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Abstract

Mutations in the catalytic Roc-COR and kinase domains of leucine-rich repeat kinase 2 (LRRK2) 

are a common cause of familial Parkinson’s disease (PD). LRRK2 mutations cause PD with age-

related penetrance and clinical features identical to late-onset sporadic PD. Biochemical studies 

support an increase in LRRK2 kinase activity and a decrease in GTPase activity for kinase domain 

and Roc-COR mutations, respectively. Strong evidence exists that LRRK2 toxicity is kinase-

dependent leading to extensive efforts to identify selective and brain-permeable LRRK2 kinase 

inhibitors for clinical development. Cell and animal models of PD indicate that LRRK2 mutations 

affect vesicular trafficking, autophagy, protein synthesis and cytoskeletal function. Although some 

of these biological functions are affected consistently by most disease-linked mutations, others are 

not and it is currently unclear how mutations that produce variable effects on LRRK2 

biochemistry and function all commonly result in the degeneration and death of dopamine 

neurons. LRRK2 is typically present in Lewy bodies and its toxicity in mammalian models 

appears to be dependent on the presence of α-synuclein, which is elevated in human iPS-derived 

dopamine neurons from patients harboring LRRK2 mutations. Here, we summarize biochemical 

and functional studies of LRRK2 and its mutations and focus on aberrant vesicular trafficking and 

protein synthesis as two leading mechanisms underlying LRRK2-linked disease.
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Introduction

LRRK2 (also known as dardarin) is a large protein with functional GTPase and kinase 

domains flanked by multiple protein interaction domains (Figure 1). LRRK2 missense 

mutations are the most common known genetic cause of Parkinson’s disease (PD). Many 

mutations spanning the length of LRRK2 have been associated with PD, although only 

mutations in the enzymatic GTPase and kinase domains segregate with familial disease 

suggesting an importance of these enzymatic activities to disease development (Figure 1). 

The G2019S mutation in LRRK2’s kinase domain is particularly prevalent, constituting 4% 

of familial cases and 1% of sporadic cases worldwide (Healy et al., 2008). Common genetic 

variants at the LRRK2 locus have also been identified in GWAS studies, further implicating 

LRRK2 in sporadic PD (Satake et al., 2009; Simon-Sanchez et al., 2009). The penetrance of 

LRRK2 mutations in PD is age-related, although incomplete even at advanced age 

suggesting the importance of gene-environment or genetic background influences on mutant 

LRRK2 toxicity. Disease symptoms typically begin with late onset and, at least for the 

G2019S mutation, are usually clinically and pathologically indistinguishable from sporadic 

disease, including the presence of Lewy bodies in most cases (Giasson et al., 2006; Ross et 

al., 2006; Taylor et al., 2006). Interestingly, patients with other segregating LRRK2 

mutations (R1441C, Y1699C, I2020T) frequently do not exhibit Lewy body pathology and 

sometimes present other findings such as neurofibrillary tau tangles (Kett and Dauer, 2012) 

raising the possibility that these mutations cause disease via distinct pathogenic 

mechanisms. The reported presence of tau-positive neurofibrillary tangles and not Lewy 

body disease in one G2019S LRRK2 carrier may, however, refute this hypothesis (Rajput et 

al., 2006). Mutations in LRRK2 cause autosomal dominant PD and homozygous carriers of 

the G2019S mutation do not experience higher disease risk or progression than heterozygous 

carriers.

The purpose of this review is to summarize current viewpoints on the role of altered LRRK2 

biochemistry and aberrant function in mutant LRRK2 neurotoxicity. Evidence is derived 

mainly from biochemical studies on LRRK2’s GTPase and kinase activities, and cell or 

animal disease models utilizing mutant LRRK2 transgenic animals or LRRK2 knockouts. 

Two leading potential disease mechanisms, alteration in vesicular trafficking and aberrant 

protein synthesis are explored in detail, and the role of α-synuclein in LRRK2-mediated 

pathology is also discussed.

LRRK2 mutations implicate kinase and GTPase activities in PD

The prominence of GTPase and kinase domain mutations in PD has driven a large effort to 

understand how these domains contribute to LRRK2 function and how mutations in LRRK2 

affect its biochemical activity in a manner that promotes disease. LRRK2 belongs to the 

ROCO protein family and contains tandem Ras-of-complex proteins (Roc) GTPase and C-

terminal of Roc (COR) domains characteristic of this family (Zimprich et al., 2004) (Figure 

1). The GTPase domain of LRRK2 can bind GTP or GDP and purified LRRK2 exhibits low 

levels of intrinsic GTPase activity. R1441C/G/H mutations may reduce this activity and, at 

least for R1441H, increase the GTP-binding affinity of the Roc domain (Liao et al., 2014). 

Crystallographic studies from the Cholorobium tepidum ROCO protein suggest that LRRK2 
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may homodimerize through its COR domain and function in dimeric form as a GAD (G 

proteins activated by nucleotide-dependent dimerization) in which both ROC domains are 

brought close together and participate in the catalytic activity of their counterpart within the 

dimer (Gotthardt et al., 2008). Consistent with this, the hydrolysis rate of monomeric 

LRRK2 ROC domain is much lower than that of a full-length dimer (Liao et al., 2014; Liu et 

al., 2010). However as yet, no crystal structure for the Roc-COR tandem domain has been 

reported to support this mechanism of GTPase domain regulation. An alternative mechanism 

of GTPase regulation, through regulatory GTPase-activating proteins (GAP) and guanine 

nucleotide exchange factors (GEF) similar to other small GTPases has also been postulated. 

ArfGAP1 is the first LRRK2 GAP identified, and this GAP activity may contribute to 

LRRK2 toxicity since knock-down of ArfGAP1 or expression of a dominant-negative 

mutant attenuate neuronal toxicity (Stafa et al., 2012; Xiong et al., 2012). ARHGEF1 is one 

potential GEF for LRRK2 that interacts with LRRK2 and stimulates its GTPase activity in 

vitro (Haebig et al., 2010).

LRRK2 serine/threonine kinase activity has been monitored through LRRK2 

autophosphorylation as well as phosphorylation of a number of exogenous substrates, some 

of which are phosphorylated by LRRK2 in vivo. As suggested for GTPase activity, LRRK2 

dimerization appears to stimulate kinase activity (Berger et al., 2010; Greggio et al., 2008). 

It is now well established that the G2019S mutation increases LRRK2 kinase activity (both 

autophosphorylation and phosphorylation of exogenous kinase substrates). This, considered 

alongside the effectiveness of specific LRRK2 kinase inhibitors or kinase-dead G2019S/

D1994A double mutants to reduce G2019S LRRK2-mediated toxicity provides compelling 

evidence that LRRK2 toxicity is kinase-dependent, although alternative hypotheses have 

been suggested (Skibinski et al., 2014). It is less clear, however, if other disease-segregating 

mutations affect LRRK2 kinase activity. R1441C/G/H, Y1699C and the I2020T kinase 

domain mutation have been reported to increase kinase activity in some but not all studies, 

perhaps due to differences in assay methodology and an over reliance on in vitro kinase 

assays. A recent detailed biochemical characterization of I2020T LRRK2 supports an 

increase in kinase activity caused by this mutation, through stabilization of the active-state 

conformation, and increased rate of phosphoryl transfer (Ray et al., 2014). Increased 

phosphorylation of the LRRK2 substrate Rps15 was observed in transfected cells via kinase 

domain variants G2019S and I2020T but not via the Roc domain mutants R1441C/G 

(Martin et al., 2014). This, together with other data from in vitro kinase assays on Roc 

domain mutants supports the existence of kinase-independent mechanisms of LRRK2 

toxicity.

GTPases frequently act as molecular switches in signaling pathways to regulate kinases, 

generating an early interest in LRRK2 kinase self-regulation through GTPase activity 

analogous to activation of Raf by Ras. Accumulating evidence supports an influence of the 

GTPase domain on LRRK2 kinase activity, although the exact nature of the relationship 

between the two domains remains elusive. Studies with purified LRRK2 containing 

synthetic mutations in the GTPase domain P-loop reveal that an intact ROC GTPase domain 

capable of binding GTP is required for LRRK2 kinase activity suggesting that GTP binding 

might regulate kinase activity (Biosa et al., 2013; Ito et al., 2007; Smith et al., 2006; West et 
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al., 2007). A correlation has been suggested between kinase activity and the extent of GTP 

binding, and to a lesser extent GTP hydrolysis by experiments in which GTP or non-

hydrolyzable GTP analogs were added to cell extracts prior to LRRK2 purification and 

kinase assessment (Biosa et al., 2013; West et al., 2007). Despite this, addition of GDP, GTP 

or non-hydrolysable GTP analogs (GTPγS or GMPPCP) to purified LRRK2 has no apparent 

effect on its kinase activity (Biosa et al., 2013; Taymans et al., 2011). These results may be 

reconciled if one considers the possibility that an upstream GTP-activated protein promotes 

LRRK2 kinase activity in cells or is co-purified with LRRK2 and phosphorylates it in a 

GTP-dependent manner during in vitro kinase assays (Taymans et al., 2011). Hence, GTP 

binding capacity appears to be necessary for functional kinase activity, although the extent 

of regulatory influence from GTPase activity remains in question. Recent evidence indicates 

that R1441 mutations may lead to increased kinase activity through a mechanism involving 

reduced S1444 phosphorylation by protein kinase A and in turn, reduced docking of 14-3-3 

proteins to p-S1444. Conversely, genetic studies with kinase-dead mutants show that kinase 

activity is not required for GTP binding or hydrolysis, although the kinase domain may exert 

some influence over GTPase activity as LRRK2 autophosphorylates its Roc domain 

(Greggio et al., 2009; Greggio et al., 2008). Since several PD-linked mutations are reported 

to increase LRRK2 autophosphorylation, LRRK2 kinase activity could in principle cause 

toxicity via altered GTPase function at least in part. The effects of Roc domain 

autophosphorylation on GTP binding or GTPase activity, if any, are largely unknown. One 

study reported that mutating an autophosphorylation site (T1503) to alanine (phospho-

deficient) or aspartate (phospho-mimetic) resulted in substantially reduced GTP binding 

activity (Webber et al., 2011). Roc domain autophosphorylation and resultant effects on 

GTPase activity require more detailed examination since one possible scenario, a decrease in 

hydrolysis of GTP to GDP promoted by autophosphorylation and therefore increased via 

kinase-enhancing mutations, could suggest a common biochemical effect of both kinase 

domain and Roc domain mutations, which would reinforce the potential importance of GTP 

binding/GTPase activity in disease pathogenesis. Indeed, work from our group indicates a 

significant decrease in GTP hydrolysis rates for G2019S and non-significant decrease for 

I2020T LRRK2 relative to WT (Xiong et al., 2010; Xiong et al., 2012), while another group 

also reported a 20% decrease in GTPase activity for N-terminally truncated G2019S LRRK2 

with no significant effect on GTP binding (Liu et al., 2011a). Whether these effects are 

mediated through LRRK2 self-regulation (i.e. autophosphorylation), via phosphorylation of 

exogenous substrates that affect GTPase activity such as ArfGAP1 or a combination of both 

remains to be determined.

While efforts to understand the pathogenic output of LRRK2 mutations have focused on its 

GTPase and kinase activities, it should also be noted that other LRRK2 domains may be 

important to LRRK2 toxicity, even if only through their effects on these biochemical 

activities. For example, N-terminally truncated LRRK2 lacking the ankyrin repeat domain 

exhibits substantially higher kinase activity during in vitro kinase assays, suggesting that this 

region may somehow modulate kinase activity, possible involving autophosphorylation of 

ser 910/ser935 which are absent in the truncated form. In contrast, deletion of the C-terminal 

WD40 domain blocks LRRK2 dimer formation, kinase activity and neurotoxicity in rodent 

neurons (Jorgensen et al., 2009; Rudenko et al., 2012). Interestingly, a G2385R variant of 
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LRRK2 reported to partially reduce LRRK2 kinase activity (Jaleel et al., 2007; Rudenko et 

al., 2012) is associated with PD in Asian populations (Funayama et al., 2007; Fung et al., 

2006) suggesting either a complex relationship between LRRK2 kinase activity and toxicity 

or kinase-independent pathogenesis. Regarding the relationship between the WD40 domain 

and LRRK2 kinase activity, one plausible hypothesis is that this, and perhaps other protein 

interaction domains of LRRK2 may define its binding partners that ultimately become 

targets of LRRK2 enzymatic activities (Mills et al., 2014). Examination of putative LRRK2 

substrates reveals no consensus substrate sequence, supporting the hypothesis that substrate 

specificity may be determined by binding to LRRK2’s interaction domains. Binding to the 

WD40 domain is an attractive possibility considering the proximity of this to LRRK2’s 

kinase domain and the finding that deletion of the WD40 domain appears to abrogate 

LRRK2 kinase activity (Jorgensen et al., 2009). Potentially supporting this theory, LRRK2 

interacts with and phosphorylates numerous ribosomal proteins including the pathogenic 

substrate s15 (Martin et al., 2014) and s15 binds predominantly to the WD40 domain of 

LRRK2. Informatively, the WD40 domain of LRRK2 is predicted to form a canonical β-

propeller configuration (Jorgensen et al., 2009), similar to that found in receptor for 

activated C-kinase 1 (RACK1) which binds to the 40S ribosomal subunit via interaction 

with several ribosomal proteins. The role of the WD40 domain in LRRK2’s interaction with 

ribosomes is under investigation.

Looking for clues from LRRK1

Mutations in LRRK1 do not appear to be associated with PD (Haugarvoll et al., 2007; 

Taylor et al., 2007) although there may be rare variants associated with PD (Schulte et al., 

2014). This has lead to the hypothesis that LRRK1 and LRRK2 are divergent in function or 

expression. LRRK1 and LRRK2 possess the catalytic Roc-Cor-kinase tri-domain, but are 

divergent in N-terminal repeats and at the C-terminal WD40 domain, both of which 

influence kinase activity. Although not well characterized, LRRK1 kinase activity appears to 

be weaker than that of LRRK2, both when comparing autophosphorylation and 

phosphorylation of the pseudosubstrates LRRKtide and Nictide (Civiero et al., 2012). A lack 

of robust kinase activity for LRRK1 could indicate functional divergence and is consistent 

with a central role for kinase activity in LRRK2 toxicity. Both LRRK1 and LRRK2 mRNA 

have been reported to be widely expressed in adult human brain, with comparative studies 

indicating relatively strong expression of both in cortical regions and the hippocampus while 

at least in one study, the striatum demonstrated relatively high levels of LRRK2 but not 

LRRK1 (Dachsel et al., 2010; Westerlund et al., 2008). Also, other studies have 

demonstrated significantly higher levels of LRRK2 in the brain relative to LRRK1 (Biskup 

et al., 2007). Interestingly, LRRK1 has been proposed to regulate endocytosis of EGFR via 

formation of a LRRK1-Grb2-EGFR complex (Hanafusa et al., 2011), while LRRK2 did not 

appear to form such a complex in this study suggesting that the two have functionally 

diverged. While the study of LRRK1 function has considerably lagged behind that of 

LRRK2, evidence collected to date does not support both LRRKs sharing similar functions. 

Heterodimerization between overexpressed LRRK2 and LRRK1 has been suggested by co-

immunoprecipitation studies (Dachsel et al., 2010; Klein et al., 2009) and if a direct 

interaction between endogenous LRRKs does in fact occur, one might speculate that 
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heterodimer formation could affect LRRK2 kinase activity since LRRK2 catalytic activity is 

predominantly found in LRRK2 dimers and not monomers or oligomers. The relevance of 

heterodimer formation and significance of this in normal LRRK biology or as a potential 

disease modifier in the context of PD are currently unknown and warrant further study.

Mechanisms of LRRK2 pathobiology

Numerous transgenic vertebrate and invertebrate animal models as well as recent pluripotent 

stem cell-derived neuron models demonstrate that expression of pathogenic LRRK2 variants 

leads to PD-related phenotypes. These primarily include degeneration and loss of 

dopaminergic neurons or neurons of other affected regions as well as locomotor deficits, 

which in some cases can be rescued by administration of levodopa (Dusonchet et al., 2011; 

Li et al., 2009; Liu et al., 2008; Martin et al., 2014; Saha et al., 2009; Tong et al., 2009). One 

caveat is that most rodent LRRK2 transgenic models published to date do not display actual 

loss of dopaminergic neurons from the SNpc, although they do exhibit deficits in dopamine 

transmission and in one case axonal pathology of nigrostriatal dopamine tracts (Li et al., 

2010; Li et al., 2009; Maekawa et al., 2012; Melrose et al., 2010; Tong et al., 2009). 

Furthermore, dopamine neuron loss has been demonstrated in invertebrate organisms and 

through virally-mediated G2019S LRRK2 expression in rodent brain (Dusonchet et al., 

2011; Lee et al., 2010). Numerous studies on primary neuronal cultures and intact rodent 

brain have demonstrated that LRRK2 is important in maintaining neurite length and 

branching (MacLeod et al., 2006; Smith et al., 2005; West et al., 2007) and may be 

important in regulating neurite outgrowth, possibly via phosphorylation of ERM (ezrin/

radixin/moesin) proteins and consequent maintenance of F-actin homeostasis in filopodia 

necessary for proper neurite outgrowth (Jaleel et al., 2007; Parisiadou et al., 2009). 

Expression of pathogenic LRRK2 variants results in neurite dystrophy or loss and ultimately 

leads to cell death.

Importantly, most of these studies report a strong age-dependency for onset and progression 

of hallmark PD phenotypes, further supporting the relevance of these cell and animal models 

to the human disease. Many studies to date have focused predominantly on the common 

G2019S mutation in LRRK2, which has been shown repeatedly to exert neuronal toxicity 

through kinase-dependent mechanisms. As might be expected from the central dependency 

of neurotoxicity on LRRK2 kinase activity, overexpression of wild type LRRK2 also causes 

toxicity in some models, although to a lesser extent than observed via mutant LRRK2 (Liu 

et al., 2008; Martin et al., 2014), related to differences in kinase activity and possibly other 

mechanisms that may differentially regulate kinase activities of wild type and mutant forms 

of LRRK2 in vivo (Sen et al., 2009; Webber et al., 2011). Abundant insight into normal 

LRRK2 biology has also been gained from knockout animal models. Taken together, cell 

and animal models implicate LRRK2 in a diverse array of functions including vesicular 

trafficking, autophagy, microtubule and cytoskeletal network formation, synaptogenesis and 

mRNA translation (Figure 2). LRRK2 dimers, which are thought to possess greater kinase 

activity than monomers (Berger et al., 2010; Sen et al., 2009) are reportedly enriched at 

membranes, although cell studies with overexpressed LRRK2 suggest no difference between 

wild type and mutant LRRK2 membrane association (Hatano et al., 2007). The many 

functions attributed to LRRK2 is not necessarily surprising given the widespread 
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distribution of LRRK2 and its broad interaction with different structures and organelles, 

including mitochondria and ribosomes. There is strong evidence to support the importance 

of LRRK2 mutations in altered vesicular trafficking and protein synthesis, which are 

discussed in more detail below. Genetic models are also beginning to offer some insight on 

the interplay of LRRK2 with other key PD proteins such as synuclein, which is also 

discussed further below. Collectively, despite some limitations, these animal and human 

neuron models will continue to play an essential role in our growing knowledge of LRRK2 

biology and LRRK2-mediated toxicity.

Protein synthesis

Abnormalities in protein synthesis or mRNA metabolism have long been linked to various 

neurodegenerative diseases, such as FXTAS, ALS or prion-mediated neurodegeneration 

(Bhakar et al., 2012; Lagier-Tourenne et al., 2012; Polymenidou et al., 2011; Tollervey et 

al., 2011). Recent studies primarily carried out using Drosophila show that LRRK2 

physically and functionally interacts with the protein translation machinery and altered 

protein synthesis caused by PD-linked LRRK2 mutations is toxic, supporting the hypothesis 

that dysregulation of mRNA translation has a role in PD pathology (Gehrke et al., 2010; 

Imai et al., 2008; Martin et al., 2014). The effects of PD-linked LRRK2 mutations on protein 

synthesis were initially suggested by its genetic interaction with components of the TOR 

pathway in Drosophila (Imai et al., 2008). Genetic deletion of dLRRK worsened the 

inhibited cell growth phenotypes caused by the suppression of TOR signaling, through either 

co-overexpression of TSC1 and TSC2 or constitutively active form of eIF4E-binding protein 

(4E-BP). Conversely, dLRRK deletion partially suppressed Rheb overexpression-mediated 

enhanced cell growth (Imai et al., 2008). LRRK2 was proposed to interact with the TOR 

pathway through phosphorylation of 4E-BP1 in a manner that promotes toxicity, presumably 

via consequent disruption of 4E-BP1 binding to eIF4E, thus increasing free levels of eIF4E 

available for translation initiation (Figure 3). However, whether 4E-BP is an in vivo 

pathogenic target of LRRK2 in mammalian brain is still unclear as neither LRRK2 knockout 

nor LRRK2 transgenic mice showed alterations of phosphorylated 4E-BP level in brain 

tissue (Trancikova et al., 2012). A subsequent study reported that pathogenic LRRK2 

impacts mRNA translation through negatively regulating miRNA activity (Gehrke et al., 

2010). Flies transgenic for mutant human LRRK2 or dLRRK were shown to exhibit 

increased expression of E2F1 and DP by suppressing the action of let-7 and miR-184, 

respectively (Gehrke et al., 2010). The mechanism of miRNA disruption is unclear, but 

thought to involve association of LRRK2 and phospho-4E-BP1 with dAgo1 and reduced 

dAgo1 stability although further clarification for the role of LRRK2 in miRNA impairment 

is necessary.

A role for elevated protein synthesis in PD pathogenesis extends to parkin and Pink1-linked 

disease. Overexpression of 4E-BP or treatment with the TOR inhibitor rapamycin 

effectively blocked pathogenic parkin and Pink1 loss-of-function phenotypes in flies, 

including degeneration of dopamine neurons (Tain et al., 2009). Importantly, while there is 

good evidence that translational suppression through perturbed TOR signaling is protective 

against PD-related phenotypes, evidence that LRRK2 or other familial PD gene products act 

directly on the TOR pathway to affect mRNA translation is still lacking. Indeed, if LRRK2 
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were to stimulate translation through alternative but parallel pathways, TOR inhibition 

might still be sufficient to suppress these effects and thereby block toxicity. Recently, 

alternative hypotheses for the interaction of LRRK2 with other components of the 

translation machinery have been advanced. LRRK2 has been reported to physically interact 

with the translation elongation factor eEF1A (Gillardon, 2009). Although its effects in 

mRNA translation have not been thoroughly addressed, the fact that eEF1A delivers 

aminoacyl-tRNAs to the ribosomal A-site during protein synthesis suggests a potential role 

for LRRK2 in translational elongation. In addition, LRRK2 has been reported to affect the 

expression levels of the proteins centrally involved in protein synthesis. Gene ontology 

analysis from LRRK2 mouse models revealed that overexpression of LRRK2 G2019S 

mutant or genetic ablation of LRRK2 can affect expression levels of many genes related to 

ribosome biosynthesis, mRNA processing or protein synthesis (Nikonova et al., 2012). Most 

recently, data from our group indicates that LRRK2 affects mRNA translation through direct 

interaction with the ribosome and phosphorylation of ribosomal protein s15 (Martin et al., 

2014). Unbiased proteomic screening and in vitro kinase assays revealed that LRRK2 

phosphorylates several ribosomal proteins, several of which show increased phosphorylation 

in the presence of G2019S and I2020T LRRK2. Blocking the phosphorylation of s15 

substantially attenuated pathogenic LRRK2 neurotoxicity in both human neuron and 

Drosophila models and additionally prevented accelerated age-related locomotor deficits in 

G2019S LRRK2 transgenic flies. We found that the increased phosphorylation of s15 

enhances bulk protein synthesis which is responsible for the neuronal toxicity observed, 

since treating flies with the protein synthesis inhibitor anisomycin or expressing phospho-

deficient T136A s15 blocks the neurotoxicity in LRRK2 transgenic flies (Martin et al., 

2014) (Figure 3). This finding provides new insights into the long-suggested relationship 

between protein synthesis and neurodegeneration, although how s15 phosphorylation can 

cause increased protein synthesis and why excess protein synthesis kills dopamine neurons 

is still obscure. Speculatively, increased bulk protein synthesis may deplete neurons of 

valuable energy stores or incur neuronal stress through increased burden on protein folding/

degradation machineries eventually leading to the failure of overall protein quality control. 

Alternatively, LRRK2 toxicity may be caused by a change in gene-specific translational 

profiles in which increased bulk protein synthesis impairs the finely-tuned control of 

translational output under basal conditions but perhaps more importantly also in response to 

cell stressors or other changes in cell conditions that require strict translation regulation. 

Why dopaminergic neurons would be selectively susceptible is unclear but could be related 

to cell type-specific translational profiles that may underlie differential effects of pathogenic 

LRRK2. Of course, the aggregate pathology of LRRK translation effects might be a 

consequence of both systematic and gene-level abnormalities. Therefore, comprehensive 

understanding of the molecular effects of LRRK2 mutations in translational control is 

required to expand our knowledge on PD pathogenesis.

Finally, another clue to the importance of protein synthesis in PD comes from the recent 

identification of eIF4G1 missense mutations associated with the disease (Chartier-Harlin et 

al., 2011; Nuytemans et al., 2013). eIF4G1 is a member of the translation initiation complex 

eIF4F, and plays a central role in eIF4F complex formation by acting as a scaffold for 

assembly of other complex components eIF4E and eIF4A (Hershey et al., 2012). The impact 
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of eIF4G1 mutations on cap complex assembly and initiation of protein synthesis are 

currently unknown. Also unknown is whether LRRK2 and eIF4G1 interact in each other’s 

pathogenic mechanisms.

Excess protein synthesis resulting from the activity of certain oncogenic pathways 

frequently occurs during tumor development. The effect of pathogenic LRRK2 mutations on 

mRNA translation is interesting in the context of recent findings demonstrating a reported 

increase in cancer risk of patients carrying the G2019S mutation (Saunders-Pullman et al., 

2010). While there is currently no direct evidence linking LRRK2 mutations to cancer 

through altered translation, the 12q12 locus in which LRRK2 resides is frequently amplified 

in human tumors including type 1 papillary renal cell carcinoma, which is driven by 

amplification of the proto-oncogene MET (encoding hepatocyte growth factor receptor) 

(Looyenga et al., 2011). A striking correlation was reported between MET and LRRK2 

amplifications/overexpression within the same tumor cells, and downregulation of LRRK2 

in cultured tumor cells perturbed MET activation and downstream signaling to STAT3 and 

mTOR. These effects were apparently mediated by a reduction in direct phosphorylation of 

MET by LRRK2, and considering the impact of mTOR signaling on translation, raise an 

additional mechanism by which LRRK2 may impact mRNA translation.

Vesicular trafficking

Several studies point toward a role for LRRK2 in multiple aspects of vesicle trafficking, 

mainly through interaction with trafficking proteins such as endophilin A, Rab7, Rab7L1 

and members of the dynamin GTPase superfamily. Evidence that the LRRK2 paralog 

LRRK1 mediates endocytosis of EGFR (Hanafusa et al., 2011) supports a broad role for 

LRRKs in vesicle formation and transport. Studies using Drosophila have highlighted 

potential roles for LRRK2 in multiple aspects of vesicle trafficking including synaptic 

vesicle recycling, retromer trafficking and lysosomal positioning. LRRK2 was reported to 

phosphorylate endophilin A (at S75), a protein whose association with presynaptic 

membranes is required for endocytosis of synaptic vesicles (Matta et al., 2012). It seems that 

increasing endo A phosphorylation through expression of G2019S LRRK2 or decreasing it 

through dLRRK null impedes synaptic vesicle endocytosis (Matta et al., 2012). The data fit 

with a model in which endo A phosphorylation mediates its release from newly-formed 

vesicles and then subsequent dephosphorylation permits further binding at the presynaptic 

membrane and hence any alteration of this tightly coordinated phosphorylation/

dephosphorylation cycle impedes vesicle recycling. LRRK2 may be enriched at the Golgi 

complex (MacLeod et al., 2006; Stafa et al., 2014) and overexpression of WT or G2019S 

LRRK2 results in golgi complex fragmentation in mice (Lin et al., 2009). Genetic 

interaction studies suggest involvement of LRRK2 with the retromer complex, which 

mediates retrograde transport of proteins such as acid hydrolase receptors from endosomes 

to the trans-golgi network (MacLeod et al., 2013). G2019S LRRK2 expression in rat 

neuronal cultures resulted in lysosomal enlargement and endolysosomal and golgi sorting 

deficits that were rescued by overexpression of VPS35, a component of the retromer 

complex with mutations identified in familial PD (MacLeod et al., 2013). Expression of the 

PD-linked mutant VPS35 failed to rescue these defects. Also consistent with LRRK2-

mediated retromer dysfunction, overexpression of Rab7L1, another retromer component 
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implicated in PD suppressed mutant LRRK2 neurite shortening phenotypes in rat neurons 

and constitutively active Rab7L1 rescued dopamine neuron loss in G2019S LRRK2 

transgenic flies. Rab7L1 also localizes to the trans-Golgi network and a recent study 

suggests that Rab7L1 is part of a complex with LRRK2 that co-operatively promotes 

autophagy of the trans-Golgi network (Beilina et al., 2014). Interestingly, the fly LRRK2 

homolog dLRRK associates with membranes of late endosomes/lysosomes and physically 

interacts with Rab7. Rab7 promotes perinuclear clustering of lysosomes under certain 

conditions such as starvation (Korolchuk et al., 2011) and evidence gathered indicates that 

dLRRK negatively regulates lysosomal transport towards nuclei whereas the G2019S 

equivalent mutation in dLRRK promotes it (Dodson et al., 2012). Perinuclear lysosomal 

localization has been reported to promote autophagy through colocalization with 

autophagosomes as well as lowering mTOR signaling (Korolchuk and Rubinsztein, 2011) 

suggesting a possible role for LRRK2 in autophagy. Related to the lysosomal/autophagy 

pathway, pathogenic LRRK2 variants may impact both macroautophagy (autophagy) and 

chaperone-mediated although there is a lack of consensus regarding the main effects. 

LRRK2 associates with autophagic vesicles and multi-vesicular bodies in human brain and 

cultured cells, and both structures were abnormally present in cells expressing R1441C 

LRRK2 (Alegre-Abarrategui et al., 2009). Disruption of autophagy in midbrain dopamine 

neurons through Atg7 conditional knockout leads to eventual neuronal death and locomotor 

deficits in mice (Ahmed et al., 2012; Friedman et al., 2012) highlighting a possible 

connection between aberrant autophagy and neurodegeneration. Conversely, G2019S 

LRRK2 was reported to result in augmented autophagy in various cell culture experiments, 

possibly through a mechanism involving mitochondrial fragmentation following elevated 

Drp1 phosphorylation (Niu et al., 2012; Plowey et al., 2008; Su and Qi, 2013; Wang et al., 

2012). LRRK2 degradation appears to occur through both the UPS and chaperone-mediated 

autophagy (CMA) although several pathogenic LRRK2 variants are poorly degraded 

through the CMA and additionally impede uptake of other CMA substrates including α-

synuclein, suggesting a potential mechanism of toxicity (Orenstein et al., 2013).

Dependence of LRRK2 toxicity on synuclein

PD patients harboring LRRK2 mutations frequently exhibit α-synuclein neuropathology in 

the form of Lewy bodies, in which LRRK2 is also present. Clues for a role of α-synuclein in 

LRRK2 toxicity come from studies on human dopamine neuron cultures demonstrating 

increased α-synuclein levels in G2019S or Y1699C LRRK2 PD patient iPS-derived 

dopamine neurons (Nguyen et al., 2011; Reinhardt et al., 2013; Skibinski et al., 2014). 

Informatively, neuronal death resulting from G2019S or Y1699C LRRK2 expression was 

substantially reduced in primary neurons from α/β/γ-synuclein triple knockout mice 

(Skibinski et al., 2014). A reciprocal requirement for LRRK2 in α-synuclein-mediated 

neuropathology is supported by evidence that overexpressed LRRK2 promotes aggregation 

and toxicity of α-synuclein in A53T transgenic mice while A53T α-synuclein toxicity was 

blocked in LRRK2 KO mice (Lin et al., 2009). Similarly, injection of human α-synuclein 

into the substantia nigra of rats induced recruitment of pro-inflammatory myeloid cells and 

dopamine neuron degeneration in wild type but not LRRK2 knock-out rats (Daher et al., 

2014). Despite this, G2019S LRRK2 expression alone did not cause α-synuclein 
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accumulation in the absence of A53T α-synuclein overexpression (Lin et al., 2009) and in a 

separate study there was a lack of α-synuclein phosphorylation or accumulation in surviving 

dopamine neurons of SNpc in rat adenoviral vector model of G2019S-LRRK2 toxicity 

(Dusonchet et al., 2011). Furthermore, A53T α-synuclein-dependent neuropathology in 

mouse hindbrain was independent of LRRK2 expression suggesting that the genetic 

interaction may be region-specific (Daher et al., 2012). Based on our current knowledge, 

two straightforward routes to increased α-synuclein levels and aggregation can be 

hypothesized. First, the stimulatory action of pathogenic LRRK2 on general mRNA 

translation could lead to increased translation of α-synuclein mRNA. Given that 

modulations of the core translation machinery produce variable effects on the translatome at 

the transcript-specific level (Gkogkas et al., 2013; Thoreen et al., 2012), it is feasible that α-

synuclein expression may even be disproportionately affected by pathogenic LRRK2, which 

would account for α-synuclein pathology in PD patients carrying LRRK2 mutations. 

Second, pathogenic LRRK2 may promote oligomerization of α-synuclein on the lysosomal 

surface in a manner that impairs its uptake into the lysosome through chaperone-mediated 

autophagy and subsequent degradation (Orenstein et al., 2013). Interestingly, loss of LRRK2 

may similarly impair autophagic removal of α-synuclein in the kidneys of aged LRRK2 

knockout mice as levels of high molecular weight α-synuclein oligomers were observed to 

fluctuate across age inversely proportional to markers of autophagy function which were 

substantially reduced by 20 months of age (Tong et al., 2012). While high molecular weight 

α-synuclein oligomers were increased in 20-month-old mice, they were substantially 

reduced in 7 month-old mice compared to controls in conjunction with increased LC3I-

LC3II conversion and decreased p62. As pronounced morphological abnormalities in the 

kidneys of LRRK2 knockout mice are already present by 4 months of age, a central 

involvement for α-synuclein aggregation in LRRK2 knockout mouse kidney pathology is 

unlikely. While pathogenic LRRK2 toxicity in vertebrates may act through a mechanism 

involving α-synuclein, this cannot be true for the PD-related phenotypes observed in 

Drosophila, as invertebrates do not express α-synuclein. This further complicates our 

interpretation and suggests a potential disconnect in pathogenic mechanisms between 

invertebrate and vertebrate models of PD. The observation from numerous groups of 

selective dopamine neuron degeneration and accompanying locomotor dysfunction in 

Drosophila models of PD would seem to argue against an absolute requirement for α-

synuclein in LRRK2 toxicity, and this is potentially further bolstered by the absence of 

Lewy bodies in some PD patients with mutations in LRRK2 or other familial PD genes.

Conclusions and future directions

A decade of research on LRRK2 has uncovered important clues to PD pathogenesis and 

potential treatment strategies. LRRK2 possesses both GTPase and kinase activities and work 

in cell and animal genetic models has revealed a number of diverse biological functions that 

are impacted by pathogenic mutations. Given the variable effects of mutations in the 

catalytic core of LRRK2 on GTPase and kinase activities, it is currently difficult to reconcile 

how all of these mutations impact LRRK2 function to result in a common pathogenic 

phenotype – one plausible hypothesis is that this may occur via multiple independent 

physiological consequences that all converge on the death of dopamine-producing neurons. 
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Nevertheless, the established link between LRRK2 kinase activity and toxicity makes the 

development of LRRK2 kinase inhibitors an attractive prospect and important future goal. 

Production of potent, specific and brain-permeable LRRK2 kinase inhibitors is already 

underway. Some of these inhibitors already have demonstrated efficacy in both blocking 

LRRK2 kinase activity and preventing neurodegenerative phenotypes in various models 

(Choi et al., 2012; Lee et al., 2010; Liu et al., 2011b) although issues related to kinase 

specificity are still a concern. While these proof-of-concept studies are encouraging, the 

development of kinase inhibitors for chronic human use comes with many important safety 

concerns due to the potential for off-target effects on other kinases and also side-effects of 

robust LRRK2 kinase inhibition in the CNS or other tissues. An important consideration for 

the implementation of LRRK2 kinase inhibition is evidence from mouse studies 

demonstrating the prevalence of pathophysiological changes (darkening, accumulation of 

lipofuscin granules and age-related atrophy) in kidney of mice expressing kinase-dead 

LRRK2 or with LRRK2 knockout (Herzig et al., 2011; Tong et al., 2010) causing concern 

about potential adverse side effects. While not all changes in LRRK2 knockouts may be 

solely due to loss of kinase activity, the phenotypes observed in mice expressing kinase-

dead LRRK2 alone are enough to give pause to the design and implementation of LRRK2 

kinase inhibitor therapy in humans. LRRK2 may also have an important immunoregulatory 

role as a negative regulator of the NFAT family of transcription factors (Liu et al., 2011) 

Elevated nuclear localization of NFAT and increased occurrence of colitis were observed in 

LRRK2 knock-out mice (Liu et al., 2011) raising immunological concerns over the use of 

LRRK2 kinase inhibitors. More information about potential side-effects, the structure of the 

kinase active site and enzyme kinetics along with a detailed understanding of regulatory 

mechanisms governing LRRK2 activation is necessary for designing safe and potent kinase 

inhibitors to combat PD. Another high priority future goal for the LRRK2 field is to gain a 

better understanding of the role of GTPase activity in physiological processes identified to 

be impacted by LRRK2 such as protein synthesis and vesicular trafficking. Most studies 

have focused on the role of elevated kinase activity, while determination of GTP binding/

GTPase activity influence in pathogenic phenotypes has largely been overlooked. This may 

not be justified given the presence of disease-segregating mutations in the Roc domain that 

reduce GTPase activity and autophosphorylation sites in the same domain that may impact 

GTP binding or GTPase activity. Also, considering studies using kinase-enhancing 

mutations published to date, instances where only partial rescue effects are observed through 

kinase activity inhibition or via expression of kinase-dead mutants are consistent with other 

activities of pathogenic LRRK2 on phenotypes examined, with GTPase activity being a 

primary candidate.
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Figure 1. LRRK2 domains and pathogenic mutations
The catalytic core of LRRK2 comprises Ras of complex proteins (Roc), C-terminal of ROC 

(COR) and kinase domains where all disease-segregating mutations identified are located. 

R1441 and Y1699 mutations decrease GTPase activity of LRRK2 whereas G2019S and 

I2020T mutations increase kinase activity. Flanking the catalytic domains are ankyrin-like 

repeats (ANK), leucine-rich repeats (LRR), and the WD40 domain which are thought to 

mediate protein-protein interactions, although binding partners for these domains are 

unknown. These protein interaction domains may additionally influence enzymatic output of 

the catalytic domains as described in the main text. Numbers indicate amino acid boundaries 

for the domains and protein length. Mutations that segregate with Parkinson’s disease are 

annotated at their domain location.
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Figure 2. LRRK2 functions affected by pathogenic mutations
Putative functions of LRRK2 that are impacted by one or more pathogenic mutations. 

LRRK2 has been reported to regulate lysosomal positioning and autophagy (Alegre-

Abarrategui et al., 2009; Dodson et al., 2012; Niu et al., 2012; Plowey et al., 2008; Su and 

Qi, 2013; Wang et al., 2012), synaptic vesicle endocytosis (Matta et al., 2012), 

synaptogenesis (Parisiadou et al., 2014), cytoskeleton and neurite outgrowth (Jaleel et al., 

2007; MacLeod et al., 2006; Parisiadou et al., 2009; Smith et al., 2005; West et al., 2007), 

protein synthesis (Gehrke et al., 2010; Imai et al., 2008; Martin et al., 2014), golgi sorting 

and retromer function (Lin et al., 2009; MacLeod et al., 2006; MacLeod et al., 2013; Stafa et 

al., 2014). Mutations reported to affect each function are indicated in parentheses.
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Figure 3. LRRK2 role in mRNA translation
Schematic illustration of LRRK2 effects on mRNA translation via several proposed 

mechanisms. LRRK2 may influence translation in an analogous manner to mTOR via 

phosphorylation of 4E-BP (eIF4E binding protein) which promotes dissociation of 4E-BP 

from eIF4E thus increasing levels of free eIF4E available for cap-dependent translation 

initiation. LRRK2 phosphorylates ribosomal protein s15 to stimulate cap-dependent and 

cap-independent translation. LRRK2 interacts with Eukaryotic translation elongation factor 

1A (eEF1A) with unknown consequences and LRRK2 may regulate miRNA function in a 

miRNA-specific manner involving unclarified mechanisms that may involve binding of 

LRRK2 and phospho-4EBP to Argonaute (Ago) proteins. The effects of LRRK2 on 

translation are kinase-dependent and pathogenic mutations that increase kinase activity (e.g. 

G2019S) cause toxicity at least in part via increased mRNA translation, although the 

specific mRNA targets affected are yet to be reported.
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