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Abstract

Synucleinopathies are neurodegenerative disorders characterized by abnormal α-synuclein 

deposition that include Parkinson’s disease (PD), dementia with Lewy bodies (DLB), and multiple 

system atrophy (MSA). The pathology of these conditions also includes neuronal loss and 

neuroinflammation. Neuron-released α-synuclein has been shown to induce neurotoxic, pro-

inflammatory microglial responses through Toll-like receptor 2 (TLR2) but the molecular 

mechanisms involved are poorly understood. Here, we showed that Leucine-rich repeat kinase 2 

(LRRK2) plays a critical role in the activation of microglia by extracellular α-synuclein. Exposure 

to α-synuclein was found to enhance LRRK2 phosphorylation and activity in mouse primary 

microglia. Furthermore, genetic and pharmacological inhibition of LRRK2 markedly diminished 

α-synuclein-mediated microglial neurotoxicity via lowering of TNFα and IL-6 expression in 

mouse cultures. We determined that LRRK2 promoted a neuroinflammatory cascade by selectively 

phosphorylating and inducing nuclear translocation of the immune transcription factor nuclear 

factor of activated T-cells, cytoplasmic 2 (NFATc2). NFATc2 activation was seen in patients with 

synucleinopathies and in a mouse model of synucleinopathy, where administration of a LRRK2 

pharmacological inhibitor restored motor behavioral deficits. Our results suggest that modulation 

of LRRK2 and its downstream signaling mediator NFATc2 might be therapeutic targets for 

treating synucleinopathies.

One Sentence Summary:

LRRK2 modulates nucleus translocation of NFATc2 in microglia.

INTRODUCTION

Synucleinopathies such as Parkinson’s disease (PD), dementia with Lewy bodies (DLB), 

and multiple system atrophy (MSA) are neurodegenerative diseases mostly affecting aging 

individuals characterized by progressive and abnormal accumulation of soluble and 

insoluble α-synuclein in neurons and glia (1, 2). A large body of evidence supports the cell-

autonomous neurotoxicity of soluble α-synuclein aggregates, involving disruptions in 

vesicle recycling, mitochondrial energy production, and protein homeostasis (2, 3). Recently, 

however, non-cell-autonomous mechanisms, such as the pathological transmission of α-

synuclein from neuron to neuron and from neuron to glia, have been identified (4). Although 

α-synuclein is typically a neuronal cytosolic protein, it can be secreted into the extracellular 

environment (4). Extracellular α-synuclein can be taken up by neighboring cells, promoting 

neurotoxic α-synuclein accumulation in neurons and a series of neuroinflammatory 

responses in microglia (5–7).
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Neuroinflammation has been strongly associated with the pathogenesis of PD and DLB (8). 

We have previously shown that oligomeric forms of neuron-released α-synuclein can induce 

neurotoxic microglial activation through Toll-like receptor 2 (TLR2) (7, 9). Through NFκB 

and p38 MAPK downstream signaling pathways, TLR2-activated microglia release 

neurotoxic pro-inflammatory cytokines such as TNFα and IL-6 (7, 10). Corroborating this 

mechanism, functional inhibition of TLR2 via a neutralizing antibody substantially reduced 

neuroinflammation and ameliorated neurodegeneration in a synucleinopathy mouse model 

(11).

Leucine-rich repeat kinase 2 (LRRK2) is a serine/threonine kinase belonging to the ROCO 

protein family (12). Missense mutations in LRRK2 are associated with autosomal dominant 

PD (12). LRRK2 contains multiple functional domains, including a WD40 repeat, leucine-

rich repeat (LRR), GTP-binding regulatory domain, and kinase domain (12). Multiple 

LRRK2 residues can be phosphorylated by autophosphorylation or other upstream kinases 

(13). Although LRRK2 has been extensively studied in neurons, increasing evidence 

suggests an essential role for LRRK2 in microglia-mediated neuroinflammation (14). 

Exposure to lipopolysaccharide (LPS) induces microglial LRRK2 expression in vivo and in 

vitro (15, 16). Furthermore, knockdown of LRRK2 reduced the transcriptional activity of 

NFκB, a master regulator of pro-inflammatory gene expression in LPS-exposed microglia 

(17). However, the specific neuroinflammation cascade orchestrated by LRRK2 in microglia 

and its relevance to the pathogenesis of PD and DLB has not been fully elucidated.

In this study, we characterized a LRRK2-dependent pathway in microglial activation and the 

associated inflammatory response to neuron-released α-synuclein. Specifically, we 

identified nuclear factor of activated T cells, cytoplasm 2 (NFATc2) as a kinase substrate for 

LRRK2 in mouse. In this cascade, neuron-released α-synuclein activates LRRK2 kinase 

activity in microglia via TLR2 to induce the nuclear translocation of NFATc2, where 

NFATc2 transcriptional activity can promote a neurotoxic inflammatory environment in 

synucleinopathies. Therefore, we suggest that the LRKK2-NFATc2 signaling cascade might 

be a therapeutic target for PD and DLB.

RESULTS

Neuron-released α-synuclein activates microglial LRRK2

To investigate the role of LRRK2 in the process of microglial activation by extracellular α-

synuclein, we treated mouse non-transgenic primary microglia cells with conditioned 

medium obtained from neuronal cells expressing either β-galactosidase (LZCM) or human 

α-synuclein (αSCM) (Fig. 1A) (7, 18). Primary microglia cells were isolated from the 

brains of one-day old mice and cultured for 10–12 days before exposure to αSCM. We 

previously demonstrated that microglial activation is dependent on the α-synuclein 

concentration in the conditioned media (7). αSCM used in this study contained 1.06 ± 0.371 

μg ml−1 α-synuclein (7).

Following incubation for 0, 2, 6, or 24 hours, whole microglia lysates were analyzed by 

western blot for the expression of inflammatory mediators (Fig. 1B). Exposure to αSCM, 

but not LZCM, increased phosphorylation of both NFκB and p53 in a time-dependent 
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manner (Fig. 1B and fig. S1A). Lrrk2 phosphorylation (S935 and S955) was acutely 

increased in αSCM-exposed microglia whereas unaffected by LZCM or recombinant α-

synuclein fibril treatment (Fig. 1B and fig. S1, A and B).

We have previously shown that neuronally released α-synuclein in αSCM activates TLR2 

on the surface of microglia (7). Consistent with our previous observations, pre-treating 

αSCM-exposed primary mouse microglia with TLR2 functional blocking antibody T2.5 (10 

μg ml−1), but not IgG (10 μg ml−1), significantly (P < 0.001) inhibited phosphorylation of 

NFκB, p38 MAPK, and LRRK2 (fig. S2, A and B).

Given that pharmacological inhibition of LRRK2 is known to disrupt phosphorylation at 

S935 and S955 (19–22), we next monitored the phosphorylation of LRRK2 kinase substrates 

Ras-related protein Rab-8A (RAB8A) and Ras-related protein Rab-10 (RAB10) as an 

indicator of LRRK2 activity in microglia (23–26). Both RAB8A (T72) and RAB10 (T73) 

displayed increased phosphorylation following αSCM-exposure (Fig. 1C). Together, these 

results demonstrate that neuron-released α-synuclein increases LRRK2 kinase activity in 

cultured mouse primary microglia.

LRRK2 modulates neuron-released α-synuclein-mediated microglial neurotoxicity

Having demonstrated that neuron-released extracellular α-synuclein increases LRRK2 

kinase activity in microglia, we sought to further elucidate the role of LRRK2 in microglial 

activation by treating wild type and Lrrk2 knockout (Lrrk2−/−) primary microglia cells with 

αSCM. Among brain-resident cells, microglia are the most efficient at clearing extracellular 

α-synuclein (27). In addition, LRRK2 has been suggested to modulate cell-to-cell 

transmission of α-synuclein (28, 29). To support a critical role for microglial LRRK2 in α-

synuclein clearance, we found that genetic depletion (fig. S3A) and pharmacological 

inhibition (fig. S3B) of LRRK2 delayed the microglial uptake of extracellular α-synuclein. 

Extracellular α-synuclein is also known to elevate proinflammatory cytokine and chemokine 

gene expression in wild type microglia (Fig. 2, A to H) (7). Genetic deletion of Lrrk2 was 

only able to reduce the expression of two cytokines following αSCM exposure, Tnfα and 

Il-6 (Fig. 2, A and B). Il-1β and Ccl2 were unaffected by Lrrk2 gene deletion, whereas Il-10, 

inos, Cxcl1, and Ccl5 were enhanced (Fig. 2, C to H). Similarly, pharmacological inhibition 

of LRRK2 kinase activity attenuated αSCM-induced expression of Tnfα and Il-6, whereas 

Il-1β expression was unaffected (fig. S4, A to C). Lrrk2−/− microglia also displayed reduced 

secretion of TNFα and IL-6 compared to wild type controls (Fig. 2, I and J). Further 

supporting these observations, double immunolabeling analysis revealed a significant (P < 

0.001) reduction of αSCM-induced TNFα and IL-6 expression in Lrrk2−/− compared to wild 

type microglia (Fig. 2K).

We then examined the effects of Lrrk2 gene depletion on α-synuclein-mediated microglial 

neurotoxicity (Fig. 2, L and M). We have previously shown that α-synuclein exposure 

induces microglial neurotoxicity through a series of activation steps culminating in the 

release of neurotoxic cytokines such as TNFα (10). To determine whether LRRK2 plays a 

role in this process, we obtained microglial conditioned medium (MgCM) from cultures of 

mouse wild type or Lrrk2−/− microglia exposed to either LZCM or αSCM (fig. S5A) (10). 

Primary mouse cortical neurons were treated with DMEM (control), LZCM-treated wildtype 
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MgCM (Lrrk2+/+-LZ-MgCM), αSCM-treated wild type MgCM (Lrrk2+/+-αS-MgCM), 

LZCM-treated Lrrk2−/− MgCM (Lrrk2−/−-LZ-MgCM), or αSCM-treated Lrrk2−/− MgCM 

(Lrrk2−/−-αS-MgCM) for 18 hours (Fig. 2, L and M, and fig. S5A). Neuronal toxicity was 

determined in an automated and blinded manner using intact neuronal cell body and 

neuronal DNA content via CyQuant (Fig. 2, L and M, and fig. S5A). Treatment with 

Lrrk2+/+-αS-MgCM significantly (P < 0.001) decreased both DNA content and the number 

of viable primary neurons, while neuronal cytotoxicity was not observed in control and 

Lrrk2+/+-LZ-MgCM-treated cells (Fig. 2, L and M). Neuronal loss was not observed in 

either Lrrk2−/−-αS-MgCM or Lrrk2−/−-LZ-MgCM treatment group (Fig. 2, L and M). To 

determine whether MgCM neurotoxicity might be related to cytokine expression, we 

measured the concentrations of TNFα and IL-6 in MgCM (fig. S5, B and C). TNFα and 

IL-6 concentrations were lower than those in Fig. 2 I and J since microglia were exposed to 

αSCM for only 1 hour to generate MgCM, but the relative pattern of higher concentrations 

after αSCM treatment and lower concentrations in Lrrk2−/− microglia was consistent (fig. 

S5, B and C). To test the hypothesis that TNFα and IL-6 in MgCM could be sufficient to 

mediate neurotoxicity, we treated primary mouse neurons with recombinant TNFα and/or 

IL-6 at concentrations similar to the amounts found in Lrrk2+/+-αS-MgCM (TNFα: 0.3 

ng/ml and IL-6: 0.1 ng/ml) for 18 hours (fig. S5, D and E). Whereas treatment with a single 

cytokine induced neurotoxicity, treatment of both TNFα and IL-6 produced a synergistic 

effect to reproduce the neurotoxicity observed in Fig. 2, L and M (fig. S5, D and E). 

Therefore, these results collectively suggest that LRRK2 modulates the production of 

neurotoxicants such as TNFα and IL-6 in α-synuclein-exposed mouse microglia.

NFATc2 mediates LRRK2 signaling in microglia exposed to neuron-released α-synuclein

To gain a mechanistic understanding of the role of LRRK2 in microglial activation by 

extracellular α-synuclein, we analyzed transcriptome data (GSE26532) obtained from 

primary rat microglia exposed to either LZCM or αSCM for 6 or 24 hours (Fig. 3A) (7). 

Among the 213 genes upregulated after exposure to αSCM, we selected 43 that were 

involved in Toll-like receptor signaling and other immune signaling pathways (see details in 

Supplementary Materials) and reconstructed a signaling network describing their 

interactions utilizing functional gene enrichment analysis and information on protein-protein 

interactions (Fig. 3A). According to this analysis, extracellular α-synuclein activates 

microglial TLR2 to enhance the activity of several downstream kinases and GTPases, such 

as interleukin 1 receptor associated kinase 4 (IRAK4) and Ras-related C3 botulinum toxin 

substrate 2 (RAC2), ultimately activating NFκB and cytokine/chemokine gene expression. 

Our proposed network introduces a potential NFκB-independent signaling pathway that acts 

through LRRK2 and NFATc2 to selectively modulate cytokine and chemokine expression 

(Fig. 3A). Although regulation of TNFα and IL-6 by NFκB has been well described, these 

cytokines also contain multiple NFAT response elements in their respective promoters, 

suggesting that regulation by NFATc2 is also plausible (30, 31). In addition, gene set 

enrichment analysis (GSEA) revealed an enrichment of the PDI NFAT TF PATHWAY gene 

set in the transcriptome data from both 6- and 24-hour time points (Fig. 3B) (32).

Given that our transcriptome-based network analysis revealed a potential interaction 

between LRRK2 and NFATc2 during microglia activation by extracellular α-synuclein, we 
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began by examining Nfatc2 expression and regulation in mouse wild type microglia (Fig. 

3C). Primary microglia were treated with either LZCM or αSCM for various timepoints up 

to 24 hours and whole cell lysates were analyzed by western blot analysis (Fig. 3C). In wild 

type microglia, total Nfatc2 expression acutely increased with exposure time to αSCM (Fig. 

3C). NFATc2 phosphorylation at S54 was also increased at early time points following 

αSCM exposure, indicating enhanced transcriptional activity (Fig. 3C). The increase in 

NFATc2 expression consequential to exposure to extracellular α-synuclein was eliminated in 

Lrrk2−/− microglia (Fig. 3D). Whereas NFκB phosphorylation was also increased in αSCM-

treated wild type microglia, it was not affected by Lrrk2 gene depletion, suggesting that 

LRRK2 affects NFATc2 specifically (Fig. 3D). αSCM exposure slightly increased Nfatc2 
mRNA expression in wild type but not Lrrk2−/− microglia (Fig. 3E), suggesting that some of 

the observed effects can be attributed to transcriptional regulation. Additionally, 

pretreatment with T2.5 to block TLR2 activity was sufficient to inhibit NFATc2 induction by 

extracellular α-synuclein in wild type microglia (fig. S6A), whereas an inhibitor of 

calcineurin, Cyclosporin A, had no effect (fig. S7).

LRRK2 expression has been reported to be variable, depending on developmental stage and 

age at harvest (33). Therefore, we investigated Lrrk2 expression and response to αSCM in 

aged mouse microglia (fig. S8, A and B). Aged microglia freshly isolated from 2-year old 

mice showed decreased Lrrk2 gene expression compared to microglia grown in postnatal 

mixed cultures (fig. S8A). However, similar to postnatal microglia, exposure to αSCM 

induced NFATc2 in aged wild type but not in aged Lrrk2−/− microglia (fig. S8B). In contrast, 

αSCM treatment increased the phosphorylation of NFκB and p38 MAPK in both aged wild 

type and Lrrk2−/− microglia (fig. S8B). As such, these results support the existence of a 

LRRK2 and NFATc2 signaling pathway activated by extracellular α-synuclein and 

independent of NFκB in acutely isolated microglia from aged mice.

LRRK2 modulates nuclear translocation of NFATc2

NFATc2 has been shown to translocate to the nucleus and modulate the transcription of 

multiple immune-related genes (34–36). Although it has been reported that Lrrk2 down-

regulates NFATc2 (37), a more recent study demonstrated activation of NFATc2 by LRRK2 

overexpression in HEK 293T cells (38). To determine which of these outcomes occur in 

microglia, we used automated image analysis and nuclear/cytoplasmic fractionation to 

determine whether LRRK2 modulates the nuclear translocation of NFATc2 (Fig. 4, A to C, 

and fig. S6B). The nucleus and cytoplasm of single microglial cells were automatically 

compartmentalized and the NFATc2 fluorescence intensity measured in each compartment 

by Cellomics VTI Arrayscan (Fig. 4A). We observed a time-dependent increase in the 

nuclear translocation of NFATc2 following αSCM exposure, which was significantly (P < 

0.05) inhibited by either treatment with LRRK2 kinase inhibitor HG-10-102-01 (100 nM) 

(Fig. 4B) or genetic depletion of Lrrk2 (Fig. 4C). In addition, functional inhibition of TLR2 

by T2.5 significantly (P < 0.01) decreased nuclear translocation of NFATc2 in αSCM-

exposed wild type mouse microglia (fig. S6B).

Since the induction of microglial NFATc2 nuclear translocation was inhibited by Lrrk2 gene 

depletion and LRRK2 kinase inhibition, we hypothesized that NFATc2 nuclear translocation 
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might be modulated by LRRK2 kinase activity. To further test this hypothesis, we compared 

the Lrrk2−/− with a Lrrk2 G2019S knock-in (G2019S KI) that has enhanced kinase activity 

(39). The cytoplasmic and nuclear fractions of primary wild type, Lrrk2−/−, and G2019S KI 

microglia were analyzed by western blot analysis (Fig. 4D). Cytoplasmic NFATc2 was 

significantly (P < 0.001) lower in G2019S KI than in wild type or in Lrrk2−/− microglia, 

while nuclear NFATc2 was correspondingly higher (Fig. 4D). Moreover, NFATc2 expression 

was markedly decreased in the nuclear fraction of Lrrk2−/− microglia compared to their wild 

type counterparts (Fig. 4D).

We next used co-immunoprecipitation to determine whether LRRK2 and NFATc2 physically 

interact with each other in response to extracellular α-synuclein. LRRK2 was 

immunoprecipitated from primary mouse microglia treated with LZCM or αSCM for 6 

hours (Fig. 4E). The amount of endogenous NFATc2 co-immunoprecipitated with LRRK2 

was significantly (P < 0.01) higher in αSCM-exposed microglia compared to LZCM-treated 

microglia (Fig. 4E). Additional confocal microscopic analysis of Fig. 4C also showed 

increased NFATc2 immunoreactivity in the nucleus of wild type by αSCM treatment but not 

Lrrk2−/− microglia (Fig. 4F). These experiments collectively suggest that LRRK2 directly 

interacts with NFATc2 in the cytosol of microglia to then, indirectly, modulate NFATc2 

nuclear translocation.

NFATc2 is a kinase substrate for LRRK2

Given that the nuclear translocation of NFATc2 may be LRRK2-dependent, we next 

examined whether LRRK2 directly phosphorylates NFATc2. Recombinant human NFATc2 

and wild type, D1994A (Kinase dead), or G2019S (a pathogenic, activating mutation) 

LRRK2 were used for an in vitro LRRK2 kinase assay (Fig. 5A). Phosphorylation of 

NFATc2 was rapidly induced by LRRK2 and the amount of phosphorylation was increased 

with the G2019S mutant (Fig. 5A). In contrast, NFATc2 was not phosphorylated by the 

LRRK2 kinase dead mutant D1994A (Fig. 5A).

To identify LRRK2-specific phosphorylation sites on NFATc2, we next incubated NFATc2 

with wildtype, D1994A, or G2019S LRRK2, and analyzed the NFATc2 with liquid 

chromatography tandem mass spectrometry (LC-MS/MS) (Fig. 5, B and C, and fig. S9). 

Extracted-ion chromatogram (XIC) of non-phosphorylated peptides matched to NFATc2 

were used to quantify NFATc2 protein concentration. Among the 10 phosphorylated residues 

that were detected, five corresponding phosphopeptides had XIC values higher when 

NFATc2 was incubated with G2019S-LRRK2 than when incubated with wildtype LRRK2. 

The same sites were comparatively less abundant in NFATc2 incubated with LRRK2 

D1994A (Fig. 5, B and C). Analysis of publicly available crystal structures of NFATc2 

revealed that T483 is located in the REL-homology region (aa 408–677), T483 and T733 are 

located close to the DNA binding surface (PDB: 1P7H and 1OWR) (40), and the remaining 

three threonine (T862, T870, and T893) are present in the flexible C-terminal region (aa 

678–925) associated with NFATc2 translocation (Fig. 6A) (41). A 3D structure model 

depicting how LRRK2 could phosphorylate each NFATc2 threonine of interest is shown in 

Fig. 6, B to F (42).
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Abnormal increase of nuclear NFATc2 in the brains of synucleinopathy patients

Next, we sought to characterize the implications of NFATc2 signaling in human 

synucleinopathies such as PD/DLB. Paraformaldehyde-fixed vibratome sections of 

postmortem neocortex and striatum were obtained from patients with PD/DLB and controls 

without a diagnosis of neurodegenerative disease in lifetime, confirmed by lack of 

neuropathology post-mortem (table S1). We observed pronounced microgliosis and 

astrogliosis in PD/DLB brains (Fig. 7A). NFATc2 immunoreactivity was higher in both 

neuronal and non-neuronal cells of patients with PD/DLB compared to neurologically 

unaffected controls (Fig. 7B). Biochemical analysis of whole brain lysates also revealed that 

both protein and gene expression of NFATc2 were significantly (P < 0.05) higher in 

PD/DLB brains than in controls without neurological disease (Fig. 7C). The expression of 

NFATc2 was higher in PD/DLB brains than in controls (Fig. 7D). Double immunolabeling 

confirmed the presence of NFATc2 in the cells that expressed neuronal (NeuN), astroglial 

(GFAP), or microglial (IBA-1) markers (Fig. 7E). Whereas control cases displayed abundant 

NFATc2 immunoreactivity in the cell cytoplasm, in patients with PD/DLB, NFATc2 was 

concentrated in the nucleus (Fig. 7, B and E). Taken together, these observations support the 

notion that NFATc2 may be activated in the brains of patients with PD/DLB.

LRRK2 kinase inhibition ameliorates neuropathology in synucleinopathy model

Given that LRRK2 and NFATc2 interactions appeared to play a role in neuroinflammation 

and neurodegeneration, we hypothesized that selective inhibition of LRRK2 kinase would 

reduce the overall burden of these pathologies in a synucleinopathy mouse model. To 

examine this hypothesis, we administered brain-permeable LRRK2 kinase inhibitor, 

HG-10-102-01, in a synucleinopathy mouse model overexpressing human wild-type α-

synuclein under the murine Thy1 promoter (α-syn transgenic) (Fig. 8 and fig. S10 and S11) 

(43). This model is known to mimic aspects of the neuroinflammatory and 

neurodegenerative aspects of synucleinopathy, including behavioral deficits and extensive 

astrogliosis and microgliosis (44, 45). Age-matched non-transgenic and α-syn transgenic 

mice were injected with either vehicle or LRRK2 kinase inhibitor (10 mg/kg) for 4 weeks 

(fig. S10). Compared to non-transgenic mice, vehicle-administered α-syn transgenic mice 

displayed substantial astro- and microgliosis in the neocortex, hippocampus, and striatum 

(Fig. 8A). This glial activation was significantly (P < 0.05) diminished by LRRK2 inhibitor 

injection (Fig. 8A).

We next assessed changes to pro-inflammatory cytokine gene expression in non-transgenic 

and α-syn transgenic mice in response to injections of vehicle or LRRK2 inhibitor (Fig. 8, B 

to J). α-syn transgenic brains showed increased expression of Tnfα, Il-6, and Il-1β, and 

administration of the LRRK2 kinase inhibitor reduced the expression of Tnfα and Il-6 but 

not Il-1β (Fig. 8, B to D). The expression of Il-10, Cxcl1, Ccl2, and Ccl4 were not 

modulated in α-syn transgenic and were not affected by LRRK2 inhibitor administration 

(Fig. 8, E to I). However, the expression of Ccl5 was increased in LRRK2 inhibitor treated 

α-syn transgenic (Fig. 8I). In addition, we observed an increase of early growth response 2 

(Egr2) expression, a well-established NFATc2 target gene, in α-syn-tg mice, which was also 

significantly (P < 0.01) attenuated by injection with LRRK2 kinase inhibitor (Fig. 8J). 

Double-immunostaining analysis also revealed an increase of nuclear NFATc2 in the 
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neurons, astrocytes, and microglia of α-syn transgenic mice that was normalized by LRRK2 

kinase inhibition (fig. S11, A to C). Collectively, these results suggest that LRRK2 

influences gene expression of a subset of NFATc2 target genes in vivo without affected non-

NFATc2 target genes in the same animals.

We next examined whether administering LRRK2 kinase inhibitor to α-syn transgenic mice 

could ameliorate behavioral deficits seen in these animals (Fig. 8, K to P). Behavior was 

assessed using rotarod (Fig. 8, K and L), wire hang (Fig. 8M), and open field tests (Fig. 8, N 

to P). Administration of LRRK2 kinase inhibitor at 9 months of age completely restored 

motor behavioral and motor learning deficits in α-syn transgenic mice (Fig. 8, K and L), 

whereas motor neuromuscular impairment was not rescued (Fig. 8M). Impaired exploratory 

and anxiety-like behavior in α-syn transgenic were not suppressed but instead further 

enhanced by LRRK2 kinase inhibitor administration (Fig. 8, N to P). Confirming results 

from human synucleinopathy brains, α-syn transgenic mice showed a marked induction of 

Nfatc2 and this could be rescued by LRRK2 kinase inhibition (Fig. 8Q). Collectively, these 

results indicate that modulation of LRRK2 kinase activity can ameliorate 

neuroinflammation, neuronal loss, and behavioral deficits in a mouse model of 

synucleinopathy.

DISCUSSION

In the current study, we report that NFATc2 is a kinase substrate for LRRK2 in mouse 

microglia. The interaction between LRRK2 and NFATc2 may be critical for extracellular α-

synuclein-mediated microglial neuroinflammation, which in turn is essential for 

neurotoxicity in synucleinopathies. Exposure to neuron-released α-synuclein promoted 

microglial LRRK2 kinase activation, inducing nuclear translocation of NFATc2 to increase 

TNFα and IL-6 expression. We identified several potential threonine residues on NFATc2 

(T483, T733, T862, T870, and T893) for LRRK2 phosphorylation and subsequent nuclear 

translocation. We have also shown that NFATc2 has increased expression and nuclear 

translocation in neuronal and non-neuronal cells of brains from patients with 

synucleinopathy and a mouse model. Moreover, administration of LRRK2 kinase inhibitor 

ameliorated neuroinflammation, toxicity, and motor behavior deficits in this mouse model of 

synucleinopathy, suggesting that targeting LRRK2 and NFATc2 interactions might be of 

therapeutic interest for synucleinopathies (fig. S12).

The mouse model utilized in current study is known to reproduce most features of 

synucleinopathies, including neuropathology and deficits in motor and non-motor function 

(46). As such, these mice have been extensively used to study behavioral deficits. For 

example, dopaminergic therapy has been shown to improve motor but not non-motor 

dysfunction in these mice (46). In the current study, we also demonstrated a notable 

improvement of motor function by LRRK2 kinase inhibition. However, LRRK2 inhibition 

not only failed to improve non-motor symptoms, but also worsened them. Although we do 

not yet understand the molecular mechanism of non-motor behavioral deficits in 

synucleinopathy models, a recent study associated LRRK2 with non-motor animal behavior 

(47). Therefore, we can speculate that the non-motor deficits of this synucleinopathy model 

is closely tied to LRRK2 activity and needs to be explored carefully in further studies.
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In addition to worsening non-motor symptoms in mice, genetic and pharmacological 

LRRK2 kinase inhibition delayed uptake and degradation of extracellular α-synuclein in 

primary microglia. As with other anti-inflammatory drugs, LRKK2 inhibitors may have both 

positive and negative effects given the complex role of inflammation and microglial 

activation in neurodegeneration. Extracellular α-synuclein aggregates may interact with 

microglia in at least two different ways: on one hand, they may stimulate TLR2 to activate 

the LRRK2-NFATc2 pathway and produce a pro-inflammatory phenotype, as shown in the 

present study; on the other, they can also interact with other receptors to initiate LRRK2-

dependent aggregate phagocytosis (48) and clearance via lysosomal pathways (49, 50). 

Thus, blocking NFATc2 phosphorylation by LRRK2 inhibition may not only prevent toxic 

inflammation but also impede α-synuclein clearance. That being said, much of our data 

suggests that the advantages of LRRK2 inhibition may outweigh the disadvantages. 

Moreover, this balance of paradoxical effects may depend on the stage of disease. For 

example, in cases where there is substantial α-synuclein accumulation—as is the case for 

most symptomatic patients with PD/DLB—microglial activation may be more harmful than 

beneficial by exacerbating a toxic microenvironment. Not only has chronic 

neuroinflammation been shown to increase α-synuclein deposition in various 

synucleinopathy animal models (51–56), but when these animals were treated with drugs to 

reduce neuroinflammation, α-synuclein neuropathology also decreased (57, 58). Therefore, 

we support selective inhibition of the microglial LRRK2-NFATc2 neuroinflammation 

cascade to reduce α-synuclein-mediated neurotoxicity. Indeed, a previous study found that 

LRRK2 inhibition reduced α-synuclein pathology in synucleinopathy mice (28). 

Nevertheless, we certainly cannot ignore the concern that reducing microglial clearance 

activity might allow α-synuclein to accumulate in the extracellular space. A mixed strategy 

that targets both extracellular α-synuclein and the microglial LRRK2-NFATc2 cascade may 

be necessary, such as a combination of a LRRK2 pharmacological inhibitor and an anti-α-

synuclein immunotherapy. We plan to explore this possibility in future studies.

NFAT is known to play a critical role in T cell differentiation and response (30, 59). In the 

canonical NFAT pathway, Ca2+/Calcineurin mediates nuclear translocation of NFAT through 

the dephosphorylation of multiple serine residues in the N-terminus region, including the 

nuclear localization signal (34, 59, 60). Recent studies have also suggested the involvement 

of a high molecular weight signaling complex containing scaffolding proteins, non-coding 

RNAs, and kinases such as LRRK2 during the interaction of NFAT and calcineurin (35, 37, 

61, 62). However, it remains controversial whether LRRK2 modulates NFAT. LRRK2 was 

first suggested as a negative regulator of NFAT based on its interactions with noncoding 

RNA repressor of NFAT to inhibit nuclear translocation (37, 63). A more recent study, on 

the other hand, demonstrated an induction of NFAT activity in HEK293T cells expressing 

LRRK2 or LRRK2 G2019S (38). Moreover, bone marrow-derived dendritic cells isolated 

from mice overexpressing Lrrk2 and treated with zymosan expressed more Il-2, an NFAT 

target gene, compared to that of non-transgenic mice (38). These seemingly conflicting 

results may be due to a LRRK2/NFAT signaling cascade that can be further modified either 

by cell type or by stimulus applied. Therefore, our studies were aimed at clarifying whether 

LRRK2 directly modulates the nucleus translocation of NFATc2 to accelerate target gene 

expression in microglia in response to extracellular α-synuclein and, in this context, LRRK2 
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kinase activity appears to enhance NFATc2 nuclear accumulation. However, given the 

importance of NFAT in other cells such as T cells, future studies should carefully explore 

how NFAT and LRRK2 impact overall activity in other cell types that express both 

molecules.

Although microglia activation is associated with pro-inflammatory cytokine production, 

activation may also lead to the release of neurotrophic molecules such as brain-derived 

neurotrophic factor (64). We have previously demonstrated that although TLR2 

neutralization decreases the expression of pro-inflammatory cytokines it may also impact 

neurotrophin production in this mouse model of synucleinopathy (7). Here, we have found 

that the microglial LRRK2-NFATc2 signaling cascade selectively modulates the production 

of specific neurotoxic pro-inflammatory cytokines, TNFα and IL-6. Therefore, we propose 

that modulation of the LRRK2-NFATc2 interaction might selectively reduce the neurotoxic 

microglial response without affecting neurotrophic factor release in synucleinopathies, 

although this hypothesis requires further empirical assessment.

In agreement with our findings, a recent study reported that epidermal cells obtained from 

PD patients with the LRRK2-G2019S mutation showed a blunted response to LPS treatment 

compared to control cells (65). We confirm those observations here and further show that the 

distribution of NFATc2 is altered in G2019S knock-in mouse microglia. Specifically, we 

observed a decrease in cytoplasmic NFATc2 in the G2019S knock-in mutants compared to 

wildtype, resulting in the lack of a key mediator for the LRRK2 signaling cascade. Together, 

these results support previous findings that cells with the LRRK2-G2019S mutation have an 

altered microglial activation response against LPS.

NFAT has been considered to be an immune-related protein and expressed in T cells and 

macrophages (66). However, recent studies have shown that neurons also express NFAT and 

that different neuronal cell types express different NFAT isoforms (67–70). Here, we 

confirm the neuronal expression of NFATc2 in the human neocortex and striatum. 

Interestingly, PD/DLB brains showed greater overall expression and nuclear translocation of 

NFATc2. As such, we propose that neuronal NFATc2 may provide an additional avenue of 

regulation, in additional to microglia, in the PD/DLB brain.

In the current study, we proposed microglial LRRK2 and NFATc2 as a potential therapeutic 

target for synucleinopathy. For further translational application, however, a few challenges 

remain. Both LRRK2 and NFATc2 are known to be expressed and play important roles in 

peripheral immune cells such as T cells. Therefore, the effects of LRRK2 and NFATc2 

inhibition must be carefully analyzed in the innate and adaptive immune systems prior to 

apply the findings to synucleinopathies treatment. Second, NFATc2 has many 

phosphorylation residues and its activity has been known to be associated with 

phosphorylation and dephosphorylation of multiple residues. However, only few antibodies 

are available to address the phosphorylation of NFATc2. Therefore, antibodies specific to 

NFATc2 phosphorylated at the proposed target residue must be developed to demonstrate the 

association of NFATc2 phosphorylation with disease. Third, LRRK2 signaling modulation 

worsened non-motor symptoms in a synucleinopathy mouse model although motor deficits 

were markedly improved. Combinational therapy may be necessary to address patient non-
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motor symptoms. Despite these limitations, our results suggest that the LRRK2-NFATc2 

signaling cascade may be a new therapeutic target for synucleinopathies (fig. S12).

MATERIALS AND METHODS

Study design

The aim of this study was to identify the role of LRRK2 in neuroinflammation and 

characterize LRRK2 and its downstream signaling cascade as promising therapeutic targets 

for synucleinopathies. Primary mouse microglia were utilized for in vitro experiments and 

the n for individual experiments is indicated in the figure legends. Sample size reflects the 

number of independent biological replicates. For pre-clinical investigation, we administered 

LRRK2 kinase inhibitor to non-transgenic and α-syn transgenic mice. Sample size was 

determined by availability and previous experience with α-syn transgenic mouse and no 

outliers were excluded from the study. Injections and dissections were conducted in a non-

blinded fashion. Blinding was performed during data collection and analysis. Representative 

images were obtained from the subjects in randomly chosen area.

Human specimens, neuropathological evaluation, and criteria of diagnosis

Human specimens (8 age-matched control and 10 PD/DLB cases) were obtained from the 

Alzheimer Disease Research Center (ADRC) at the University of California, San Diego 

(UCSD) (table S1). The diagnosis was based on the initial clinical presentation with 

dementia followed by parkinsonism and the presence of cortical and subcortical α-

synuclein/Ubiquitin-positive Lewy bodies (71).

Statistical analysis

Data acquisition and quantification was performed by experimenters blinded to genotype 

with the exception of the in vitro molecular analyses. The number of independent 

experiments in in vitro assays or the number of human and mouse subjects in in vivo 

experiments are represented by N. All data were presented as group mean ± SEM. Statistical 

analyses were performed using Instat 3 (GraphPad,). Statistical analyses were conducted 

using unpaired t test for two groups, or one-way ANOVA followed by Tukey’s multiple 

comparison test for more than two groups. No animal or sample was excluded from the 

analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Neuron-released α-synuclein activates microglial LRRK2.
(A) Schematic illustration of treatment of primary microglia with neuron-released α-

synuclein (αSCM). (B) Primary wild type mouse microglia were treated with αSCM for 0, 

2, 6, and 24 hours and whole cell lysates were analyzed by western blot. The band intensities 

of phosphorylated LRRK2, NFκB, and p53 were quantified by densitometric quantification 

and normalized to the respective total protein. Data are means ± SEM. *P < 0.05, **P < 

0.01, and ***P < 0.001 (One-way ANOVA with Tukey’s multiple comparison post-hoc test). 

n = 3 per group. (C) Phosphorylation of RAB8A and RAB10 in αSCM-exposed microglia 

were visualized by western blot analysis. Phospho-T72 RAB8A and phospho-T73 RAB10 

were determined by densitometric quantification and normalized to total RAB8A and 

RAB10, respectively. Data are means ± SEM. **P < 0.01 and ***P < 0.001 (One-way 

ANOVA with Tukey’s multiple comparison post-hoc test). n = 3 per group.
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Fig. 2. LRRK2-dependent microglial-mediated neurotoxicity after exposure to neuron-released 
α-synuclein.
(A to K) Primary wild type and Lrrk2−/− microglia were treated with either control CM 

(LZCM) or αSCM for 6 hours. Microglial expression of Tnfα (A), Il-6 (B), Il-1β (C), Il-10 
(D), iNos (E), Cxcl1 (F), Ccl2 (G), and Ccl5 (H) were determined by quantitative PCR. 

Data are means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (One-way ANOVA with 

Tukey’s multiple comparison post-hoc test). n = 4–6 per group. (I and J) Microglial 

secretion of TNFα (I) and IL-6 (J) were determined by ELISA. Data are means ± SEM. *P 
< 0.05 and ***P < 0.001 (One-way ANOVA with Tukey’s multiple comparison post-hoc 
test). n = 8 per group. (K) Representative images from double immunostaining of TNFα and 

IL-6 with microglial marker IBA-1. Immunofluorescence intensity of TNFα and IL-6 was 

analyzed in a randomly chosen area. Data are means ± SEM. ***P < 0.001 (One-way 
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ANOVA with Tukey’s multiple comparison post-hoc test). n = 9 per group. Scale bar, 20 μm. 

(L and M) Determination of microglia-mediated neurotoxicity. Primary mouse neurons were 

treated with control media, wild type-LZ-MgCM, wild type-αS-MgCM, Lrrk2−/−-LZ-

MgCM, or Lrrk2−/−-αS-MgCM for 18 hours. (L) The number of live neurons were counted 

using an automated cell counter. Data are means ± SEM. ***P < 0.001 (One-way ANOVA 

with Tukey’s multiple comparison post-hoc test). n = 6 per group. (M) Neuronal cell 

viability was determined by the CyQuant cell proliferation assay. Data are means ± SEM. 

***P < 0.001 (One-way ANOVA with Tukey’s multiple comparison post-hoc test). n = 3–4 

per group.
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Fig. 3. LRRK2-dependent induction of NFATc2 in microglia by neuron-released α-synuclein.
(A) A hypothetical signaling network was constructed utilizing transcriptome data from 

αSCM-exposed microglia. The node color gradient illustrates the log2-fold change between 

microglia treated and untreated with αSCM (inner circle, 6 hours; outer circle, 24 hours). 

LRRK2 interactors are presented as triangles. Pink solid edges represent protein-protein 

interactions with LRRK2. Gray solid and blue arrowed edges represent protein-protein and 

protein-DNA interactions, respectively. (B) Gene set enrichment analysis (GSEA) 

enrichment plots for DPI NFAT TFPATHWAY in αSCM-exposed microglia. (C) Wild type 

primary mouse microglia were treated with αSCM for 0, 2, 6, and 24 hours, and whole cell 

lysates were analyzed by western blot analysis. Phospho-S54 NFATc2, total NFATc2, and 

phospho-S54 NFATc2/total NFATc2 band intensities were determined by densitometric 

quantification and normalized to β-Actin. Data are means ± SEM. *P < 0.05 and ***P < 

0.001 (One-way ANOVA with Tukey’s multiple comparison post-hoc test). n = 3 per group. 

(D and E) Primary mouse wild type and Lrrk2−/− microglia were treated with either LZCM 

or αSCM for 6 hours. (D) Whole microglia lysates were analyzed by western blot analysis. 

The band intensities of total NFATc2 and phospho-S563 NFκB were determined by 

densitometric quantification and normalized to β-Actin. Notably, NFκB phosphorylation 

was not affected by Lrrk2 depletion. (E) Microglial Nfatc2 expression was determined by 

quantitative PCR. Data are means ± SEM. **P < 0.01 (One-way ANOVA with Tukey’s 

multiple comparison post-hoc test). n = 4 per group.
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Fig. 4. LRRK2 modulates nuclear translocation of NFATc2 in microglia.
(A to C) Primary mouse wild type or Lrrk2−/− microglia were treated with αSCM in the 

presence or absence of LRRK2 kinase inhibitor HG-10-102-01 (100 nM). Cytoplasmic and 

nuclear fractions of NFATc2 were determined by an automated Cellomics assay. (A) 

Schematic illustration of compartmentalization analysis in single cells by Cellomics VTI 

Arrayscan. Scale bar, 10 μm. (B) Wild type mouse microglia were treated with αSCM, 

LRRK2 inhibitor, or both for 0, 2, and 6 hours. Data are means ± SEM. *P < 0.05, **P < 

0.01, and ***P < 0.001 (One-way ANOVA with Tukey’s multiple comparison post-hoc test). 

n = 5 per group. (C) Mouse wild type or Lrrk2−/− microglia were treated with either LZCM 

or αSCM for 6 hours. Data are means ± SEM. *P < 0.05 (One-way ANOVA and Tukey’s 

multiple comparison post-hoc test). n = 4 per group. (D) Soluble proteins in the nuclear and 

cytoplasmic fractions of primary microglia from wild type, Lrrk2−/−, and G2019S KI mice 

were analyzed by western blot analysis. Cytoplasmic and nuclear fractions of NFATc2 were 

determined by densitometric quantification and normalized to β-Actin. Data are means ± 

SEM. **P < 0.01 and ***P < 0.001 (One-way ANOVA with Tukey’s multiple comparison 
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post-hoc test). n = 3 per group. (E) Co-immunoprecipitation of LRRK2 and NFATc2. 

Primary microglia were treated with αSCM for 6 hours prior to immunoprecipitation assay. 

LRRK2 was pulled down from cell lysates and analyzed by western blot analysis. **P < 

0.01 (One-way ANOVA with Tukey’s multiple comparison post-hoc test). n = 3 per group. 

(F) Representative images from immunostaining of NFATc2 in wild type and Lrrk2−/− 

microglia. Microglia were treated with either LZCM or αSCM for 6 hours prior to 

immunostaining analysis. Scale bar, 20 μm.
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Fig. 5. NFATc2 is a LRRK2 kinase substrate.
(A) In vitro LRRK2 kinase assay. Recombinant LRRK2 WT, LRRK2 D1994A, and LRRK2 

G2019S were incubated in the presence or absence of NFATc2 for 30 minutes. Top: 

autoradiography of LRRK2 and NFATc2. Bottom: western blot analysis. The same blot was 

probed with anti-LRRK2 and anti-NFATc2. 33P-NFATc2 band intensity was determined by 

densitometric quantification and normalized to total NFATc2 on the western blot. Data are 

means ± SEM. *P < 0.05 and ***P < 0.001 (One-way ANOVA with Tukey’s multiple 

comparison post-hoc test). n = 3 per group. (B and C) Recombinant NFATc2 incubated with 

LRRK2 WT, LRRK2 D1994A, or LRRK2 G2019S was analyzed by LC-MS/MS. (B) 

Amino acid sequence of NFATc2 (NP_775114.1) and positions of 5 residues where the 

phosphorylation stoichiometry was increased when incubated with LRRK2 G2019S and 

decreased when incubated with LRRK2 D1994A relative to LRRK2 WT. (C) XIC data of 

phosphopeptides corresponding to the 5 phosphorylated threonine residues shown in Fig. 5b.
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Fig. 6. 3D structural analysis of NFATc2 and LRRK2 interaction.
(A) A full-length structural model was generated from the crystal structure of NFATc2 from 

Homo sapiens (PDB: 1P7H). The five identified threonines (T) are labeled in red. (B to F) 

Potential kinase-substrate hetero-complex formation of LRRK2 and NFATc2. The full-

length NFATc2 structure (Blue) was modeled alongside the kinase domain of the LRRK2-

related protein ROCO4 from Dictyostelium discoideum (PDB: 4F0F) (Pink). The phosphate 

group of the kinase is labeled in orange and the target hydroxyl group on the threonine in 

NFATc2 is labeled in red. 3D conformations were modeled for the interactions between 

LRRK2 and T483 (B), T733 (C), T862 (D), T870 (E), and T893 (F).
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Fig. 7. NFATc2 deposition in synucleinopathies.
(A) Representative immunohistochemical analysis of astrogliosis and microgliosis in the 

neocortex and striatum of non-demented control and patients with PD/DLB. GFAP and 

IBA-1 immunoreactivity were analyzed by optical density analysis. Data are means ± SEM. 

***P < 0.001 (unpaired two-tailed Student’s t test). n = 8 for control group and n = 10 for 

PD/DLB group. Scale bar, 10 μm. (B) Representative immunohistochemistry analysis of 

NFATc2 in the neocortex and striatum of non-demented control and patients with PD/DLB. 

NFATc2 immunoreactivity was analyzed by optical density analysis. Data are means ± SEM. 

*P < 0.05 and ***P < 0.001 (unpaired two-tailed Student’s t test). n = 8 for control group 

and n = 10 for PD/DLB group. Scale bars, 20 μm (low magnification) and 10 μm (high 

magnification). (C) Western blot analysis of human brain lysates, probed with NFATc2 and 

β-Actin. NFATc2 band intensity was determined by densitometric quantification and 

normalized to β-Actin. Data are means ± SEM. *P < 0.05 (unpaired two-tailed Students t 
test). n = 5 per group. (D) Human NFATc2 expression was determined by quantitative PCR. 

Data are means ± SEM. *P < 0.05 (unpaired two-tailed Students t test). n = 5 per group. (E) 

Representative images of double immunostaining for NFATc2 with neuron (NeuN), 

astrocyte (GFAT), or microglia (IBA-1) markers in human postmortem neocortex. Nuclear 

NFATc2 fluorescence immunoreactivity in each cell were analyzed. Data are means ± SEM. 

***P < 0.001 (unpaired two-tailed Student’s t test). n = 8 for control group and n = 10 for 

PD/DLB group. Scale bar, 10 μm.
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Fig. 8. Administration of LRRK2 kinase inhibitor ameliorates neuropathology and motor 
behavioral deficits in a mouse model of synucleinopathy.
Non-transgenic and α-syn-transgenic mice were injected with vehicle or LRRK2 kinase 

inhibitor HG-10-102-01 (10 mg/kg) five times weekly for 4 weeks. (A) Representative 

images from immunohistochemistry analysis for astrogliosis (GFAP) and microgliosis 

(IBA-1) in the neocortex, striatum, and hippocampus of injected mice. Data are means ± 

SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (One-way ANOVA with Tukey’s multiple 

comparison post-hoc test). n = 6 per group. Scale bar, 25 μm. (B to J) Quantitative gene 

expression analysis from brains of injected mice. Expression of Tnfα (B), Il-6 (C), Il-1β 
(D), Il-10 (E), Cxcl1 (F), Ccl2 (G), Ccl4 (H), Ccl5 (I), and Egr2 (J) was determined by 

quantitative PCR. Data are means ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 (One-

way ANOVA and Tukey’s multiple comparison post-hoc test) n = 4 per group. (K to P) 

Behavioral analysis of injected mice. (K and L) Motor learning and function were 

determined by rotarod. The rotarod time (K) and distance (L) were analyzed. *P < 0.05 

(One-way ANOVA with Tukey’s multiple comparison post-hoc test). n = 5 per group. (M) 
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Neuromuscular impairment was determined by wire hang test. Data are means ± SEM. n = 5 

per group. (N to P) Total activity (N), ambulatory time (O), and total distance (P) were 

analyzed by open field test. Data are means ± SEM. *P < 0.05 (One-way ANOVA with 

Tukey’s multiple comparison post-hoc test). n = 5 per group. (Q) Western blot analysis of 

whole mice brain lysates. The blot was probed with phospho-S54 NFATc2, total NFATc2, 

and β-Actin. NFATc2 band intensity was determined by densitometric quantification and 

normalized to β-Actin. ***P < 0.001 (One-way ANOVA and Tukey’s multiple comparison 

post-hoc test). n = 5 per group.
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