

More than 5 (Greggio et al.,
2008, 2009; Li et al., 2010,
2015; Pungaliya et al., 2010;
Ito et al,, 2014)

More than 5 (Greggio et al.,
2008; Li et al., 2010;
Pungaliya et al., 2010; lto
etal., 2014)

1 (Muda et al., 2014)

1 (Pungaliya et al., 2010)

1 (Gloeckner et al,, 2010)

1 (Pungaliya et al., 2010)

Techniques

In vitro autokinase assay followed by
mass spectrometric analysis
In vitro autokinase assay followed by
mass spectrometric analysis

Invitro autokinase assay followed by
mass spectrometric analysis

Invitro autokinase assay followed by
mass spectrometric analysis

In vitro autokinase assay followed by
mass spectrometric analysis

Invitro autokinase assay followed by
mass spectrometric analysis

Invitro autokinase assay followed by
mass spectrometric in vitro analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
Invitro autokinase assay followed by
mass spectrometric analysis

In vitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis

Invitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
In vitro autokinase assay followed by
mass spectrometric analysis

Purified LRRK2 from mammalian cell
culture followed by mass spectrometer
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis

Inviro autokinase assay followed by
mass spectrometric analysis

Invitro autokinase assay followed by
mass spectrometric analysis
In vitro autokinase assay followed by
mass spectrometric analysis

In vitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
Purified LRRK2 from mammalian cell
culture followed by mass spectrometer

Invitro autokinase assay followed by
mass spectrometric analysis
Affinity purification and mass
spectrometric analysis from mouse brain

In vitro autokinase assay followed by
mass spectrometric analysis

In vitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis

Purified LRRK2 from mammalian cell
culture followed by mass spectrometer

In vitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
In vitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis

Invitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis

Invitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
In vitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
In vitro autokinase assay followed by
mass spectrometric analysis

In vitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
In vitro autokinase assay followed by
mass spectrometric analysis
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis

Tandem MS/MS on phospho-purified
proteins

Tandem MS/MS on phospho-purified
proteins

In vitro autokinase assay followed by
mass spectrometric analysis

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Invitro autokinase assay followed by
mass spectrometric analysis

LRRK2 G2019S assayed for
‘autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

In vitro autokinase assay followed by
mass spectrometric analysis

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Tandem MS/MS on phospho-purified
proteins

In vitro autokinase assay followed by
mass spectrometric analysis

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Tandem MS/MS on phospho-purified
proteins

Invitro autokinase assay followed by
mass spectrometric analysis

Tandem MS/MS on phospho-purified
proteins.

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Purified LRRK2 followed by a LTQ
Orbitrap XL mass spectrometer analysis
Recombinant LRRK2 protein purified
from HEK298FT analyzed by LTQ-FTICR
LC-MS system

Invitro autokinase assay followed by
mass spectrometric analysis

LRAK2 G2019S assayed for
autophosphorytation followed by
analysis by LC-MS/MS

Purified LRRK2 followed by an LTQ
Orbitrap XL mass spectrometer analysis
Recombinant LRRK2 protein purified
from HEK298FT analyzed by LTQ-FTICR
LC-MS system

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS
GST-AN-LRRK2 purified from S19
followed by a MALDI-TOF/MS Analysis
Tandem MS/MS on phospho-purified
proteins

LRRK2 G2019S assayed for
autophosphorytation followed by
analysis by LC-MS/MS
GST-AN-LRRK2 purified from Sf0
followed by a MALDI-TOF/MS Analysis
Tandem MS/MS on phospho-purified
proteins

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
LRRK2 G2019S assayed for
autophosphorytation followed by
analysis by LC-MS/MS

In vitro autokinase assay followed by
mass spectrometric analysis

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Tandem MS/MS on phospho-purified
proteins

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
autophosphorytation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Tandem MS/MS on phospho-purified
proteins

Invitro autokinase assay followed by
mass spectrometric analysis

Tandem MS/MS on phospho-purified
proteins

In vitro autokinase assay followed by
mass spectrometric analysis

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G20195S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Use of 1627 phosphomutant and
incorporation of 2P ATP

LRRK2 G20195S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G20195S assayed for
autophosphorylation followed by
analysis by LC-MS/MS
Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G20195S assayed for
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LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
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analysis by LC-MS/MS
GST-AN-LRRK2 purified from S0
followed by a MALDI-TOF/MS Analysis
LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS
GST-AN-LRRK2 purified from S0
followed by a MALDI-TOF/MS Analysis
Tandem MS/MS on phospho-purified
proteins

LRRK2 G20195S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Tandem MS/MS on phospho-purified
proteins

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Phosphopeptide enrichment by PKA
followed by mass spectrometric analysis
LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Invitro autokinase assay followed by
mass spectrometric analysis

LRRK2 G2019S assayed for
autophosphorylation followed by
analysis by LC-MS/MS

Auto/heterologous
phosphorylation site

Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Gloeckner et al., 2010)
PKA phosphorylation
(Muda et al., 2014)
Autophosphorylation
(Gloeckner et al., 2010)
Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal., 2010)

Constitutive (Gloeckner
etal, 2010)

Constitutive (Gloeckner
etal., 2010)
Constitutive (Gloeckner
etal, 2010)
Constitutive (Gloeckner
etal., 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

From mice brains (Li et al.,
2011)

Constitutive (Gloeckner
etal., 2010)
Constitutive (Gloeckner
etal., 2010)

PKA phosphorylation
(Muda et al., 2014)

Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)
Constitutive (Gloeckner
etal, 2010)

PKA phosphorylation
(Muda et al., 2014)

Potential phosphosite
(Greggio et al., 2009)
Potential phosphosite
(Greggio et al., 2009)
Autophosphorylation
(Gloeckner et al., 2010)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Pungalya et al., 2010)

Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation

(Pungaliya et al., 2010)

Autophosphorylation
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Autophosphorylation
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(Pungaliya et al., 2010)
Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
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Autophosphorylation
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Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
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Potential Phosphosite
(Greggio et al., 2009)

Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Pungaliya et al., 2010)
Autophosphorylation
(Kamikawaji et al., 2009)
Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
(Pungaliya et al., 2010)
Autophosphorylation
(Kamikawaji et al., 2009)
Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Pungaliya et al., 2010)
Autophosphorylation
(Kamikawaii et al., 2009)
Potential Phosphosite
(Greggio et l., 2009)
Autophosphorylation
(Pungaliya et al., 2010)
PKA phosphorylation
(Muda et al., 2014)

PKA phosphorylation
(Muda et al., 2014)
Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorytation
(Pungalya et al., 2010)
Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Pungaliya et al., 2010)
Autophosphorylation
(Kamikawaji et al., 2009)
Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation
(Pungaliya et al., 2010)
Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorytation
(Pungalya et al., 2010)

CdKs phosphorylation
(Shu et al., 2016)

Autophosphorytation
(Pungaliya et al, 2010)

Autophosphorylation
(Pungaliya et al., 2010)

Autophosphorytation
(Pungaliya et al., 2010)

Autophosphorytation
(Pungalya et al, 2010)

Autophosphorytation
(Pungaliya et al., 2010)

Autophosphorylation
(Pungaliya et al., 2010)
Autophosphorylation
(Kamikawaji et al., 2009)

Autophosphorytation
(Pungaliya et al., 2010)
Autophosphorytation
(Kamikawaji et al,, 2009)

Autophosphorytation
(Pungaliya et al., 2010)
Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
(Pungalya et al., 2010)
Potential Phosphosite
(Greggio et al., 2009)

Autophosphorylation
(Pungaliya et al., 2010)

PKA phosphorylation
(Muda et al., 2014)
Autophosphorylation
(Pungalya et al., 2010)

Autophosphorylation
(Gloeckner et al., 2010)
Autophosphorylation

(Pungaliya et al., 2010)

Phospho Ab

No

No

No

No

No

No

No

No

No

No

No

No

No

No

Yes
Clone
uDD1 15(3)

No

No

No

Yes
Clone
UDD2 10(12)

No

Yes
Clone
MJF-R11 (75-1)

No

No

No

Yes
Clone
MIF-R12 (37-1)

No

No

No

No

No

No

No

Yes
Clone
MJFR-19-7-8

No

No

No

No

Yes developed
by Kamikawaji
etal. (2013)

No

No

No

No

Yes
MJFR4-25-5

No

No

No

No

No

No

Yes
MJFR5-88-3

Yes
Clone
MJUF-R6 (227-10)

No

No

No

No

No

No

No

No

Yes, developed
in Li et al. (2010)

Yes, developed
inLietal (2010)

Yes, developed
inLietal. (2010)

No

No

Yes
MUF-R8(21-2¢)
No

Effect

No effect described
No effect described
No effect described
No effect described
No effect described
No effect described

No effect described

No effect described

No effect described

No effect described

Phosphorylated by PKA
(Muda et al., 2014)

No effect described
No effect described
No effect described

No effect described

Many descriptions of this site,
see description in text

No effect described

No effect described

No effect described

Many descriptions of this site,
see description in text

No effect described

Many descriptions of this site,
see description in text

No effect described

No effect described

No effect described

Many descriptions of this site,
see description in text

No effect described

Many descriptions of this site,
see description in text

No effect described

No effect described
No effect described
No effect described

No effect described

No effect described

Many descriptions of this site,
see description in text

No effect described

Molecular association,
regulation. Mutant T1343G do
not change the kinase activty
(Deng et al., 2008)

No effect described

Mutant T1348N presents a
strong reduction of GTPases
activity (Ito et al., 2007;
Taymans et al., 2011) Mutant
T1348A and T1348D present
astrong reduction of GTP
binding and strong reduction
of autophosphorylation
(Kamikawai et al., 2013)
Mutant T1349D but not
T1349A presents a strong
redluction of GTP binding and
strong redution of
autophosphorylation
(Kamikawaji et al., 2013)
T1857A mutant shows a
decreased kinase activity (Liu
etal., 2016) T1357A and
T1357D show a decreased
Kinase activity and GTP
binding (Kamikawaji et al.,
2013)

No effect described

No effect described

No effect described

No effect described

Mutant T1410M presents a
higher Kinase activity and it is
proapoptotic (Refai et al.,
2015)

Phosphorylated by PKA
(Beilina et al., 2014)

Phosphorylated by PKA
(Beina et al., 2014)

No effect described

No effect described

No effect described

No effect described

No effect described

No effect described

Behave the same way as
$1202 (Reynolds et al., 2014)

Phosphorylation on this site
decreases after transfection of
14-3-3; this phenomenon is
not found with the
phosphomutant S935A
(Lavalley et al., 2016). TI503A
mutant results in a greatly
decreased GTP-binding and
Kinase activity; T1503D
redluces only the GTP binding
(Webber et al., 2011)

No effect described

No effect described

No effect described

Phosphorylation of $1627 by
Cdk5 could activate the
LRRK2 kinase (Shu et al.,
2016)

No effect described

Phosphorylated by PKA
(Muda et al., 2014)

No effect described

No effect described

No effect described

No effect described

No effect described

Study of phosphomutant
indicates no change of kinase
activity and no cytotoxicity (Li
etal, 2010)

Mutant T2032A shows a
reduced kinase activity (Li
etal, 2010)

Mutant T2035A shows a
reduced kinase activty (It
etal., 2007; Lietal., 2010)

No effect described

No effect described

Behave the same way as
$1202 (Reynolds et al., 2014)

No effect described

Description of phosphorylation sites on humen LRRK2. The first column describes the position of the phosphorylation site and the amino acid. The second column presents the number
of paper using discovery mess spectrometry for LRRK2 phosphorylation sites. The third column shows the techniques used for the discovery of the phosphorylation site. The fourth
column presents the nature of the phosphorylation site, auto- or heterologous phosphorylation site. The fifth column gives the name of the clone name of the antibody developed for
the phosphorylation site. The last column gives information about the site and the effect associated to the phosphorylation.
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RNA expression present data from RINA-seq from the Genotype-Tissue Expression project, FANTOMS project, and CAGE data. NX, for Normalized eXpression has been calculated
from the three transcriptomics datasets. Results presented in this table are the consensus transcript expression; here, the NX value represents the maximum NX value in the three data
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