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Mutations in leucine-rich repeat kinase 2 (LRRK2) are the most common genetic cause of Parkinson's disease (PD). 
LRRK2 contains a functional kinase and GTPase domains. A pathogenic G2019S mutation that is the most prevalent 
among the LRRK2 mutations and is also found in sporadic cases, increases its kinase activity. Therefore, identification of 
LRRK2 kinase substrates and the development of kinase inhibitors are under intensive investigation to find PD therapeutics. 
Several recent studies have suggested members of Rab proteins, a branch of the GTPase superfamily, as LRRK2 kinase 
substrates. Rab proteins are key regulators of cellular vesicle trafficking. Among more than 60 members of human Rab 
proteins, Rab3, Rab5, Rab8, Rab10, Rab12, Rab29, Rab35, and Rab43 have been identified as LRRK2 kinase substrates. 
However, most studies have used human embryonic kidney (HEK) 293T cells overexpressing LRRK2/Rab proteins or 
murine embryonic fibroblast (MEF) cells which are not relevant to PD, rather than neuronal cells. In this study, we tested 
whether Rab proteins are phosphorylated by LRRK2 in astroglia in addition to neurons. Among the various Rab substrates, 
we tested phosphorylation of Rab10, because of the commercial availability and credibility of the phospho-Rab10 (pRab10) 
antibody, in combination with a specific LRRK2 kinase inhibitor. Based on the results of specific LRRK2 kinase inhibitor 
treatment, we concluded that LRRK2 phosphorylates Rab10 in the tested brain cells such as primary neurons, astrocytes 
and BV2 microglial cells. 
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INTRODUCTION 
 

Parkinson's disease (PD) is the second most common 

neurodegenerative disorder and can be inherited through 

genetic mutations (Lubbe and Morris, 2014). Among several 

known PD causing genes such as LRRK2, PARK2 (parkin), 

PINK1 and SNCA, LRRK2 is an autosomal dominant type 

of the familial PD gene (Belin and Westerlund, 2008) repre- 

senting the most common genetic cause. LRRK2 contains 

functional GTPase and kinase domains (Monfrini and Di 

Fonzo, 2017). The pathogenic G2019S and R1441C muta- 

tions of LRRK2 are present in these enzyme domains and 

they increase its kinase activity (Seol, 2010; Steger et al., 

2016). 

Identifying the cellular substrates of LRRK2 kinase has 

been one of the goals in intense LRRK2 research and vari- 

ous studies have provided candidates such as moesin, tau, 

Rab5, p53, snapin and endophilinA (Parisiadou et al., 2009; 

Kawakami et al., 2012; Matta et al., 2012; Yun et al., 2013; 

Ho et al., 2015; Yun et al., 2015). Among the members of 

Rab proteins that regulate vesicle trafficking, recent studies 

have identified Rab 3A/B/C/D, Rab8A/B, Rab10, Rab12, 

Rab35, and Rab43, as endogenous substrates of LRRK2 

kinase, along with Rab5B/C and Rab29 as putative substrates 

(Steger et al., 2017; Fujimoto et al., 2018). Recent studies 

(Steger et al., 2016; Steger et al., 2017; Eguchi et al., 2018; 

Fujimoto et al., 2018; Purlyte et al., 2018) have confirmed 

that LRRK2 is a critical regulator of cellular vesicle traffic- 

king as suggested earlier by biochemical and cellular studies 

(Shin et al., 2008; Piccoli et al., 2011; Matta et al., 2012; 

Piccoli et al., 2014; Arranz et al., 2015; Soukup et al., 2016). 

However, most of these studies used MEF or HEK 293T 

cells, which are not relevant to PD. Recent studies have 

reported that phosphorylation of Rab10 in human peripheral 

mononuclear blood cells (PBMCs) and human dopami- 

nergic neuronal SH-SY5Y cells is inhibited by treatment 

with LRRK2 kinase inhibitors (Thirstrup et al., 2017; Liu et 

al., 2018) and the phosphorylation of Rab10 is activated in 

substantia nigra dopamine neurons in the postmortem brain 

tissue of idiopathic PD patients (Di Maio et al., 2018). How- 

ever, no study reported the phosphorylation of Rab proteins 

by LRRK2 in brain cells other than neurons despite micro- 

glia and astrocytes accounting for the majority of brain cells 

and playing various critical roles in PD progression (Joe et 

al., 2018). LRRK2 is expressed in glial cells in addition to 

neurons, and LRRK2 activation and its regulatory roles in 

neuroinflammation have been reported in lipopolysaccharide 

(LPS)-activated microglia (Kim et al., 2012; Moehle et al., 

2012; Ho et al., 2018). In addition, the effect of neuroinflam- 

mation on PD has been well established (Hirsch et al., 2012; 

Russo et al., 2015). Therefore, determining whether LRRK2 

regulates immune functions via phosphorylation of Rab pro- 

teins in glial cells in addition to neurons is critical. Hence, 

we aimed to resolve whether LRRK2 can phosphorylate 

Rab proteins in these brain immune cells. In this study, we 

tested only the status of Rab10 phosphorylation because 

only the phospho-Rab10 (pRab10) antibody is credible as 

being widely used and has demonstrated species specificity 

among commercial phospho-Rab antibodies (Fan et al., 2018; 

Lis et al., 2018). We compared levels of Rab10 phosphory- 

lation before and after LRRK2 kinase inhibitor treatment in 

murine BV2 microglia and rat primary astrocytes in addition 

to neurons, and analyzed them. 

 

MATERIALS AND METHODS 

Materials and antibodies 

GSK2578215A (GSK, Tocris Bioscience, Bristol, UK, 

4629), Lipopolysaccharide (LPS, Sigma, St. Louis, MO, 

USA), Pam3CSK4 (TLR2 ligand, InvivoGen, San Diego, 

CA, USA, tlrl-pms) and rotenone (Sigma, R8875) were pur- 

chased. The following antibodies were used for this study: 

LRRK2 (N241A/34, NeuroMabs, Davis, Ca, USA; 75-253, 

1:1,000), pS935-LRRK2 (UDD210(12), Abcam, Cambridge, 

UK, ab133450, 1:5,000), α-tubulin (DM1A, Sigma, T9026, 

1:10,000), Rab10 (Abcam, ab104859, 1:1,000), pT73-Rab10 

(Abcam, ab230261, 1:1,000), and horseradish peroxidase-

conjugated goat anti-rabbit or anti-mouse IgG (Jackson 

Immuno Research. West Grove, PA, USA; 111-035-003 or 

115-035-003, both 1:5,000). 

Cell culture and western blot analysis 

Rat primary astroglial cells were prepared from P1 stages 
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of neonatal rats and attached to a flask, and microglia were 

isolated as previously described (Ho et al., 2018). Rat primary 

astrocytes were detached from the same flask surface using 

TrypLE Express (Gibco, Carlsbad, CA, USA, 12604013) and 

frozen as a stock. Dulbecco's modified Eagle's medium// 

F-12 (Gibco) with 10% fetal bovine serum and 1% penicillin-

streptomycin was used as a medium to thaw and grow astro- 

cytes. On day 5 after thawing, the primary astrocytes were 

treated with the indicated chemical reagents for the indicated 

times. Rat primary neuronal cells were isolated and cultured 

as previously described (Jang et al., 2018). Murine BV2 

microglial cells were also cultured as previously described 

(Ho et al., 2018). 

Animal experiments proceeded with the approval from 

the Committee for Animal Experimentation and the Institu- 

tional Animal Laboratory Review Board of Inje Medical 

College (approval No. 2016-044). 

To activate LRRK2 expression, cultures of astrocytes, 

micro glia and neurons were separately treated with the 

activators, Pam3CSK4 (400 ng/mL), LPS (1 μg/mL), and 

rotenone (20 μM) for 24 h, respectively. When indicated, an 

LRRK2 specific kinase inhibitor, GSK (3 μM), was added 

to each culture for 24 h. 

Cells were harvested and lysed with 1 x sodium dodecyl 

sulfate (SDS) sample loading buffer. The lysates were loaded 

for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

without a centrifugation step and each protein level was 

analyzed using the indicated antibody for western blotting. 

Statistical analysis 

Western blotting data were analyzed as previously de- 

scribed (Ho et al., 2018). In brief, specific bands of the blots 

Fig. 1. Phospho-Rab10 level was reduced by LRRK2 kinase inhibitor treatment in rat primary neurons. The neurons were treated with or 
without rotenone (20 μM) and GSK2578215A (3 μM) for 24 h, 10 days after seeding. The cell lysates were subjected to SDS-PAGE and 
analyzed with the indicated antibodies. A. A representative of western blot analysis after the indicated treatment. (n=6) B. C. Relative 
densitometric levels of pS935-LRRK2 which were normalized to α-tubulin (B) and pRab10/Rab10 (C). *P<0.05, **P<0.01. 

B A 

C 
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were imaged using Prism 6.0 (GraphPad, San Diego, CA, 

USA), and data were expressed as the mean ± standard error 

of the mean (SEM). The statistical analysis was performed 

using a one-way analysis of variance (ANOVA) with Tukey's 

post-hoc test. 

 

RESULTS 

LRRK2 phosphorylates endogenous Rab10 in primary 

neurons 

First, we investigated phosphorylated Rab10 levels in rat 

primary neurons to verify the findings of a previous study 

reporting that the pRab10 level was increased in substantia 

nigra dopamine neurons in the postmortem brain tissue of 

idiopathic PD patients (Di Maio et al., 2018). We treated rat 

primary neurons with or without LRRK2 kinase inhibitor, 

GSK, and compared the pRab10 level of each sample. 

Rotenone was also used as a treatment because it has been 

reported to induce LRRK2 kinase activity (Jang et al., 2018). 

As expected, rotenone was cytotoxic and yielded reduced 

numbers of cells, resulting in a lower loading amount when 

the same volume of the cell lysate was used for SDS- 

PAGE. The results showed that, when normalized, rotenone 

and rotenone+GSK treatments activate and reduce LRRK2 

kinase activity, respectively, based on the pS935 LRRK2 

levels; however, the differences were not significant (Fig. 

1A, B). Similarly, the pRab10 levels were significantly in- 

creased by rotenone treatment, but reduced by GSK treat- 

ment (Fig. 1A, C). 

LRRK2 phosphorylates endogenous Rab10 in BV2 

microglial cells 

Next, we tested murine BV2 microglial cells because 

they are more easily cultured than primary microglia. We 

Fig. 2. Phospho-Rab10 level was reduced by LRRK2 kinase inhibitor treatment in murine BV2 microglial cells. Five days after seeding, 
the cells were treated with or without Pam3CSK4 (P3C4, 400 ng/mL), a TLR2 ligand, and GSK2578215A (3 µM) for 24 h. A. A representative
of western blot analysis after the indicated treatment. (*nonspecific band; n=3) B. C. Relative densitometric levels of pS935-LRRK2 which
were normalized to α-tubulin (B) and pRab10/Rab10 (C). *P<0.05. 

A B 

C 
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treated them with LPS, a well-known activator of LRRK2 

in microglia (Kim et al., 2012; Moehle et al., 2012; Ho et 

al., 2018). The result was similar to the pattern observed in 

the neuron cells. LPS treatments activated LRRK2 kinase 

activity, but LPS+GSK reduced the activity based on their 

pS935 LRRK2 levels; however, the differences were not 

significant (Fig. 2A, B). The small increase of the pRab10 

levels induced by LPS treatment was significantly reduced 

by LPS+GSK treatment (Fig. 2A, C). Primary microglia 

were also tested, but only the pRab10, Rab10 and α-tubulin 

signals could be detected, not the LRRK2 or pS935 level. 

This may have been because the number of cells used was 

too small. A primary microglia culture isolated from the 

neonatal rat brain typically results in a low yield (Jose et al., 

2015). However, a pattern of pRab10 normalized by α- 

tubulin in primary microglia was similar to that of BV2: 

significant increases and reductions induced by LPS and 

LPS+GSK treatments, respectively (data not shown). This 

also suggested that LRRK2 kinase phosphorylates endogen- 

ous Rab10 in microglia. 

LRRK2 phosphorylates endogenous Rab10 in primary 

astrocytes 

Primary astrocytes were treated with Pam3CSK4, a TLR2 

ligand that activates astrocytes (Gurley et al., 2008), and GSK. 

Subsequently, their pRab10 and pS935 levels were analyzed. 

The results were similar to the pattern observed in the other 

cell types. Treatment with Pam3CSK4 and Pam3CSK4+ 

GSK significantly activated and reduced the pS935 levels, 

respectively (Fig. 3A, B). As expected, GSK treatment signi- 

ficantly reduced the pRab10 levels (Fig. 3A, C). 

Overall, our data suggested that, for the first time that 

Fig. 3. The Phospho-Rab10 level was reduced by LRRK2 kinase inhibitor treatment in rat primary astrocytes. The cells were treated with 
or without lipopolysaccharide (LPS, 1 μg/mL) and GSK2578215A (3 μM) for 24 h. The cell lysates were subjected to SDS-PAGE and 
analyzed with the indicated antibodies. A. A representative of western blot analysis after indicated treatment. (*nonspecific band; n=3) B. 
C. Relative densitometric levels of pS935-LRRK2 which were normalized to α-tubulin (B) and pRab10/Rab10 (C). *P<0.05, **P<0.01, 
**** P<0.0001. 

A B 

C 
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Rab10, at least, is phosphorylated by LRRK2 kinase activity 

in brain immune cells and neurons that are relevant to PD. 

 

DISCUSSION 
 

In this study, we tested only the phosphorylation of Rab10. 

At the time this study began, several phospho-Rab anti- 

bodies (e.g., Rab8, Rab10, and Rab29) had been reported 

and commercialized. However, only the phospho-Thr 73 

Rab10 antibody specifically detects pRab10 in every tested 

cells, but phospho-Rab8 detects phospho-Rab8 as well as 

the phosphorylated forms of Rab10 and Rab35 (Lis et al., 

2018). We also attempted to use the phospho-Rab29 antibody 

(MRC, Dundee, SA137) (Purlyte et al., 2018), but failed to 

detect a specific signal of endogenous protein in western 

blotting of SH-SY5Y cells. Therefore, we used only the 

phospho-Thr 73 Rab10 antibody. Hence, the results should 

be interpreted with caution and limited to only Rab10, rather 

than other Rab proteins that are LRRK2 kinase substrates. 

A recent study reported that LRRK2 genetic variants increase 

pRab10 levels, but not phospho-Rab12 in HEK293 cells 

(Christensen et al., 2018), suggesting that LRRK2 kinase 

activity may differentially regulate the phosphorylation of 

other Rab members. 

Our result demonstrated that activation of Rab10 phos- 

phorylation by LRRK2 kinase in brain immune cells as 

well as neurons. Similarly, several studies have reported 

that LRRK2 phosphorylates the Rab10 protein in immune-

stimulated human PBMCs (Thirstrup et al., 2017) although 

exact identities of such immune cells remain a subject to 

debate (Fan et al., 2018). 

Rab10 phosphorylation may be mediated by other kinases 

in addition to LRRK2 kinase. This may be highly possible 

in cells and tissues in which the expression of Rab10 is 

higher than that of LRRK2. Notably, a considerable level 

of pRab10 remained after GSK treatment in BV2 cells (Fig. 

2) whereas it was almost entirely absent in primary astro- 

cytes and neurons (Fig. 1 and 3), suggesting that another 

functional kinase phosphorylates Rab10 in microglia. 

Our previous study showed that GSK treatment of BV2 

cells and rat primary microglia cells alleviates inflammation 

responses such as tumor necrosis factor alpha (TNFα) secre- 

tion which was increased by LPS treatment (Ho et al., 2018). 

A recent study suggested that phosphorylation of Rab10 

and interleukin-8 levels in neutrophil and peripheral blood 

mononuclear cells whose properties are somewhat similar 

to brain immune cells, have positive correlations although 

it did not investigate effect of LRRK2 kinase inhibitor 

(Atashrazm et al., 2019). 

In addition, we aimed to determine whether the phos- 

phorylation of Rab10 changed secretion of brain derived 

neurotrophic factor (BDNF) in astrocyte by western blot 

analysis because activated astrocytes increase the secretion 

of BDNF (Koyama et al., 2003). However, we were unable 

to detect their signals (data not shown), possibly because 

the activation of the corresponding cell types were too low. 

Therefore, the functional changes resulting from LRRK2-

mediated Rab10 phosphoryaltion warrant further investiga- 

tion, although it seems to be related to activation of cytokine 

secretion. 

Collectively, the results suggest that LRRK2 kinase acti- 

vity mediates neuroinflammation in astroglia via Rab10 

phosphorylation. 
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