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Abstract: One of the most promising therapeutic targets for potential disease-
modifying treatment of Parkinson’s disease (PD) is leucine-rich repeat kinase 2 (LRRK2). 
Specifically, targeting LRRK2’s kinase function has generated a lot of interest from 
both industry and academia. This work has yielded several published studies showing 
the feasibility of developing potent, selective and brain permeable LRRK2 kinase 
inhibitors. The availability of these experimental drugs is contributing to filling in the 

gaps in our knowledge on the safety and efficacy of LRRK2 kinase inhibition. Recent studies of LRRK2 kinase inhibition 
in preclinical models point to potential undesired effects in peripheral tissues such as lung and kidney. Also, while 
strategies are now emerging to measure target engagement of LRRK2 inhibitors, there remains an important need to 
expand efficacy studies in preclinical models of progressive PD. Future work in the LRRK2 inhibition field must 
therefore be directed towards developing molecules and treatment regimens which demonstrate efficacy in mammalian 
models of disease in conditions where safety liabilities are reduced to a minimum. 
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INTRODUCTION 
 Parkinson’s disease (PD) is a debilitating neurodegenerative 
movement disorder for which there is currently no cure. 
Neuropathologically, brains of PD patients show degeneration 
of dopaminergic neurons of the substantia nigra pars compacta, 
which gives rise to the motor deficits, including resting 
tremor, bradykinesia and postural instability. Symptomatic 
treatments have been available now for more than 5 decades, 
however their efficacy declines as the disease progresses. An 
important challenge in the field is therefore to develop disease-
modifying therapies capable of stalling or even halting disease 
progression. Clues to address this challenge lay in the study 
of genes, called PARK genes, which are genetically linked to 
familial forms of PD. For example, mutations in Parkin 
(PARK2) and PTEN-induced putative kinase 1 (PINK1, PARK6) 
cause autosomal-recessive forms of PD, while mutations in 
α-synuclein (SNCA, PARK1/4) and mutations in leucine-
rich repeat kinase type 2 (LRRK2, PARK8) are linked to 
autosomal-dominant forms of PD. Also, although microtubule 
associated protein tau (MAPT) protein deposition is a feature 
of Alzheimer’s disease, MAPT gene mutations cause fronto 
temporal dementia with parkinsonism [1, 2]. Furthermore, 
genome-wide association studies have identified genomic 
variations as risk factors for sporadic PD, including at the 
glucosidase beta acid (GBA), SNCA, MAPT and LRRK2 
genomic loci [3, 4]. Of the genes involved in PD, LRRK2 
has emerged as one of the key players in PD pathogenesis.  
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 Leucine-rich repeat kinase 2 (LRRK2) is a complex, 
scaffolding protein containing ankyrin, leucine-rich and  
WD40 repeats, and a catalytic core with Ras-Of-Complex 
(ROC) GTPase and serine-threonine kinase activities [5]. 
LRRK2 belongs to the family of ROCOs, multidomain 
proteins identified in a wide range of species, from 
prokaryotes to eukaryotes including humans [6]. ROCO 
proteins possess a ROC domain invariably followed by a C-
terminus Of ROC (COR) domain likely involved in protein 
dimerization [7, 8]. ROCO proteins, including LRRK2, have 
been implicated in a variety of fundamental biological 
processes converging in cytoskeletal and vesicle dynamics.  
 Interest in studying the biology of LRRK2 started in 
2004 when missense mutations in the LRRK2 gene were 
linked with inherited autosomal dominant Parkinson’s 
disease (PD) [9-12]. In addition, genome-wide association 
studies have also revealed genomic variation a the LRRK2 
locus as a risk factor for sporadic PD [3, 13, 14]. One 
mutation, the glycine to serine substitution in position 2019 
within the activation loop of the kinase domain, was soon 
recognized as a common cause of PD across a number of 
populations [15]. Although overall prevalence of LRRK2 
mutations is 2%, this can rise to up to 40% in certain 
population groups such as Ashkenazi Jews or Arab-Berber 
patients [16-18]. Finally, PD patients carrying the LRRK2 
mutations show a clinical and neuropathological profile 
which is virtually indistinguishable from sporadic PD [19], 
indicating that LRRK2 contributes to a disease pathway 
common to both familial and sporadic PD. 
 The observations that this mutation confers increased 
kinase activity [20, 21] and that pathological kinase activity 
mediates cytotoxicity in cultured neurons (reviewed in [22]), 
attracted the interest of researchers, pharmaceutical companies 
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and funding agencies to explore LRRK2 as therapeutic target 
for PD. More than 10 years after this discovery, considerable 
progress has been made toward the understanding of LRRK2 
cellular function and dysfunction; however some challenges 
remain in the path towards further development of LRRK2 
kinase inhibitors as PD therapeutics. For example, the detailed 
pathways that lead to PD in the presence of LRRK2 mutations 
are poorly understood, as is the precise role of LRRK2 kinase 
activity in the pathogenesis of the disease. Also, recent 
studies in rodents and non-human primates indicate that 
treatment with LRRK2 kinase inhibitor scan result in side 
effects in peripheral tissues [23-25], pointing to potential 
safety issues to be dealt with as the field moves forward. 

 In this review, we discuss the evidence implicating 
LRRK2 kinase activity in the pathogenesis of PD and  
the effects of LRRK2 pharmacological inhibition in vitro  
and in vivo. Furthermore, the potential side effects of a 
pharmacological therapy targeting LRRK2 kinase as well as 
the putative alternative strategies beyond LRRK2 inhibition 
for the treatment of PD are critically presented. 

THE KINASE FUNCTION OF LRRK2 

 In 2005, West and colleagues reported for the first time 
that LRRK2 purified from mammalian cells undergoes 
autophosphorylation using in vitro kinase assays and that its 
activity is increased in the presence of LRRK2 pathogenic 
mutations [20]. Subsequent biochemical studies confirmed 
that mutant LRRK2 is hyperactive in vitro, but only the 
G2019S mutation within the activation loop of the kinase 
domain has been consistently reported as a gain of function 
mutation [26-28]. Furthermore, early reports provided one 
additional evidence: toxicity of LRRK2 disease mutants is 
dependent on its kinase activity in cultured neurons [21, 29] 
and in vivo [30]. Also, pharmacological inhibition of the 
kinase, with repurposed inhibitors that are moderately specific 
but reasonably potent, was reported to revert the toxic 
phenotype [30]. Based on the multiple indications implicating 
LRRK2 kinase activity in the pathogenesis of PD, several 
laboratories sought to identify LRRK2 cellular substrates. 
Ten years later, however, there is no unanimous consensus 
on what are LRRK2’s heterologous substrates, although 
there is a consensus that LRRK2 is a substrate of itself. In 
fact, besides being capable of in vitro autophosphorylation at 
multiple sites with a major prevalence within the ROC 
domain [31, 32], LRRK2 autophosphorylation has also been 
confirmed in vivo at serine 1292 [33] (Fig. 1A). Interestingly, 
in addition to G2019S, several pathogenic mutants including 
N1437H, R1441G/C and I2020T possess increased auto- 
phosphorylation when overexpressed in cells [33], 
strengthening the notion that mutant LRRK2 exerts its 
toxicity through a gain of function mechanism.  

 In terms of phosphorylation of heterologous proteins, a 
number of LRRK2 candidate substrates have been reported, 
although the majority of them still await for in vivo and/or 
independent validation. Nominated LRRK2 substrates are 
clustered within three major biological categories – (1) 
cytoskeleton dynamics, (2) vesicle-related processes and (3) 
protein transcription/translation - and there are robust 
functional indications linking LRRK2 with these processes. 
With regard to cytoskeleton dynamics, LRRK2 has been 

reported to phosphorylate a number of cytoskeletal-related 
proteins including tau [34, 35], the tau kinase MARK1 [36], 
tubulins [37], ARHGEF7 [38], ezrin-radixin-moesin (ERM) 
[39, 40] and the Drosophila microtubule (MT)-binding 
protein Futsch [41]. Although phosphorylation of these 
substrates was predominantly shown in vitro, additional 
evidence places LRRK2 at the cytoskeleton. LRRK2 
physically interacts with F-actin [42] and microtubules [43] 
and mutant or knock-out LRRK2 cells exhibit cytoskeletal 
defects [42, 44, 45] and increased tubulin acetylation [46, 
47]. Therefore, pathogenic LRRK2 kinase may alter the 
dynamics of microtubules and F-actin through abnormal 
phosphorylation of cytoskeletal proteins leading to 
pathological outcomes, which manifest as defective neurite 
outgrowth [48, 49] and/or axonal transport [47]. 

 Besides being a kinase, LRRK2 can participate in 
intracellular signaling as scaffold by assembling heterologous 
complexes through its multiple protein-protein interaction 
domains. As intracellular organelles travel along the 
cytoskeleton, one interesting possibility is that LRRK2 
bridges cytoskeletal and vesicular components. Accordingly, 
convincing evidence links LRRK2 with membrane 
trafficking. At the presynapse, LRRK2 was shown to control 
vesicle trafficking [50] via kinase activity [51]. At least three 
presynaptic LRRK2 substrates have been proposed:snapin, 
EndophilinA and Rab5b, all involved in synaptic vesicle 
exo-endocytosis [52-55]. Specifically, LRRK2 phosphorylates 
snapin, an adaptor protein interacting with the SNARE 
protein SNAP-25 [56]. Phosphorylation occurs at T117 
resulting in decreased interaction with SNAP-25 and reduced 
exocytotic release [56]. Moreover, LRRK2 impacts synaptic 
endocytosis by phosphorylating Drosophila and mammalian 
EndophilinA at S75, a residue important for EndoA-
dependent membrane tubulation [53, 54]. Of interest, 
phosphorylation of the Drosophila microtubule-associated 
protein 1B (MAP1B) homolog Futsch by LRRK2 was shown 
to occur at the presynapse [41]. Thus, LRRK2 may function 
as a hub coordinating synaptic vesicle traffic through the 
cytoskeleton via its kinase activity. Other evidence linking 
LRRK2 with vesicle biology is its well-described role in 
regulating the autophagy/lysosomal pathway. Pathogenic 
LRRK2 was shown to inhibit autophagy leading to 
accumulation of autophagic organelles whilst kinase 
inhibition appears to induce the autophagic flux, which could 
be beneficial in a therapeutic perspective [57-59]. 

 A third biological process where LRRK2 kinase may 
play a role is protein translation. In 2008, Imai and 
collaborators reported the eukaryotic initiation factor 4E 
(eIF4E)-binding protein, 4E-BP1, as a potential substrate of 
LRRK2 kinase activity in vitro and in Drosophila with 
phosphorylation occurring at Thr37 and Thr46 [60]. The 
authors proposed a model where hyperphosphorylation of 
4E-BP1 by mutant LRRK2 may result in excessive protein 
translation and consequent neurodegeneration, although the 
link is not obvious and certainly not direct. Of interest, a 
following study showed that 4E-BP functionally interacts 
with Drosophila LRRK to control postsynaptic protein 
synthesis [41], further suggesting that the major site of 
LRRK2 action may be the synaptic compartment. However, 
caution needs to be taken before translating findings made in 
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Fig. (1). A) Schematic of LRRK2 domain structure and phosphorylation sites. Sites above the schematic include cellular transphosphorylation 
sites (at ANK-LRR interdomain region) and autophosphorylation sites (light grey). Please note that phosphosites shown are confirmed in at 
least 2 independent studies, additional reported phosphosites can be found in references [27, 32, 36, 65, 115, 116]. Below the schematic, 
disease mutants are indicated in black, substitutions in italics are risk factor mutations. Arrows (for S910/S935/S955/S973/S1292) indicate the 
most common regulation of phosphorylation (up or down) observed across most disease mutants. ARM, armadillo domain; ANK, ankyrin 
repeat domain; LRR, leucine rich repeat domain; ROC, Ras of Complex proteins domain; COR, C-terminal of ROC domain; Kin, kinase 
domain; WD40, WD40 domain. B) Schematic of the LRRK2 signaling cascade. The structure of the LRRK2 dimer is depicted with its 7 
domains (including ROC-GTPase and Kinase domains), with its phosphorylation (black P on light background) and autophosphorylation sites 
(white P on dark background). Kinase activity is represented by both autophosphorylation and phosphorylation of substrate. C) Schematic of 
strategies for LRRK2 targeting, including targeting kinase and GTPase functions, targeting phosphoreguylators of LRRK2 such as 
phosphatases, or targeting LRRK2 dimerization or interaction with cellular partners. Thus far, compounds have been reported targeting 
LRRK2 kinase and GTPase functions (see text for more details). 
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Drosophila, which possesses only one LRRK gene (LRK-1), 
into mammals, which instead have 2 LRRKs, LRRK1 and 
LRRK2. In fact, phosphorylation of 4E-BP1 could not be 
clearly observed in mammalian cells or brain expressing 
LRRK2 [61, 62], leaving 4E-BP1 a controversial substrate of 
human LRRK2. A link between LRRK2 and protein 
translation, however, has been further corroborated by the 
observation that Drosophila and human LRRK2 
phosphorylates the ribosomal protein S15 at threonine 136 to 
regulate protein synthesis, with mutant LRRK2 impairing 
this process [63]. Interestingly, a recent chemical genetics 
screen for LRRK2 substrates has also revealed protein 
translation factors as candidate substrates for LRRK2, 
including eIF3C and eIF4B [36]. 

 In conclusion, although the list of putative LRRK2 
substrates is long, none of them has been independently 
validated or unambiguously proved using LRRK2 knock-out 
cells and/or phospho-specific antibodies. This does not mean 
that these substrates are necessary false positive, but more 
likely that their phosphorylation is modest and we might still 
miss a way (i.e. growth factors, hormones, neurotransmitters 
etc.) to activate LRRK2 kinase above a consistent detection 
threshold. A clear knowledge of LRRK2 substrates will be 
very important to define the detailed cellular pathways that 
could serve as alternative targets to LRRK2 inhibition, 
which, as discussed below, may not be the safest option for a 
therapeutic approach.  

SMALL MOLECULES AGAINST LRRK2 KINASE 
ACTIVITY 

 Soon after the confirmation of LRRK2 kinase activity  
in vitro, it was found that several existing compounds, such 
as broad spectrum kinase inhibitors staurosporine, H-1152  
or K252A, could inhibit LRRK2 kinase activity (for an 
overview of existing compounds which inhibit LRRK2 
please see reference [64]). Two types of activity assays have 
primarily been used to assess LRRK2 in vitro kinase 
activity:autophosphorylation as well as phosphorylation of 
heterologous in vitro substrates, both generic or LRRK2 
related. For the in vitro substrates, these include generic 
substrates such as myelin basic protein and myosin light 
chain as well as candidate LRRK2 substrates. However, one 
in vitro substrate has overwhelmingly been adopted, the so 
called lrrktide substrate derived from ERM proteins initially 
identified in a kinase substrate tracking and elucidation 
(KESTREL) screen for LRRK2 substrates [39]. At present, 
the lrrktide substrate in vitro assay or the lrrktide derived 
Nictide are the gold standard to test in vitro LRRK2 kinase 
activity. 

 Despite the large number of LRRK2 substrates reported 
(see above), these have disappointingly had no use in 
screening for cellular activity of LRRK2 kinase inhibitors, 
either because of difficulties in validating these assays or for 
lack of substrate specific reagents. Rather, cellular testing 
has been based on testing phosphorylation changes on 
LRRK2 itself. LRRK2 is highly phosphorylated including 
autophosphorylation sites clustering in or near the ROC 
domain and cellular phosphorylation sites in the ANK-LRR 
interdomain region (see Fig. 1A, 1B). Evidence for the 

importance of LRRK2 phosphorylation has accumulated in 
recent years with disease mutants showing hypophosphorylation 
of ANK-LRR interdomain phosphorylation sites. Also, 
although most autophosphorylation sites remain to be confirmed 
in vivo, several LRRK2 mutants show hyperphosphorylation 
of the S1292 autophosphorylation site. Dephosphorylation 
also leads to dynamic changes such as loss of 14-3-3 binding 
and shuttling to skein like structures [65, 66].  

 Interestingly, Dzamko, Nichols, Alessi and colleagues 
first found that compounds that inhibit LRRK2 kinase 
activity in vitro can induce dephosphorylation of LRRK2 at 
the S910-S935 sites in cells [66]. This inhibitor induced 
dephosphorylation of LRRK2 also affects the other 
phosphosites of the ANK-LRR interdomain cluster such as 
S955 and S973 [67], and results in a reduction of overall 
LRRK2 phosphorylation as measured by metabolic labeling 
with radioactive phosphates [65, 68]. Although this appears 
at first glance to be logical, it is actually counter intuitive 
given that S910-S935 are not autophosphorylation sites. 
Indeed, studies testing several LRRK2 variants with a broad 
range of kinase activities have found that the phosphorylation 
state (at the S935 cluster) is not correlated with in vitro 
kinase activity of LRRK2 mutants [28, 69]. 

 In contrast, reports thus far have shown a good correlation 
between in vitro activity of LRRK2 kinase inhibitors and 
their ability to dephosphorylate LRRK2 in cells. This 
apparent paradox was addressed by Vancraenenbroeck et al. 
who used a kinome-wide panel of kinase inhibitors with the 
initial intent to identify the classes of upstream kinases 
involved in phosphorylating LRRK2 in cells. In order to 
discern inhibitors that are acting on upstream kinases from 
those acting on LRRK2 itself, the in vitro potency of the 
kinase panel was tested in LRRK2 using the in vitro peptide 
(lrrktide) based radiometric assay. Comparing the in vitro 
results to cellular dephosphorylation at S935 led to the 
conclusion that the compounds which most potently 
dephosphorylated LRRK2 are those which act on LRRK2 
itself, a finding confirmed by in silico docking of the most 
potent compounds to the LRRK2 ATP-binding site [70]. 
Given that the S935 site is not an autophosphorylation site, 
this result was quite unexpected and suggests that binding of 
inhibitors to the LRRK2 kinase pocket induces recruitment 
of phosphatases to dephosphorylate LRRK2, similar to the 
observation of the induction of PP1 binding to LRRK2 after 
treatment with the LRRK2 inhibitor LRRK2-IN1 [68]. 
Although this suggests that the S935 cellular dephosphorylation 
is a good readout of cellular activity of LRRK2 compounds, 
it remains an indirect measure of LRRK2 cellular kinase 
activity and future efforts should be directed towards 
strategies to complement the S935 dephosphorylation assay, 
which still requires further validation for use as a readout in 
potential inhibitor trials [71]. 

 In the past 5 years, these in vitro and cellular tests have 
been deployed in drug discovery and compound development 
studies, yielding more than 100 LRRK2 kinase inhibitors 
[72, 73], including compounds with strong potency (low 
nanomolar range), promising selectivity (i.e. affecting few 
other kinases in testing in kinome panels) and good brain 
permeability. Table 1 gives an overview of a selection of 
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small molecule LRRK2 kinase inhibitors whose structures 
are published. For a more detailed overview of LRRK2 
kinase inhibitors, please refer to specifically dedicated 
reviews and patent overviews [72-76].  

 The recent availability of LRRK2 tool compounds 
induced an acceleration in our understanding of LRRK2 
biology and pharmacology. The very first LRRK2 specific 
compound published allowed the confirmation of cellular 
and in vivo phosphorylation changes in LRRK2. LRRK2-
IN1 was found to be active in peripheral tissues, but is not 
brain penetrant [77]. LRRK2-IN1 was also found for some 
cellular readouts such as neurite outgrowth in primary 
neurons to have identical cellular effects in normal and 
LRRK2 KO cells, suggesting some off-target activity of this 
compound [76, 78]. These observations stimulated further 
development of more specific and brain penetrant compounds.  

 As can be seen in Table 1, these next generation LRRK2 
kinase inhibitors include compounds with improvements in 
all areas: potency, selectivity and brain availability. For 
instance, while all compounds given in Table 1 show 
nanomolar range activity in vitro and in cells, the more 
recently developed compounds demonstrate activity at single 
digit nanomolar concentrations, while also showing brain 
penetrance and fewer off target kinase. These compounds 
demonstrate therefore the basic qualities required for safety 
and efficacy testing in preclinical models.  

EFFICACY AND SAFETY OF LRRK2 INHIBITION 

 One of the main challenges in testing efficacy of LRRK2 
kinase inhibitors is the question of which is the appropriate 
disease model. LRRK2 is transmitted in an autosomal 
dominant fashion; therefore a first strategy to develop 
models of LRRK2 PD is to overexpress LRRK2 mutants in 
cell culture and transgenic animal models. In cell culture, 
several authors have reported detrimental effects of LRRK2 

overexpression on cell viability, however these effects are 
highly variable from study to study, which may explain why 
cellular toxicity readouts have not been widely adopted in 
screening of LRRK2 kinase inhibitors (reviewed in [8]). In 
Drosophila, neuronal degeneration has been observed both in 
knockout animals of the drosophila LRRK1/2 homolog 
LRK-1 [79] as well as in LRRK2 overexpressors [80]. Also, 
in small mammals, key phenotypes of disease such as 
dopaminergic cell loss and motor deficits are lacking or mild 
after LRRK2 overexpression (for detailed reviews of 
LRRK2 animal models, please refer to references [22, 81, 
82]). Strategies of LRRK2 overexpression which do lead to 
nigral degeneration involve viral vector mediated 
overexpression of LRRK2 [30, 83] as well as combined 
LRRK2 and alpha-synuclein transgenic overexpression mice 
[84] although the combined LRRK2-alpha-synuclein toxicity 
phenotype is not observed in all overexpression conditions 
[85]. Further development of these and novelcellular and in 
vivo disease models of LRRK2 mediated cellular toxicity is 
required for future LRRK2 inhibitor testing. 

 An intermediate step in testing efficacy of LRRK2 
inhibitors is to measure alternative LRRK2 cellular and  
in vivo phenotypes. In this regard, LRRK2 effects on 
cytoskeleton or cellular motility has attracted much interest, 
given the many reports that LRRK2 affects neurite 
complexity in cultured neurons (see above). In cell culture, a 
potential readout is therefore the measure of neurite 
complexity in cultured neurons that is expected to be 
increased in the presence of LRRK2 kinase inhibitors. 
Alternatively, a scratch assay of cellular motility of 
fibroblasts has been reported, in which cellular motility is 
reduced in the presence of LRRK2-IN1 [86]. In transgenic 
animal models, LRRK2 inhibitor readouts may be related to 
such reported phenotypes as changes in synaptic functions or 
dopamine release in the striatum (see above), although these 
readouts have yet to be tested. 

Table 1. Overview of key LRRK2 kinase inhibitors. 

Compound ID In Vitro Activity  
(IC50 WT, nM) 

Cellular Activity S935 
(IC50 WT, nM) 

Brain Penetrance Off Target Kinases/ 
Total Tested 

Refs. 

LRRK2-IN1 13 280 No 12/442 [77] 

CZC25146 5 44 Low 5/185 [106] 

HG-10-102-01 20 650 Yes 2/451 [107] 

GSK2578215A 11 992 Low 2/451 [108] 

GNE7915 37 194 Yes 2/451 [109] 

GNE-0877 1 3 Yes 4/190 [110] 

GNE-9605 2 19 Yes - [110] 

Indolinone 5 
(= Nov-LRRK2-11) 

9 - Yes - [111] 

Indolinone 15b 15 - - 0/46 [112] 

PF-06447475 3 25 Yes 3/39 [113] 

JH-II-127 6,6 100-300 Yes - [114] 
 



LRRK2 Kinase Inhibition as a Therapeutic Strategy for Parkinson’s Disease Current Neuropharmacology, 2016, Vol. 14, No. 3    219 

 Another major issue is to address safety of LRRK2 
kinase inhibition. One of the strategies to begin to assess the 
physiological effects of pharmacological inhibition is to 
study phenotypes of knockout animals. In this regard, one of 
the main observations in LRRK2 KO mice is a striking age-
dependent impairment of protein degradation pathways in 
kidneys, which is reflected macroscopically by darkened 
kidneys in aged LRRK2 KO mice [87]. This phenotype was 
replicated in several other studies [24, 25, 88], which also 
report lung and liver abnormalities. At the cellular level, the 
observed abnormalities in kidney of LRRK2 KO mice and 
rats are an increase in size and number of secondary 
lysosomes in kidney proximal tubule cells. Lung type II cells 
of LRRK2 KOs display increases in size and number of 
lamellar bodies, while livers display increased accumulation 
of lipid droplets in hepatocytes and stellate cells.  

 One caveat in using LRRK2 knockouts to mimick 
LRRK2 kinase inhibition phenotypes is that kinase is only 
one of LRRK2’s many functions; therefore phenotypes 
observed in KO animals may result from the loss of its non-
kinase functions such as GTPase, dimerization or scaffolding 
functions. Interestingly, a first study of the effects of 
administering a LRRK2 kinase inhibitor to rodents (5 day 
treatment) showed that these reduced overall LRRK2 protein 
levels [25], suggesting that kinase inhibition may lead to 
LRRK2 protein loss and associated phenotypes. In this view, 
heterozygous LRRK2 mice may better represent kinase 
inhibition than complete knockout and, interestingly, these 
mice have no kidney phenotype [25, 89]. Recently, Fuji and 
colleagues reported a safety study in rodents and non-human 
primates for two selective, potent and brain penetrant 
compounds, administered daily for up to 29 days (see Table 2). 
This study confirms the presence of dysfunctional lamellar 
bodies in type II lung cells of non-human primates, 
suggesting that abnormalities observed in LRRK2 KO 
animals are also induced by LRRK2 kinase inhibition.  

 While it can be noted that these abnormalities are not 
radical disturbance of normal kidney or lung functions, it 
remains to be assessed in how far these abnormalities in 
peripheral tissues constitute a safety risk relative to the 

potential therapeutic benefit of LRRK2 kinase inhibition in 
PD. These studies also suggest that alternative strategies of 
targeting LRRK2 should be assessed. 

ALTERNATIVE STRATEGIES BEYOND KINASE 
INHIBITION 

 Given the reported side effects of LRRK2 kinase 
inhibition, it is important to evaluate alternative strategies to 
target LRRK2 function. Alternative targeting strategies for 
LRRK2 are schematically depicted in Fig. 1C. The GTPase 
activity of LRRK2 has been so far less studied compared to 
its kinase activity. Mutations in the ROC-COR module have 
been shown to diminish GTP hydrolysis [90]. Reduced GTP 
hydrolysis would result in a protein locked into an active 
state and, presumably, in aberrant signal transduction. 
Moreover, several LRRK2 binding partners interact with 
LRRK2 ROC domain, including Sec16, a protein involved in 
the formation of endoplasmic reticulum exit sites (ERES) 
[91], PKARIIβ [92] and tubulins [93]. Notably, interaction 
between ROC and both PKA and Sec16 are impaired in the 
presence of the pathogenic mutation R1441C, further 
supporting a role of this domain in the pathogenesis of 
LRRK2-PD. GTPases such as Ras and heterotrimeric G 
proteins have been explored as therapeutic targets in cancer. 
While most kinase inhibitors are ATP-competitive, GTPase 
inhibitors that directly target the active site of Ras are 
conceptually difficult given the very high binding affinity of 
Ras for GTP and GDP, together with the high concentration 
of GTP in the cell [94]. In the case of Ras, alternative 
approaches have been undertaken including targeting 
protein-protein interaction or other regulatory mechanisms. 
For LRRK2, this is hindered by the limited knowledge of 
proteins that modulate guanosine nucleotide hydrolysis or 
exchange. A candidate LRRK2 GTPase activating protein 
(GAP), ArfGAP1, has been reported by two independent 
studies [95, 96], however, both studies mapped the 
interaction in regions other than ROC, raising the question as 
to whether ArfGAP1 is a bona fide LRRK2 GAP or, 
alternately, LRRK2 scaffolds ArfGAP1 in a more complex 
signaling network. Independent studies reported ARHGEF7 
as a LRRK2 guanine nucleotide exchange factor (GEF) [38, 

Table 2. Overview of studies of potential safety liability of LRRK2 kinase inhibitors in mammalian animal models. 

Compound Dose Species Potential Safety Liability Refs. 

GNE-7915 200 – 300 mg/kg p.o. twice daily for 15 days Mouse No microscopic effects observed in lungs or kidneys [23] 

 10, 50 or 100 mg/kg p.o. daily for 7 days Rat No microscopic effects observed in lungs or kidneys [23] 

 10, 25 or 65 mg/kg p.o. daily for 7 days or 30 
mg/kg for 29 days 

Cynomolgus 
monkey 

Increased vacuolation of type II lung cells [23] 

GNE-0877 30 – 65 mg/kg p.o. twice daily for 15 days Mouse No microscopic effects observed in lungs or kidneys [23] 

 30, 75 or 200 mg/kg p.o. once daily for 7 days Rat No microscopic effects observed in lungs or kidneys [23] 

 6 or 20 mg/kg p.o. daily for 29 days Cynomolgus 
monkey 

Increased vacuolation of type II lung cells [23] 

Indolinone 5  
(= Nov-LRRK2-11) 

30 mg/kg p.o. twice daily for 5 days Mouse Loss of LRRK2 expression, cellular effects not tested [25] 
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97], with the R1441C mutant in the ROC domain displaying 
reduced binding [38]. A fine mapping of the interaction 
interface between LRRK2-ROC and ARHGEF7 would 
provide important information for rationale design of 
allosteric compounds interfering with ARHGEF7 binding to 
ROC. Other studies, however, postulate that the regulation of 
LRRK2 GTPase activity occurs upon protein dimerization 
suggesting GEFs and GAPs are not required (reviewed in 
references [90, 98]). Further work is required to fully 
understand the exact mechanism of ROC/GTPase regulation. 

 In contrast to Ras or other small GTPases, the low 
affinity of LRRK2 for guanine nucleotides (in the µM range) 
[99] may provide the opportunity to successfully develop 
GTP-competitive inhibitors. Recent studies highlighted that 
LRRK2 GTPase inhibition may indeed represent a feasible 
strategy alternative to kinase inhibition. In particular, one 
GTP-competitive inhibitor (termed 68) was shown to reduce 
GTP binding, attenuate neuronal degeneration in vitro and 
decrease LPS-induced LRRK2 upregulation and microglia 
activation in a mouse model of neuroinflammation [100]. 
Although this study is interesting and demonstrates the 
concrete possibility of targeting LRRK2 ROC, the selectivity 
of this compound and the potential side effects in vivo still 
remain to be determined. The same authors recently reported 
the design and synthesis of a novel analog of 68, FX2149, 
with potent GTP and kinase inhibition activity and higher 
brain penetration compared to 68 [101]. It will be interesting 
to determine whether targeting LRRK2 GTPase activity 
results in similar side effects in lungs and kidneys similar to 
kinase inhibition or instead is less toxic.  

 Therapeutic strategies alternative to kinase and GTPase 
inhibition may be directed at blocking or interfering with 
LRRK2 dimerization or targeting LRRK2 substrates. 
LRRK2 dimerization is, at least in part, mediated by self-
interaction of the ROC-COR module [8, 102], and can be 
monitored by native gels, size exclusion chromatography, 
yeast 2 hybrid, gradient centrifugation or transmission electron 
microscopy coupled with immunogold staining [8, 99, 102-
105]. As several LRRK2 interactions have been mapped at 
the level of the ROC domain, future challenges may be 
directed at mapping the interaction at the aminoacid level to 
design allosteric molecules that prevent dimerization. When 
and if future studies will provide solid evidence of LRRK2 
in vivo substrates, it will be also possible and desirable to 
consider inhibition of kinases or other enzymes downstream 
of LRRK2 as alternative and possibly more specific targets 
to turn off pathogenic LRRK2 signal transduction cascades.  

CONCLUDING REMARKS 

 The field of LRRK2 kinase inhibition has come a long 
way since the first tool compounds were reported only 4 
years ago. At least 100 compounds targeting LRRK2 kinase 
activity have been reported, and several of these have very 
desirable features such as low nanomolar range potency, 
excellent selectivity profiles and good brain penetrance. The 
availability of these experimental drugs is contributing to 
filling in the gaps in our knowledge on the safety and 
efficacy of LRRK2 kinase inhibition. Recent studies of 
LRRK2 kinase inhibition in preclinical models point to 
potential undesired effects in peripheral tissues such as lung 

and kidney. Also, while strategies are now emerging to 
measure target engagement of LRRK2 inhibitors, there 
remains an important need to expand efficacy studies in 
preclinical models of progressive PD. Future work in the 
LRRK2 inhibition field must therefore be directed towards 
developing molecules and treatment regimens which 
demonstrate efficacy in mammalian models of disease in 
conditions where safety liabilities are reduced to a minimum. 

 
Outstanding Questions and Issues 

- What is the best way to assess preclinical 
efficacy of kinase inhibitors? 

- What are the cellular mechanism(s) of action of 
LRRK2 kinase inhibitors? 

- What are the bona fide LRRK2 heterologous 
substrates? 

- How is LRRK2 kinase activity regulated in the 
cell? 

- Can the observed safety liabilities of existing 
compounds be improved in chronic treatment 
paradigms? 

- Can novel efficacious LRRK2 kinase inhibitors 
be developed with improved safety profiles? 

- Will LRRK2 inhibitors have efficacy outside of 
G2019S associated PD? 

- Are non-kinase inhibitors more safe and/or 
efficacious than kinase inhibitors? 
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