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Abstract 

Parkinson’s Disease (PD) is a progressive neurodegenerative disorder that is 

characterized in part by a loss of dopamine neurons in the Substantia Nigra 

and affects the nigrostriatal pathway. Mutations in the gene encoding leucine-

rich repeat kinase 2 (LRRK2) have been found to cause late onset PD through a 

gain of function of its kinase domain. Thus, LRRK2 has become an intriguing 

candidate for therapeutic intervention by kinase inhibition. While preclinical 

studies have shown that ablating the kinase activity of wildtype LRRK2 is safe 

with a mild and reversible lung phenotype, the molecular effects of chronic 

LRRK2 inhibition have not been examined in the context of mutant LRRK2.  

Using the potent LRRK2 kinase-specific inhibitor, Merck LRRK2 inhibitor 2 (MLi-

2), hyperactive G2019S LRRK2 was reduced to wildtype levels chronically in 

G2019S knock-in (KI) mice and autophosphorylation of LRRK2 and 

phosphorylation of direct substrates Rab10, Rab12, and Rab29 was assessed. 

Unbiased total and phospho-proteomics revealed alterations in endolysosomal 

proteins similar to those found in LRRK2 knockout (KO) animals after 10 weeks 

of treatment. LRRK2 has been shown to play roles in a number of pathways 

within the endolysosomal system and studies have reported LRRK2 presence 

on many organelles from the trans-Golgi network (TGN) to the lysosome. 

Based on the current study’s proteomic results, eight different trap plasmids 
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were generated to evaluate LRRK2 kinase activity at distinct endolysosomal 

membranes. As a result, LRRK2 kinase activity was found to be enhanced after 

being trapped to all membranes and downstream Rab10 and Rab12 

phosphorylation were increased in vitro, but recruitment of these Rabs 

revealed differential patterns in localization specifically when targeting LRRK2 

on lysosomes compared to other membranes.  Evaluation of lysosomal 

position through manipulation of various motor proteins showed 

phosphorylated Rab10 was preferentially restricted to a subset of perinuclear 

lysosomes, whereas pRab12 was present at most LRRK2-positive lysosomes 

regardless of their position. 

This is the first study to examine the molecular underpinnings of chronic LRRK2 

inhibition in a preclinical in vivo PD model and highlights cellular pathways that 

may be influenced by therapeutic strategies aimed at restoring LRRK2 

physiological activity in PD patients. Complementary in vitro data provides 

novel insight into the differences in LRRK2-dependent Rab localization that can 

help elucidate the role of LRRK2 at the lysosome which may be relevant to PD 

pathogenesis. The work presented in this thesis additionally contributes to our 

knowledge on the utility of pS1292 LRRK2 and pS106 Rab12 as robust 

biomarkers of both kinase hyperactivity and inhibition in G2019S LRRK2 KI 

mice in brain and peripheral tissues that is worth assessment in patients with 

PD harboring the G2019S mutation.  
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1 INTRODUCTION 

1.1 Parkinson’s Disease 

 

1.1.1  History and overview 

Depictions of Parkinson-like features were recorded as early as 1000 

B.C. in the Ayurveda medical texts of ancient India, in which ‘kampavata’ 

(kampa meaning temor, and vata meaning physiological movement) signs and 

symptoms included the inability of free movement (akinesia), shaking localized 

to the head, and a blank stare (Manyam, 1990). The first formal description of 

PD within the Western world came from British physician James Parkinson in 

“An Essay on the Shaking Palsy” published in 1817. It was there that he 

described six cases, all of which possessed a localized tremor to a limb or the 

head, bent posture, and the inability to control walking speed (Parkinson, 

2002). This paralysis agitans, or shaking palsy, adopted the name Parkinson’s 

Disease fifty years later by the French physician Jean-Martin Charcot, who 

identified rigidity and bradykinesia as additional hallmarks, as well as noting a 

lack of lesions in the brain and spinal cord in autopsies (Charcot, 1879). The 

latter observation helped to delineate probable causes of disease by 

segregating the disorder from others such as multiple sclerosis. Interestingly, 
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both physicians had noted in their reports the difficulty in classifying this 

disease, as many presenting symptoms overlapped with other diseases, often 

resulting in a misdiagnosis. This is still a hurdle in the accuracy of diagnosis 

today as wide-ranging parkinsonian features can present in other neurological 

disorders. In the late 1800s, Dr. Sir William Gowers, who having observed 

upwards of 80 patients presenting with PD, elaborated on additional details of 

age at onset, concluding it to be a disease commencing in late adulthood, 

and even noted the slight increase of prevalence in men compared to women 

(Gowers, 1888).  

 

1.1.2  Symptomology and Diagnostics 

PD is a progressive disorder, characterized by motor and non-motor 

symptoms and typically affecting individuals in their later stages of life. 

Records from traditional Chinese medicine dating back to 425-221 B.C. 

describe symptoms of stiffness and postural disturbances such as the 

propensity for the body and limbs to bow forward in addition to an 

incontrollable tremor (Zhang et al., 2006). All these symptoms are still used 

today in the diagnosis of PD, with the cardinal features being tremor, rigidity, 

and bradykinesia.  
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Additionally, typical PD also features gait changes, asymmetrical 

reduction in arm swing, and difficulty initiating, terminating, and alternating 

movement (Hayes, 2019). More subtle features include a decrease in 

spontaneous swallowing resulting in sialorrhea (Bagheri et al., 1999), urinary 

constraint (Uchiyama et al., 2011), decrease in blink rate, and a less emotive 

face due to reduced movement of the facial muscles (Hayes, 2019). The 

forward lurch of the torso can also lead to postural instability and cause falling 

in the later stages of the disease.  

 

A slew of non-motor symptoms have also been identified and are 

becoming more useful in the diagnosis of PD, with constipation being one of 

the most common that precedes the onset of motor PD symptoms by up to a 

decade (Abbott et al., 2003; Kaye et al., 2006). Additionally, loss of smell is 

found in up to 90% of patients and may also precede the onset of motor 

symptoms as well as disturbances in the rapid eye movement (REM) stage of 

sleep (Haehner et al., 2009; Poewe, 2008). Depression, anxiety, and fatigue 

are also common comorbidities, with cognitive impairments becoming more 

prominent as the disease progresses (Hayes, 2019; Lees et al., 2009; Reijnders 

et al., 2008).  
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In addition to symptomatic presentation, usually a clinical diagnosis is 

made if improvements in tremors, rigidity, and paucity of movements are seen 

with levodopa treatment (also known as L-DOPA or l-3,4-

dihydroxyphenylalanine), a dopamine precursor. Dopamine (DA) and its role in 

pathogenesis will be introduced in the following section. Although a clinical 

diagnosis may seem straightforward, because early signs like constipation and 

muscle stiffness can have ambiguous origin, it is not uncommon for there to be 

a lag from presentation of the first symptoms to diagnosis of many years (Lees 

et al., 2009). PD can also include atypical features, such as early cognitive 

impairment, amyotrophy, gaze palsy, ataxia, and apraxia that may contribute 

to misdiagnosis (Scholz and Bras, 2015). Conversely, it is not uncommon for 

patients with other neurological disorders to be given a PD diagnosis, as 

parkinsonian features like resting tremor and muscle rigidity can have 

alternative causes such as long-standing essential tremor and multiple system 

atrophy (Marsili et al., 2018). Thus, accurate clinical diagnosis is challenging 

due to overlapping clinical features as well as phenotypic variability. It is 

because of this phenotypic variability that a definite diagnosis of PD cannot be 

made until autopsy.  
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1.1.3  Neuropathology 

A neuropathological hallmark of PD is a relatively selective loss of DA 

neurons of the Substantia Nigra pars compacta (SNpc) (Lees et al., 2009; Lima 

et al., 2012). This is visually striking upon autopsy, as these cells contain neuro-

melanin, giving them a black appearance in a healthy aging brain that is lost in 

PD (Figure 1.1).  

 
Figure 1.1. Pathological loss of dopaminergic neuron population of the SNpc in PD. A 
healthy aged brain (left) has neuro-melanin pigmented DA neurons in the Substantia 
Nigra that are lost in a PD affected midbrain (right). Adapted from (Mackenzie, 2001).  
 

These neurons project to the striatum, putamen and caudate nuclei that make 

up the basal ganglia, and their loss impedes normal motor function. Neuronal 

loss is also seen in the locus coeruleus, dorsal nuclei of the vagus, raphe nuclei, 

nucleus basalis of Meynert, and some areas within the brainstem (Damier et al., 

1999). It is still unclear why DA neurons are selectively vulnerable to cell death 

in PD, however, there is evidence that cytosolic DA oxidation leads to the 

production of damaging free radicals that may compromise the longevity of 
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these cells (Greenamyre and Hastings, 2004). DA is a neurotransmitter involved 

in reward, learning, and voluntary movement systems (Wise, 2004). DA is 

synthesized from the hydroxylation of tyrosine at the phenol ring by tyrosine 

hydroxylase (TH) to yield dihydroxyphenylalanine (DOPA), the precursor for all 

catecholamines such as dopamine, epinephrine, and norepinephrine (Meiser et 

al., 2013). DOPA is then decarboxylated into DA by amino acid decarboxylase 

(AADC or DOPA decarboxylase) (Meiser et al., 2013). Because of DA’s high 

volatility, there are a few mechanisms in place to prevent its oxidation in the 

cytosol of these neurons. Firstly, once DA is synthesized, it is packaged into 

synaptic vesicles via monoamine transporter VMAT2 (Eiden and Weihe, 2011). 

Secondly, any DA leaking from these vesicles is quickly degraded through a 

process initiated by monoamine oxidase (MAO) via deamination (Meiser et al., 

2013). However, hydrogen peroxidase is a byproduct of this degradation, a 

reactive oxygen species (ROS), that can also damage these neurons over time. 

Within the synaptic cleft, DA is also taken up by surrounding glial cells that 

degrade it via MAO as well as catechol-O-methyl transferase (COMT) (Meiser 

et al., 2013) (Figure 1.2). 
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Figure 1.2. Dopamine synthesis and degradation. Molecular structures of dopamine 
precursors and derivatives. Modifications between molecules and enzymes involved in 
conversions are highlighted in blue and green, respectively. 
 

Although DA oxidation has neurotoxic properties, DA neuron loss is 

constricted to the SNpc in PD whereas other populations of DA neurons, such 

as those in the hypothalamus and ventrolateral reticular formation, are left 

intact (Matzuk and Saper, 1985; Saper et al., 1991). Thus, DA oxidation alone 

cannot be responsible for the neuronal loss seen in PD. One additional theory 

is based on the physiology of SNpc DA neurons, as they rely upon L-type 

calcium channels to govern autonomous pacemaking, while most other 

neurons use sodium channels, although the direct link between calcium and 

neuronal vulnerability remains elusive (Chan et al., 2010; Ping and Shepard, 

1996). 
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In addition to observation at autopsy, the development of positron 

emission tomography (PET) allows for the investigation of dopaminergic 

neuron loss in living patients using radiotracers such as 18F-DOPA and those 

used to label the dopamine transporter (DAT), responsible for the reuptake of 

dopamine after release into the synaptic cleft (Loane and Politis, 2011). PET 

scans have been infrequently used when diagnosing PD, as they are relatively 

expensive (Loane and Politis, 2011), however recent approvals for insurance 

coverage in some countries like the United States have increased their 

diagnostic potential (American Parkinson Disease Association, 2020).    

 

In addition to cell loss, large proteinaceous neuronal inclusions known 

as Lewy bodies (LBs) are also found throughout the brain and brainstem (Lewy, 

1912). Immunohistochemistry reveals that these inclusions are mostly made up 

of post-translationally modified (PTM) a-synuclein, a highly expressed 

presynaptic protein, and also contain neurofilaments and ubiquitin (Figure 

1.4A) (Kuzuhara et al., 1988; Lennox et al., 1989; Spillantini et al., 1997). LBs 

are also found in Dementia with Lewy Bodies (DLB) and in Alzheimer’s Disease 

(AD), making them a common feature of a variety of neurodegenerative 

diseases classified together as a-synucleinopathies (Kosaka, 1990; Marui et al., 

2004; Menšíková et al., 2022). Lewy neurites (LNs), elongated, serpentine or 

club-like inclusions found in both the soma and axons of neurons, also stain for 
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a-synuclein (Braak et al., 1999). Using immunohistochemistry on post-mortem 

brain tissue, one study mapped out that the progression of LB deposition is a 

six-stage process, initiating in the olfactory bulb and the dorsal vagal nucleus 

and gradually ascending across limbic and cortical areas in later stages (Braak 

et al., 2003). Based off this model, the SN starts to accumulate these 

depositions in stage three, although there are criticisms to this model (Burke et 

al., 2008). Interestingly, one study found that LBs are present in a constant 

proportion of 3-4% of nigral neurons regardless of disease duration, 

suggesting that LBs are formed and degraded throughout the course of the 

disease (Greffard et al., 2010). This is distinct from neurofibrillary tangles found 

in AD, which accumulate in the brain over time.  

 

 a-Synuclein is a very small protein, with only a 140aa sequence and is 

generally natively unfolded, however, it does form a-helices on negatively 

charged lipids as well as β-sheets (Stefanis, 2012). It is primarily localized in the 

nucleus and presynaptic terminals of neurons and accounts for an estimated 

1% of total soluble cytosolic proteins in whole brain lysates (Iwai et al., 1995; 

Shibayama-Imazu et al., 1993). The highest expression of a-synuclein is in the 

brain as well as cerebrospinal fluid (CSF) and red blood cells (Barbour et al., 

2008; Borghi et al., 2000). The protein structure is composed of three distinct 

regions: an N-terminus rich with apolipoprotein binding motifs that allow the 
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a-helical formation when bound to phospholipids such as membranes 

(Davidson et al., 1998), a central hydrophobic region called non-Aβ 

component (NAC) which confers the β-sheet potential, and a highly negative 

C-terminus that is prone to be unstructured and houses most known PTMs 

including phosphorylation and nitration (Giasson et al., 2000). Thus, it is 

thought that the C-terminal tail acts as its functional core for downstream 

signaling. When in the presence of membranes, the N-terminus is highly 

structured with two a-helices made up of seven imperfect 11aa repeats from 

25-90aa laying close to the phospholipid bilayer (Jao et al., 2008) (Figure 1.3).  

 

Figure 1.3. Structure of membrane-bound a-synuclein. (A) Birds-eye-view of the N-
terminal a-helical structure of membrane-bound a-synuclein. This structure is 
comprised of an 11aa right-handed coil. Residues in a single repeat are numbered 1-
11 with structural orientation shown in the center starting with aa 1. (B) 3D construction 
of full length a-synuclein. Colors on both A and B denote acidic (red), basic (blue), polar 
uncharged (brown), and nonpolar (grey) residues. Modeling is based off Rao et al. 2010 
(PDB ID: 2KKW). 
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Furthermore, the NAC region is believed to play a role in the protein’s ability 

to aggregate, as this fragment was identified in high abundance in purified AD 

amyloid preparations (Uéda et al., 1993). In addition, one study showed that 

aggregation of a-synuclein was inhibited with in cells overexpressing a plasmid 

with a truncated NAC region compared to wildtype, confirming that this region 

plays a role in the protein’s ability to form aggregates (Periquet et al., 2007). In 

addition, a recent study has found that the constitutively acetylated N-terminal 

also plays a role in the ability to form aggregates, as loss of this acetylation 

increases aggregation (Bell et al., 2022). In a healthy state, a-synuclein is 

soluble and intrinsically disordered, while it is insoluble and highly ordered in 

disease states. Thus, in a healthy state, its monomeric form adopts a wide 

range of conformations that are stabilized through long-range electrostatic 

interactions between N- and C- terminal residues (Dedmon et al., 2005; 

Breydo et al., 2012) whereby disruptions of these interactions via mutations or 

PTMs can lead to misfolding of the monomer and propagate aggregation 

(Villar-Piqué et al., 2016).  

 

Although the mechanism leading to the formation of LBs remains 

elusive, two recent studies have been able to reveal the structure of LBs using 

Stimulated Emission Depletion (STED) microscopy (Moors et al., 2021; 

Shahmoradian et al., 2019). Both identified LBs in the SNpc of post-mortem 
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human brains to have rather smooth edges, with an immunoreactive ring of 

phosphorylated a-synuclein at site Ser129 with a dense, unstained core (Figure 

1.4B). Phosphorylated Ser129 a-synuclein has previously been shown to be 

higher in PD tissue compared to controls (Anderson et al., 2006; Fujiwara et al., 

2002). Ser129 phosphorylation is regulated by Polo-like kinases PLK1, PLK2, 

and PLK3, with the strongest affinity for a-synuclein belonging to PLK2 in vivo 

(Bergeron et al., 2014; Inglis et al., 2009). Shahmoradian and colleagues 

additionally found lipid membranes from lysosomes and mitochondria encased 

around the LBs, suggesting a protein-lipid compartmentalization 

(Shahmoradian et al., 2019).  

 
Figure 1.4. Morphology and structure of Lewy bodies. (A) Large LB inclusion stained for 
phosphorylated a-synuclein in a pigmented nigral neuron. (B) 3D rendering of a STED 
microscopy image of an LB showing an onion-like organization of a-synuclein PTMs. 
These images were reproduced from (Wakabayashi et al., 2013; Moors et al., 2021). 
 

 

 

 



1.1 Parkinson’s Disease  1 INTRODUCTION 

 37 

1.1.4 Peripheral Pathology and Inflammation 

As previously mentioned, one of the most common non-motor 

symptoms of PD is constipation, which can precede the onset of motor 

symptoms by decades and continues throughout the disease’s progression. In 

addition to constipation, other gastrointestinal (GI) impairments are commonly 

observed at all stages of PD, including drooling, dysphagia, and gastroparesis 

(Pfeiffer, 2003). Although these symptoms are common, the literature on GI 

pathology in PD are conflicting. Previous studies have observed a loss of 

vasoactive intestinal peptide neurons as well as DA neurons in the colons of 

patients with PD, whereas others have reported no difference in neuron count 

per ganglion nor proportion of DA neurons in the submucosa (Lebouvier et al., 

2008; Singaram et al., 1995; Wakabayashi et al., 1993).  

 

Additionally, post-mortem pathological examinations identified 

intraneuronal a-synuclein aggregations in the enteric nervous system, 

particularly within the myenteric and submucosal plexuses (Braak et al., 2006). 

Autopsy reports using immunohistochemistry found that a-synuclein 

aggregates were most abundant in the esophagus and stomach compared to 

the colon (Annerino et al., 2012; Beach et al., 2010; Gelpi et al., 2014). With 

the generation of phospho-specific S129 a-synuclein antibodies, several recent 

studies have also confirmed aggregates containing the phosphorylated protein 



1.1 Parkinson’s Disease  1 INTRODUCTION 

 38 

in the GI tracts of PD patients in both autopsy and biopsy specimens (Chiang 

and Lin, 2019). However, most studies had fewer than 30 participants, some of 

which observed a-synuclein accumulation in the GI tracts of control subjects 

and some of which observed no difference between patient and control 

samples (Chiang and Lin, 2019). Additionally, one study found that the 

proportion of a-synuclein positivity did not differ between prodromal and later 

stages of PD, suggesting that GI pathology may present itself in prodromal 

phases of the disease, but is not progressive (Hilton et al., 2014). Another 

study reported a positive correlation with GI pathology and subscores on the 

Movement Disorder Society-Unified Parkinson's Disease Rating Scale (MDS-

UPDRS) (Lebouvier et al., 2010), a diagnostic series of tests to categorically 

define PD progression. These conflicting data are the result of low sample 

numbers, variable GI conditions among individuals, and variable PD subtypes 

and disease durations, including different neurodegenerative disease samples 

such as Lewy body dementia. Therefore, it is important to design follow-up 

studies addressing these variables in order to confirm GI pathology as disease-

specific.  

 

Moreover, alterations in gut microbiota have also been implicated in PD 

as well as gut inflammation. Several studies have reported that small intestinal 

bacterial overgrowth is more prevalent in patients with PD compared to 
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healthy controls, with some reporting an improvement in UPDRS scores after 

treatment for overgrowth (Fasano et al., 2013; Gabrielli et al., 2011; Tan et al., 

2014). In addition, a few studies have reported differences the composition of 

gut microbiota, although results vary widely, making it difficult to conclude 

which microbiota are increased or decreased in PD (Chiang and Lin, 2019). 

Interestingly however, a significant decrease in Faecalibacterium prausnitzii has 

been consistently reported across studies, which has also been shown to be 

depleted in patients with inflammatory bowel diseases (IBDs) (Berry and 

Reinisch, 2013; Hill-Burns et al., 2017; Petrov et al., 2017; Unger et al., 2016). 

In both acute and severe colitis mouse models, treatment with F. prausnitzii led 

to a significant decrease in colitis severity as measured by a decrease in 

neutrophilic infiltration, and down-regulation of pro-inflammatory cytokines 

and T-cell levels (Martín et al., 2014). This suggests that F. prausnitzii acts as an 

anti-inflammatory agent. In addition, levels of fecal short chain fatty acids are 

diminished consistently across PD patient cohorts, a main metabolic product of 

various gut microbiota, supporting a general decrease in some species that 

could be indicative of alterations in the enteric nervous system (Unger et al., 

2016).  

 

Many studies have connected IBD and PD through meta-analyses and 

found increased co-morbidity in patients across cohorts (Peter et al., 2018; 
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Vacic et al., 2014; Weimers et al., 2019). Interestingly, one study found that 

there was a 78% reduction in the incidence rate of PD among patients with IBD 

who were exposed to anti-tumor necrosis factor therapy, a strong anti-

inflammatory treatment, compared to those who were not exposed (Peter et 

al., 2018). This finding further supports a role of gut inflammation in the 

pathogenesis of PD.   

 

Since GI pathology and symptoms are associated with PD, some have 

adopted the ‘gut-brain axis’ hypothesis of pathogenesis, in which bidirectional 

communication between the central and enteric nervous systems (CNS and 

ENS) occur via the vagus nerve as well as through an increase in gut 

permeability. According to this theory, imbalances in the gut microbiome have 

the potential to propagate bacterial infection, inflammation, and a-synuclein 

aggregation within the gut that can relay to the CNS (Chiang and Lin, 2019). 

Several mouse models have been generated to investigate this hypothesis. 

One elegant study tested the ability of exogenous a-synuclein preformed 

fibrils injected into the duodenal and pyloric muscle layers of the stomach to 

propagate endogenous aggregates in the brains of both wildtype mice with 

and without an intact vagus nerve. This resulted in increased endogenous a-

synuclein aggregates in the brains of those with an intact vagus nerve, but not 

in the mice in which the vagus nerve was severed (Kim et al., 2019). This data 
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suggests that propagation of exogenous a-synuclein in the gut can influence 

aggregation of endogenous a-synuclein in the brain via the vagus nerve. 

Subsequently, Kim and colleagues injected these preformed fibrils into the 

duodenal and pyloric layers of the stomach in Snca KO mice with intact vagal 

nerves and observed no accumulation of a-synuclein aggregates in the brain 

(Kim et al., 2019). This result suggests that the exogenous a-synuclein alone 

could not accumulate in the brain tissue itself. Another model using mice 

overexpressing a-synuclein are significantly slower in removing a nasal 

bandage from the bridge of their nose as well as to traverse a beam, and to 

descend a pole after they were given fecal transplants from PD patients 

compared to fecal transplants from healthy controls (Sampson et al., 2016). 

These mice were also shown to have increased aggregation of a-synuclein in 

the caudate of the brain as well as microglia activation as measured via IL-6 

expression in the frontal cortex, suggesting that dysbiosis of the gut 

microbiome instigates a-synuclein aggregation in the brain and 

neuroinflammation (Sampson et al., 2016). Remarkably, fecal transplantation of 

healthy gut microbiota is a treatment for some patients with PD who have 

severe constipation (Huang et al., 2019; Kuai et al., 2021; Xue et al., 2020). 

Based off data from animal models, it will be important to evaluate fecal 

transplant efficacy as a preventative treatment in prodromal PD patients. 
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1.2 Therapies for individuals with PD 

 

1.2.1 Conventional therapy 

 Currently, there are no commercially available disease-modifying 

medications to slow the progression nor completely halt PD. However, there 

are a number of drugs used to help ameliorate symptoms to improve quality of 

life, all of which target the generation or preservation of dopamine or its 

effects in the brain. Recorded in Ayurvedic texts of ancient India, there is 

record of a treatment containing the beans of Mucuna pruriens, the “cowitch 

plant”, in the treatment of kampavata (Manyam, 1990). In 1937, researchers 

isolated what was thought to be the efficacious ingredient in these beans – l-

3,4-dihydroxyphenylalanine (Damodaran and Ramaswamy, 1937). This 

compound, known as levodopa, was later confirmed in controlled studies to 

have a positive effect on motor symptoms of PD (Cotzias et al., 1967; Vaidya et 

al., 1978; Apaydin et al., 2000).    

  

 Levodopa, which works to replace the dopamine lost in the SN, 

continues to be the most used medication for treatment of PD symptoms. A 

precursor of dopamine, levodopa is taken in oral doses daily and absorbed by 

the small intestine before crossing the blood-brain barrier where it is converted 
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into dopamine (Schapira, 2005).  This treatment remains relatively efficacious 

throughout the course of the disease (Schapira, 2005). However, after ~5 years 

of treatment, patients start to develop levodopa-induced dyskinesias, 

presumably due to the pulsatile stimulation of dopamine receptors as the drug 

peaks and wanes throughout the day in the context of progressive striatal 

denervation (Schapira, 2005; Jankovic and Aguilar, 2008). Thus, it is common 

in later stages of treatment for levodopa to be paired with other classes of 

drugs to help prevent unwanted effects and enhance its therapeutic 

properties. Anti-dyskinetic drugs such as amantadine have been reported to 

reduce levodopa-induced motor complications without reducing efficacy 

(Metman et al., 1999). COMT inhibitors are also used to increase the 

absorption of levodopa in the gut and prolong its half-life to increase “on” 

times versus “off” and to keep “wearing off” dyskinesias at bay (Nutt et al., 

1994). Lastly, carbidopa, a peripheral dopa decarboxylase inhibitor, is useful in 

preventing premature metabolism of levodopa when still in the body, 

promoting more efficient absorption and increasing half-life similarly to COMT 

inhibitors. Thus, it is common to prescribe cocktail drugs containing levodopa 

and carbidopa together such as Sinemet (Jankovic, 2008). However, studies 

have reported an alteration in gut microbiota in those taking COMT inhibitors 

and, to a lesser extent, carbidopa/levodopa medications which may affect 



1.2 Therapies for individuals with PD  1 INTRODUCTION 

 44 

disease progression based on the correlation between the gut and brain (Hill-

Burns et al., 2017).  

 

 Eventually, most patients will receive levodopa treatment, however, due 

to its negative side effects, some physicians may try to delay the start of 

levodopa treatment in patients with early stages of PD. Dopamine agonists like 

ropinirole or pramipexole that stimulate D1 and D2 receptors are prescribed as 

an alternative (Brooks, 2000; Weiner et al., 2001). These drugs are safe and 

effective alternatives and can circumvent dyskinesia, although it is common for 

nausea, drowsiness, increased risk-taking behavior, and hypotension to occur, 

the latter increasing the risk for leg edemas (Claassen et al., 2011; Jankovic, 

2008). Some physicians will also use a DA agonist in parallel with levodopa so 

that the dose of levodopa can be reduced and thus effectively reduce 

dyskinesia severity (Jankovic, 2008). Similarly, another route is the use of 

monoamine oxidase type B (MAO-B) inhibitors, effectively inhibiting the 

metabolism of natural dopamine in the brain to modestly improve motor 

symptoms in patients with PD in early stages of the disease (Schapira, 2005).  

 

Whether to use DA agonists over levodopa in early stages of PD has 

caused some debate. Those in favor of early DA agonist use support the idea 

that the delay in levodopa prolongs years of disease without motor fluctuations 
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and dyskinesias while still achieving favorable effects on clinical symptoms and 

potential delaying of disease progression (Parkinson Study Group, 2002; 

Whone et al., 2003). Conversely, others support the idea that introduction of 

levodopa in early PD provides longer periods of fine motor control, slower 

progression of disability, and longer life expectancy (Lees et al., 2001; Rajput 

et al., 2002). Ultimately, the treatment plan must be tailored to each individual 

patient and their particular needs and goals. 

 

1.2.2 Deep Brain Stimulation 

 Deep brain stimulation (DBS) was first approved by the United States 

Food and Drug Administration (FDA) in 2003 as a treatment for advanced PD. 

Rather strict inclusion criteria are used to assess candidacy for DBS, including 

the presence of tremor which fails to improve with conventional levodopa 

therapy, presence of levodopa-sensitive “off” symptoms or dyskinesia, and an 

absence of dementia or other cognitive impairments or comorbidities 

(Hartmann et al., 2019). It is also required that the patient is not older than 70 

years old, as this increases the probability of complications during surgery, 

particularly in bilateral electrode placement. This criterion is based on several 

studies indicating that older age correlated with less efficacy and a reduced 

improvement on quality-of-life after DBS surgery compared to younger 

candidates (Derost et al., 2007; Russmann et al., 2004).  
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 As clarity on basal ganglia circuitry grew, the subthalamic nucleus (STN) 

has become predominantly favored as the target for electrode placement, 

although comparative reports on improved motor functions and reduced 

dependency on levodopa are found on globus pallidum internus (GPi) 

placement (Hartmann et al., 2019). Thus, the target chosen falls towards 

patient-specific symptomology, as neurostimulation of the STN typically allows 

patients to reduce their levodopa intake and thus reduces levodopa-sensitive 

“off” and “weaning time” motor complications (Deuschl et al., 2006), while GPi 

stimulation seems to reduce dyskinesias directly (Zhang et al., 2021) as well as 

improve psychomotor processing speed in the Stroop color-naming test 

(Elgebaly et al., 2018). DBS is equally effective in both sporadic and 

monogenic PD patients, making it a viable option for a broad range of 

genotypically distinct PD cases (Angeli et al., 2013). Interestingly, a large meta-

analysis encompassing data from over two thousand PD patients that 

underwent DBS surgery reported a decrease in long-term memory and verbal 

fluency compared to control patients that had not undergone the surgery 

(Bucur and Papagno, 2022). Such negative effects are troublesome; however, it 

is difficult to distinguish whether the cognitive decline is truly a result of the 

surgery/stimulation, or due to aging. 
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1.2.3 Alternative methods: the future of genetically driven 

individualized therapeutics 

For nearly the last six decades, the treatment of PD has been centered 

on dopamine replacement therapies, as progress in the development of 

disease-modifying treatments for PD has been limited. Thus, it is a particularly 

exciting time for PD therapeutics, with multiple clinical trials underway for 

mechanistically targeted therapies, i.e., LRRK2, GBA and a-synuclein, in the 

form of small molecules as well as antisense oligonucleotides (ASOs) 

(McFarthing et al., 2021).  

 

Currently, the most favored target is a-synuclein, with several drugs in 

clinical trials across phases I, II, and III (McFarthing et al., 2021). The rationale 

for targeting a-synuclein is based on strong genetic and pathological data, but 

many of these trials have yet to show efficacy in the treatment of PD. Several of 

these drugs utilize antibodies raised against a-synuclein with the goal of 

degrading aggregated protein in the brain such as prasinezumab (Pagano et 

al., 2021). One trial testing efficacy of treatment of the antibody cinpanemab 

(BIIB054) generated by Biogen was recently withdrawn after Phase II trials 

showed no improvement of motor symptoms as evaluated by the MDS-UPDRS 

(Kuchimanchi et al., 2020). The high failure rate of these trials is not a new 
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phenomenon, as 99% of the 200 AD trials have also failed, as well as several 

promising trials for Huntington’s Disease (HD) targeting the Huntington protein 

using ASOs (Kingwell, 2021; Yiannopoulou et al., 2019). This is most probably 

due to the complexity of neurodegenerative diseases and their aging 

component that most disease models lack.  

 

Conversely, there are some early-stage a-synuclein trials using active 

immunotherapy with a short peptide targeting oligomeric forms of the protein 

that have shown to be responsive in degrading aggregates in preclinical 

mouse models and have currently passed safety and toxicity in humans 

(Mandler et al., 2014; Volc et al., 2020). Another trial is investigating the 

efficacy of venglustat, an allosteric inhibitor of glucosylceramide synthase that 

may indirectly reduce the opportunity for a-synuclein aggregates to form 

(Peterschmitt et al., 2021). Taken together, it is expected and realistic to 

assume the failure of many trials before discovering true disease-modifying 

treatments, however, the path to effective treatments is now more hopeful 

than at any other time in the past half century. Additionally, there are some 

trials in progress that show some promising endpoints in target engagement, 

mainly in LRRK2-targeting treatments, which will be discussed in detail in 

Chapter 3.
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1.3 Economic and Caregiver Burden 

PD is currently the world’s fastest growing brain disease (GBD 2016 

Neurology Collaborators, 2019). It is estimated that over 6 million individuals 

are currently living with a PD diagnosis, and that number is expected to double 

by 2040 (Dorsey and Bloem, 2018). In 2017, it was estimated that the total 

economic burden of PD in the U.S. was nearly $52 billion, half of which 

amounted to direct medical costs, the other half indirect from productivity 

losses, non-medical expenses, and disability income (Yang et al., 2020). 

Without intervention, total economic burden is projected to increase to $79.1 

billion in 2037, without taking natural inflation into consideration (Yang et al., 

2020). Overall, the economic and mental burden for patients, caregivers and 

governments is staggering and it is only a matter of time before this burden 

causes a national state of emergency. Thus, effective and affordable 

treatments will be imperative moving forward. 
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1.4 Etiology 

“So slight and nearly imperceptible are the first inroads of this malady, 

and so extremely slow its progress, that it rarely happens, that the patient 

can form any recollection of the precise period of its commencement.” 

   James Parkinson – Essay on the Shaking Palsy, 1817.  

 

 By the time an individual is diagnosed with PD, up to 80% of striatal 

dopamine is lost as well as between 30-70% of dopamine neurons in the SNpc 

(Cheng et al., 2010). Since initial prodromal symptoms of PD can start several 

decades prior to motor PD, taken together, this makes preventative 

interventions very difficult. 

 

1.4.1 Age 

 Aging is the major risk factor for PD. A meta-analysis conducted in 2014 

revealed that prevalence is 18 times higher for the disease in people over 80 

years of age compared to those that are 50-59 years of age (1,903 vs 107 per 

100,000 individuals) (Pringsheim et al., 2014). Studies of have shown 

dopaminergic neurons in the Substantia Nigra (SN) to be particularly 

vulnerable to aging, with reports of up to 50% of DA neuron loss even in 

individuals without neurological disease (Buchman et al., 2012; Reeve et al., 

2014; Rudow et al., 2008).  



1.4 Etiology   1 INTRODUCTION 

 51 

As the human brain ages, its efficiency at handling certain insults of 

normal cellular function decreases, making it susceptible to prolonged and 

detrimental damage from oxidative stress, mitochondrial dysfunction, and 

inflammation (Reeve et al., 2014). Although aging effects the brain globally, 

DA neurons in the ventral SN may be particularly vulnerable due to the nature 

of dopamine metabolism which generates several toxic oxidative species 

including hydrogen peroxide (Meiser et al., 2013). Failure to sequester these 

species properly results in the accumulation of ubiquitin-positive inclusions and 

lipofuscin, which may perpetuate intracellular damage and eventual neuron 

death (Kanaan et al., 2007; Pang et al., 2019). In addition to the oxidation of 

dopamine, increases in intracellular a-synuclein have been associated with 

age-related decreases in nigral TH, the rate-limiting enzyme in dopamine 

synthesis (Chu and Kordower, 2007).  

 

Aging is also associated with neuronal damage due to iron 

accumulation in the SN and increased microglia activation, an indicator of 

neuroinflammation (Kanaan et al., 2008; Sugama et al., 2003; Zecca et al., 

2004, 2001). Thus, understanding why dopamine neurons are more vulnerable 

to aging compared to other neuronal cell types in other regions may give 

insight into the neuronal loss found in PD. 
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1.4.2 Environmental Risk 

 Historically, PD was considered to be purely sporadic in nature until 

1979, when a case of parkinsonism that persisted for 18 months was reported 

in a 23-year-old male after injection of a meperidine congener (Davis et al., 

1979). Then, in 1983, Dr. J. William Langston identified six patients that rapidly 

developed PD overnight after using a new synthetic form of heroin, 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Langston, 2017; Langston et al., 

1983). The lipophilic MPTP was able to cross the blood-brain barrier (BBB) 

where it is was quickly converted into the toxic 1-methyl-4-phenylpyridinium 

(MPP+) (Langston et al., 1984). MPP+ was found to be a high-affinity substrate 

for the dopamine uptake system, causing selective accumulation in DA 

neurons and inevitable cell death through the disruption of mitochondrial 

Complex I (Ramsay et al., 1986; Shen et al., 1985).  

 

This phenomenon of drug-induced parkinsonism led to the hypothesis 

that neurotoxins are a risk factor for PD. Scientists have since identified over a 

dozen environmental toxicants associated with PD, particularly found in some 

herbicides and pesticides like paraquat and rotenone (Ascherio et al., 2006; 

Elbaz et al., 2009; Tanner et al., 2011; Pezzoli and Cereda, 2013) as well as 

industrial organic solvents such as trichloroethylene (TCE) (Guehl et al., 1999; 

Bove et al., 2014; De Miranda and Greenamyre, 2020). Thus, PD prevalence 
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has been shown to be concentrated among people working or living near 

industrial factories and large-scale agricultural farms where use of these 

products is prevalent. In fact, some studies have shown those who have lived 

and consumed private well-water contaminated with pesticides in agricultural 

regions of California have an increased risk of developing PD (Gatto et al., 

2009). These epidemiological and case study findings were partially 

recapitulated in animal models to further solidify the link between toxicant 

exposure and DA neuron loss, a-synuclein accumulation, and 

neuroinflammation (Betarbet et al., 2000; Sherer et al., 2003; Hatcher et al., 

2007; Cannon et al., 2009). Exposures to heavy metals such as iron, copper, 

lead, and mercury have also been proposed to increase risk for PD, although 

evidence is sparse and difficult to interpret (Ball et al., 2019).  

 

Traumatic brain injury (TBI) has also been linked to PD risk (Gardner et 

al., 2015; Andrew et al., 2021). One study found that veterans who 

experienced mild or moderate/severe TBI were 56% and 83% more likely to 

develop PD, respectively (Gardner et al., 2018). One argument made against 

TBI incident in older adulthood as a risk factor for PD is that, as most TBI 

incidents are due to falls, it is difficult to distinguish whether the fall occurred 

because of undiagnosed, early symptoms of PD already and natural, accidental 

falls that cause PD (Coronado et al., 2005; Gardner et al., 2015, 2018). One 
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study of a Danish cohort that evaluated over 1,700 patients with PD reported 

no association between any head injury prior to the first cardinal symptom and 

PD (Kenborg et al., 2015). Overall, environmental risk is still definitively 

ambiguous as a cause of PD given the nature of the disease and its decades-

long prodromal phase. It is difficult to provide direct links of cause when time 

between exposure and onset of identifiable symptoms of disease range is in 

years. It is also difficult to quantify exposure accurately in retrospect, thus 

estimating their effects is challenging.  

 

1.4.3 Genetic Risk 

 The first monogenetic cause of PD was identified in 1997 where several 

family members of an Italian kindred were found to have a single point 

mutation in the SNCA gene that encodes for a-synuclein (Polymeropoulos et 

al., 1997). The mutation discovered changed an alanine to a threonine at the 

53rd amino acid (aa) in the 140aa sequence (p.A53T). This was discovered to 

effect conformational change of the protein by shifting the balance between a-

helices and b-sheets, promoting protein aggregation (Meade et al., 2019; 

Guzzo et al., 2021). This genetic mutation was discovered in the same year that 

a-synuclein was identified as a main component of Lewy bodies, and as the 

main non-Aβ component of amyloid plaques in AD two years prior (Iwai et al., 

1995), linking familial and sporadic cases for the first time.  
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It is now believed that monogenetic mutations account for up to 10% of 

all PD cases (Lesage and Brice, 2009), with identification of multiple autosomal 

dominant and autosomal recessive genetic mutations (Table 1.1). These 

mutations span 19 loci, denoted as the PARK loci, of which 11 of the genes 

have been identified. The other 8 loci range in their progress towards 

confirmed gene identification. PARK3 and PARK11 are still unconfirmed 

disease risk loci since their first descriptions in 1998 and 2002, respectively 

(Klein and Westenberger, 2012). Three loci have primary gene candidates: 

UCHL1 (PARK5), HTRA2 (PARK13), and EIF4G1 (PARK18), however all are 

unconfirmed with only one description each, although efforts have recently 

been initiated to investigate these candidates further (Chartier-Harlin et al., 

2011; Krüger et al., 2011; Leroy et al., 1998). Finally, PARK10, PARK12, and 

PARK16 have been confirmed as PD risk loci via linkage analysis but no 

candidate genes have been described as of yet (Klein and Westenberger, 

2012). Aside from PARK genes, common mutations in Glucosylcerebrosidase 1 

(GBA1), originally discovered as a cause of Gaucher’s disease, have also shown 

familial links to PD (Sidransky et al., 2009). Additionally, large genome-wide 

association studies (GWAS) have since identified 90 loci associated with PD 

lifetime risk (Nalls et al., 2019). The reasons that these genetic variants may 

contribute to lifetime risk rather than directly cause PD are twofold: these 



1.4 Etiology   1 INTRODUCTION 

 56 

variants do not have complete penetrance, and there is still a lot that is 

unknown regarding gene-gene interaction and influence.   

 

There is accumulating evidence that PD is caused by a combination of 

genetic and environmental factors. The lack of penetrance in the most 

common genetic mutations leads to the possibility that environmental and 

genetic risk are not mutually exclusive, and that both compounding on one 

another initiates pathogenesis (Figure 1.5).  

 
Figure 1.5. Environment-Genetic relationship hypothesis. PD risk varies with both 
genomic predisposition and environmental factors including aging.  
 

For example, an additional and more direct link between genetics and the 

environment is currently being investigated through epigenetics, as chemical 

pollutants, nutrition, and other environmental stressors can influence gene 
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expression via epigenetic modifications (Pavlou and Outeiro, 2017). Although 

no strong relationships have been identified yet in PD, epigenetic 

dysregulation has been thought to play an important role in other 

neurodegenerative diseases such as AD (Lu et al., 2014) and HD (Zuccato et 

al., 2007). To date, some studies have found abnormal hypo- and hyper- DNA 

methylation in over 20 genes in patients with PD compared to healthy controls, 

some of which were found in the promoter region of the SNCA gene. These 

changes in SNCA have also been identified in those with alcoholism or 

anorexia, hypothesizing that metabolic alterations can trigger these DNA-

methylation events (Bönsch et al., 2005; Frieling et al., 2007; Masliah et al., 

2013; Moore et al., 2014). Some studies have also reported variations in 

histone acetylation. One study in particular found increases in acetylation in 

the SNpc of post-mortem brains of PD patients (Park et al., 2016). Additionally, 

Park et al. found that treatment with rotenone, paraquat, or MPP+ also 

increases histone acetylation in cultured mouse DA neurons (Park et al., 2016). 

Thus, it will be imperative to look at combinations of genetic and 

environmental risk factors in order to grasp the full picture of PD penetrance. 
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1.5 LRRK2 as a genetic and sporadic risk factor 

 Since its discovery as a PD gene in 2004 by two independent groups, 

research on Leucine-Rich Repeat Kinase 2 (LRRK2) has gained an 

overwhelming amount of attention recently, with over 300 original papers and 

reviews on LRRK2 published annually since 2020 (Figure 1.6). As one of the 

most common causes of PD worldwide, understanding the normal and 

pathogenic functions of LRRK2 has grown in importance. 

 
Figure 1.6. PubMed search of the number of articles containing “LRRK2” from 1990-
2022.  
 

1.5.1 Discovery of LRRK2 mutations and penetrance 

 The PARK8 locus was identified in a large Japanese family exhibiting 

autosomal dominant parkinsonism (Funayama et al., 2002). Linkage analysis 

identified 116 genes within the locus located on chromosome 12, and the 

specific gene responsible was discovered independently in two separate 

studies (Paisán-Ruíz et al., 2004; Zimprich et al., 2004). The original family was 
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then shown to have a mutation in the same gene, LRRK2 (Funayama et al., 

2005). Mutations in LRRK2 were subsequently shown to be a relatively 

common genetic cause of PD worldwide (Di Fonzo et al., 2006). To date, out of 

approximately 100 putative mutations identified within this gene (Cruts et al., 

2012; Nuytemans et al., 2010; Paisán-Ruíz et al., 2008), eight of these have 

been convincingly segregated as disease-causing: G2019S, R1441C/G/H, 

Y1699C, I2020T, and N1437H/D (Gasser, 2009; Aasly et al., 2010; Zhao et al., 

2020). The two most common mutations, G2019S and R1441C, are each 

responsible for up to around 30% of inherited PD cases in Ashkenazi Jewish 

and North African Berber populations, and up to 10 and 2.5% of apparently 

sporadic PD cases, respectively (Deng et al., 2006; Hulihan et al., 2008; Correia 

Guedes et al., 2010; Bardien et al., 2011; Paisán-Ruiz et al., 2013). The 

presence of mutations in what appears to be sporadic cases is likely due to 

incomplete but age-dependent penetrance. For example, the penetrance of 

G2019S increases from 17% at 50 years old to 85% at 70 years old. 

Additionally, there are some carriers who never develop PD (Kachergus et al., 

2005; Hulihan et al., 2008; San Luciano et al., 2010; Lee et al., 2017). Similarly, 

R1441C has also been shown to have age-dependent but incomplete 

penetrance, suggesting that although these monogenic mutations significantly 

increase disease risk, they do not always lead to disease (Trinh et al., 2014; 

Kluss et al., 2019; Reed et al., 2019). Interestingly, cohort studies have found 
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no difference in clinical features between those that are heterozygous and 

homozygous for these mutations, suggesting no gene dosage effect (Ishihara 

et al., 2006; Takanashi et al., 2018). 

  

 Interestingly, these mutations are population-specific, as G2019S and 

R1441C are not found in certain Asian populations (Tan et al., 2005; Zabetian 

et al., 2009), although recent reports on a few Chinese case studies may 

indicate otherwise (Peng et al., 2017; Lim et al., 2020). Conversely, the most 

common risk factor found in patients of Asian descent is G2385R, which is not 

found in Caucasian populations (Funayama et al., 2007; An et al., 2008; Kim et 

al., 2010; Gopalai et al., 2014). A second common risk variant, R1628P, has 

also been identified with a more modest effect in certain Asian populations 

such as the Chinese, Taiwanese, Malaysian, and Singaporean (Ross et al., 2008; 

Gopalai et al., 2019), with studies reporting no significance in Korean cohorts 

(Kim et al., 2010), though it is possible that increased cohort size would reveal 

its significance.  

 

 Furthermore, a protective haplotype has been identified encompassing 

two variants, R1398H and N551K (Tan et al., 2010; Chen et al., 2011; Ross et 

al., 2011; Gopalai et al., 2019). In one such study on the Han Chinese 

population, Tan and colleagues estimated that those carrying the haplotype 
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have around a 20% reduction in PD risk, while those carrying the R1628H risk 

variant in addition to the protective haplotype had negligible risk for 

developing PD (Tan et al., 2010). This finding suggests that there may be 

functional interactions between protective and risk variants whereby the effect 

of these variants, and subsequent disease penetrance, requires the presence 

of each other.  

 

 Lastly, an additional mutation, N1437H was identified in a large 

Norwegian family, in which 18 affected carriers presented with typical PD 

features (Aasly et al., 2010). Within this family, disease manifested with an early 

age at onset (AAO), atypical of other PD LRRK2 mutations, suggesting 

penetrance of this mutation may be higher, although a larger sample size will 

need to be included in order to accurately predict such penetrance (Aasly et 

al., 2010).    

 

1.5.2 Protein structure 

The LRRK2 gene is made up of 51 exons and encodes a 2,527 amino-

acid protein with a predicted molecular mass of ~280 kDa. LRRK2 is a 

multidomain protein where the Ras of complex proteins (ROC), C-

terminal of ROC (COR) and kinase domains constitute a catalytic core that is 

flanked by protein-protein interaction and scaffolding domains: N-terminal 
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armadillo, ankyrin, leucine-rich repeats and a C-terminal WD40 domain (Figure 

1.7). Interestingly, most disease-linked LRRK2 mutations are found within the 

core enzymatic domains and alter enzyme activity in vitro (Rudenko and 

Cookson, 2014). The G2019S and I2020T mutations are located within the 

kinase domain and increase Vmax for kinase activity while R1441C/G/H, Y1699C, 

and N1437H mutations decrease the GTPase activity of the Roc domain and/or 

increases GTP binding affinity (Guo et al., 2007; Lewis et al., 2007; Aasly et al., 

2010; Daniëls et al., 2011; Liao et al., 2014; Cookson, 2015). Conversely, the 

R1398H protective variant has been shown to increase GTP hydrolysis and 

decrease GTP binding in vitro (Nixon-Abell et al., 2016). It is thought that as 

kinase and GTPase activities are encoded on the same protein, the two 

activities may regulate each other. 

 
Figure 1.7. Ideogram of LRRK2 domains and known pathogenic and protective 
mutations. Amino acid numbers are shown in grey, protective variants are shown in 
green, and pathogenic mutations/risk variants are shown in red. 
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Additionally, LRRK2 is found to exist in both monomeric and 

homodimeric forms, and that its kinase activity is increased in the latter form 

(Greggio et al., 2008). Many studies have attempted to uncover the quaternary 

structure of the protein using different biophysical techniques of various 

truncated versions of LRRK2. The ROC domain was first resolved at 2.0 Å and 

found to form homodimers that were partially disrupted by pathogenic 

mutation R1441C (Deng et al., 2008). It is through this disruption that it is 

believed GTP hydrolysis is weakened by the disruptive effect of this mutation, 

thus prolonging the GTP-bound form that enhances kinase activity of the 

protein. A 2.6 Å resolution of the C-terminal WD40 domain showed canonical 

seven-bladed architecture that readily dimerized in solution (Zhang et al., 

2019). This dimerization was obstructed when observing the G2385R mutant, 

suggesting that WD40 dimerization inhibits LRRK2 kinase activity (Zhang et al., 

2019).  

 

More recently, utilizing cryo-electron microscopy (cryo-EM), full-length, 

monomeric LRRK2 was shown to form a J shape at a 3.5 Å resolution, bringing 

ROC and kinase domains in close proximity to one another, which is in 

agreement with a cryo-EM experiment on a catalytic core-only truncated form 

of the protein (Deniston et al., 2020; Myasnikov et al., 2021) (Figure 1.8). This 

confirms the evidence of crosstalk between these domains that was theorized 
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previously through biochemical assays (West et al., 2005; Smith et al., 2006; Ito 

et al., 2007; Lewis et al., 2007; Deng et al., 2008).  

 

Figure 1.8. Monomeric structure of LRRK2. (A) “J” shape structure of monomeric LRRK2 
at two different angles resolved by cryo-EM. (B) Matching cartoon depiction of the 
structure shown in (A). ARM=armadillo, ANK=ankyrin, LRR=leucine-rich repeat, 
ROC=Ras of complex, COR=C-terminus of Roc, KIN=kinase. Model was created based 
on the coordinates from Myasnikov et al. 2021 (PDB ID: 7LHW) using ChimeraX 
software. 
 

The full-length structure resolved by Myasnikov et al. revealed many other 

interdomain interactions such as those found between the leucine-rich repeat 
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and the kinase domains through three sites: two on the C-lobe and one on the 

N-lobe of the kinase domain (Myasnikov et al., 2021) (Figure 1.9). Interestingly, 

one of the C-lobe interactions with the LRR domain involves N2081 whose 

mutation to aspartic acid (N2081D) confers risk for Cohn’s disease (Figure 1.9) 

(Hui et al., 2018). Thus, the N2081D mutation, which shows increased kinase 

activity, is expected to destabilize this interaction. Of note, the structure 

captured was predicted to be in an ATP-bound, GDP-bound, inactive state, 

thus conformational differences, or lack thereof between activity states is not 

yet confirmed at this resolution. 

 

Figure 1.9. LRR and KIN domains structure and interactions. Kinase (yellow) and LRR 
(blue) structure allows for hydrophilic interactions with one another. The N-lobe and C-
lobe of the kinase domain are indicated for orientation. Inset illustrates one interaction 
with the Crohn’s disease-associated mutation site N2081 (magenta) on the kinase 
domain and its possible interactions with four sites on the LRR domain (orange). Model 
was created based on the coordinates from Myasnikov et al. 2021 (PDB ID: 7LHW) using 
ChimeraX software. 
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The resolved monomeric conformation also depicts an extended N-terminus, 

with the armadillo domain showing flexibility compared to the rest of the 

protein (Myasnikov et al., 2021). This is perhaps governed by the fact that 

homodimerized LRRK2 is the result of interactions between the N-terminals as 

well as both COR domains at R1728 (Kalogeropulou et al., 2022) (Figure 1.10). 

 

Figure 1.10. LRRK2 dimer. (A) Dimer of LRRK2. Each monomer is highlighted in orange 
and blue to show their separation. (B) Structure of the dimer shows main interactions 
between both ARM and COR domains. Colors represent each domain similarly to Figure 
1.8. Model was created based on the coordinates from Myasnikov et al. 2021 (PDB ID: 
7LHT) using ChimeraX software. 
 

1.5.3 Cellular function 

 Through Western blot and quantitative-PCR, LRRK2 expression was 

found to vary across tissues in humans and animal models (Giasson et al., 

2006; Taymans et al., 2006; Higashi et al., 2007). More recently, with the 

establishment of single-cell technology, Human Protein Atlas (proteinatlas.org) 

has curated various single-cell RNA sequencing (scRNAseq) datasets, revealing 
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low LRRK2 expression in most brain cells, with oligodendrocyte precursors, 

microglia, and certain groups of excitatory neurons having the highest number 

of transcripts per million (nTPM) (Thul et al., 2017; Karlsson et al., 2021).  

  

 At the cellular level, in vitro studies using over expressed LRRK2 show a 

mostly cytosolic distribution, although many studies have identified 

membrane-bound and microtubule-bound pools of LRRK2, particularly in 

pathogenic mutations R1441C/G, Y1699C, G2019S, and I2020T (Greggio et 

al., 2006; Kett et al., 2012). While sequestered in the cytosol, phosphorylation 

of sites S910 and S935 allow LRRK2 to bind 14-3-3 proteins in vitro and in vivo 

(Nichols et al., 2010). Interestingly, pathogenic LRRK2 mutations show 

decreased association with 14-3-3 (Lavalley et al., 2016; Li et al., 2011), which 

provides evidence for differences in localization between wildtype and mutant 

protein. Additionally, neurite shortening has been characterized in neuronal 

cultures from bacterially artificial chromosome (BAC) transgenic G2019S and 

R1441C mice compared to wildtype, while overexpression (OE) of the 14-3-3s 

isoform improved neurite outgrowth (Lavalley et al., 2016). Additionally, LRRK2 

kinase hyperactivity observed in G2019S neurons was reduced with OE of 14-

3-3s, thus suggesting that 14-3-3 binding may play a role in regulating LRRK2 

kinase activity and can ameliorate its mutant-induced toxicity (Lavalley et al., 

2016).  
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 In 2016, Steger and colleagues discovered a subset of small Ras-like, 

Rab GTPases, Rab3a/b/c, Rab5a/b/c/d, Rab8a/b, Rab10, Rab12, Rab29, 

Rab35, and Rab43, that are phosphorylated by LRRK2 at a serine/threonine 

residue within the highly conserved switch II region (Steger et al., 2016). Rab 

proteins are important mediators in various trafficking pathways within cells. 

They are largely compact and globular, with a GTP-binding and hydrolysis 

domain and a C-terminal region consisting of one or two cysteines that are 

prenylated by geranylgeranyl transferases for membrane insertion (Pfeffer, 

2013; Bonet-Ponce and Cookson, 2019). The C-terminus of Rabs are highly 

varied and are believed to be the defining sequences that give certain Rabs 

specific membrane preference. Once at the membrane, Rabs can recruit 

effector proteins that carryout various functions. For example, motor adaptor 

proteins JNK-interacting proteins 3 and 4 (JIP3 and JIP4),  and Rab interacting 

lysosomal proteins like 1 and 2 (RILPL1 and RILPL2) have been shown to be 

effectors of Rab8a and Rab10, all of which are motor adaptor proteins (Bonet-

Ponce et al., 2020; Waschbüsch et al., 2020). Thus, through manipulation of 

Rab GTPases, LRRK2 may regulate vesicle trafficking. Importantly, all 

pathogenic variants in LRRK2 that cause disease have been shown to enhance 

Rab phosphorylation in cells (Steger et al., 2016; Liu et al., 2018). Thus, it is 

believed that abnormal LRRK2-mediated Rab phosphorylation plays a major 

role in disease pathogenesis. 
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 Interestingly, a recent study showed that there is an additional binding 

region located within the armadillo domain of LRRK2 that can bind Rabs 8a, 

10, 29, 32, and 38 which are necessary for the stabilization of LRRK2 onto 

membranes  (Vides et al., 2022). This suggests a feed-forward pathway in 

which LRRK2 is stabilized on membranes by Rabs, allowing LRRK2 to enhance 

its kinase activity that then can phosphorylate other Rabs to finally recruit 

downstream effector proteins. 

 

 Two Rab substrates of LRRK2 most studied to date are Rab8a and 

Rab10. Interestingly, both Rabs have been shown to regulate ciliogenesis, 

possibly through apical transport pathways (Sato et al., 2014; Yoshimura et al., 

2007). Rab10 KO mice and A549 cells are reported to have increased 

ciliogenesis, whereas Rab8a KO cells have less cilia suggesting these Rabs 

regulate cilia formation in a complementary fashion (Sato et al., 2014; Dhekne 

et al., 2018). Additionally, when in the presence of a kinase hyperactive LRRK2 

mutant such as R1441C or G2019S, impairment of ciliogenesis has been shown 

as a reduction of cilia formation in serum-starved mouse embryonic fibroblasts 

(MEFs) that was ameliorated by MLi-2 (Steger et al., 2017). Interestingly, 

wildtype LRRK2 MEFs were not included for comparison to the mutant variants, 

thus differences between them cannot be claimed but are implied. Further 

studies have identified Protein phosphatase Mg2+/Mn2+ Dependent 1H 
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(PPM1H) as a phosphatase that regulates LRRK2-mediated phosphorylation of 

Rab10 and Rab8a and that PPM1H knockdown suppressed ciliogenesis in 

MEFs (Berndsen et al., 2019). A recent study has reported that this LRRK2-

mediated ciliogenesis is cell type-specific, in that serum-starved, MLi-2 treated 

SH-SY5Y cells as well as rat primary neurons and iPSC derived neurons showed 

no differences in ciliogenesis nor were differences found between G2019S 

LRRK2 and wildtype variants (Kim et al., 2021). Conversely, a significant 

increase in ciliogenesis was observed in heterozygous G2019S patient-derived 

fibroblasts and neural stem cells compared to controls (Kim et al., 2021). Taken 

together, LRRK2 plays a role in ciliogenesis via the regulation of Rab10 and 

Rab8a, although further study needs to investigate how mutants affect 

ciliogenesis in different brain cell types.  

 

LRRK2 has also been proposed to play a role in autophagy, as inhibition 

of LRRK2 kinase activity has been shown to increase the lipidation of LC3 in 

astrocytes (Manzoni et al., 2013). This may be indicative of either induction of 

autophagosome formation or inhibition of autophagosome degradation via the 

lysosome. Expression of GFP-tagged, PD-causing LRRK2 mutants results in an 

increase in lysosome size which is dependent on kinase activity and is 

associated with a reduction in lysosomal pH (Henry et al., 2015). 

Additionally, loss of LRRK2 leads to accumulation of autophagic markers LC3-II 
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and p62 in vivo (Tong et al., 2010a). Interestingly, comparing these markers in 

post-mortem tissue from G2019S LRRK2 PD and idiopathic PD patients 

showed decreased LC3-II levels in the basal ganglia compared with controls 

(Mamais et al., 2013). This suggests LRRK2 plays a role in trafficking within the 

autophagy/lysosomal pathway and is necessary for normal lysosomal function. 

In turn, autophagy influences inflammation through the transport of 

degradable material to the lysosome via phagophores. Thus, although we have 

not yet identified all the intracellular pathways involved in LRRK2-related PD, 

one possibility is that inflammatory reactions and intracellular trafficking that 

affects the autophagy-lysosome system are mechanistically related to each 

other. A more in-depth review on LRRK2 at the lysosome will be provided in 

Chapter 7. 

 

 Recently, additional investigation into the role of LRRK2 within the 

autophagy pathway places its function at the trafficking of these organelles 

themselves. Deficits in autophagosome transport and maturation in both 

G2019S KI primary neurons and induced pluripotent stem cell (iPSC)-derived 

neurons genetically edited to express G2019S LRRK2 have also been shown 

(Boecker et al., 2021). Mechanistically, Boecker and colleagues identified the 

recruitment of JIP4 by mutant LRRK2 (via phosphorylated Rab10) to 

autophagosomes (Boecker et al., 2021). JIP4 is a motor protein that binds to 
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kinesin for anterograde motility of endosomal organelles (Montagnac et al., 

2009). Thus, recruitment of JIP4 to autophagosomes resulted in an abnormal 

tug-of-war between retrograde and anterograde transport in G2019S LRRK2 

expressing neurons compared to wildtype, increasing the number of pauses 

these organelles made when traveling the length of an axon (Boecker et al., 

2021). Treatment with MLi-2 in the G2019S LRRK2 neurons resulted in the 

amelioration of the number of pauses during transport, suggesting that the 

defect in retrograde transport is LRRK2 kinase-specific (Boecker et al., 2021). 

Previous work has shown that autophagosomal cargo degradation is most 

efficient within close proximity to the perinuclear area (Ravikumar et al., 2005) 

and that disruption of retrograde axonal transport causes ineffective 

autophagosome-lysosome fusion and thus impaired cargo degradation (Wong 

and Holzbaur, 2014). Taken together, these works imply that kinase 

hyperactive LRRK2 can affect autophagosome positioning within neurons, and 

that this creates defects in autophagy.  

 

1.5.4 Posttranslational modifications of LRRK2 

 Of all the PTMs of LRRK2, phosphorylation is the most extensively 

studied and can influence protein localization, stability, and function (Pajarillo 

et al., 2019). As mentioned in the previous section, mass spectrometry 

experiments on LRRK2 pull-down eluates identified a cluster of serine residues 
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S860, S910, S935, S955, S973, and S976 situated between ANK and LRR 

domains that bind 14-3-3 isoforms (Nichols et al., 2010). Specifically, 

phosphorylation of S910 and S935 were found to be necessary for the binding 

of LRRK2 to 14-3-3 isoforms that stabilize LRRK2 in the cytosol, as 14-3-3 

binding is lost when overexpressing phosphor-null constructs S910A and 

S935A in vitro (Nichols et al., 2010). Interestingly when inhibiting LRRK2 kinase 

activity or in the context of mutant LRRK2, this phosphorylation is dramatically 

reduced (Nichols, 2017). Additionally, phosphorylation at S935 was shown to 

lower in post-mortem brains of PD patients compared to samples from 

individuals without neurological disease (Dzamko et al., 2017). These data 

suggest that LRRK2 kinase activity regulates the constitutive phosphorylation at 

these sites, although the direct mechanism is currently unknown. 

 

 Apart from constitutive phosphorylation sites, a number of 

autophosphorylation sites have been identified located in and around the ROC 

domain, namely S1292, T1343, T1348, T1357, T1368, S1403, T1404, T1410, 

T1452, and T1491 (Greggio et al., 2009; Gloeckner et al., 2010; Webber et al., 

2011; Sheng et al., 2012; Liu et al., 2016). Autophosphorylation at all of these 

sites was enhanced in R1441C/G/H, Y1699C, G2019S, and I2020T mutations in 

vitro as well as increased GTPase activity (Liu et al., 2016). In the brain and 

peripheral tissues of G2019S KI mice, S1292 autophosphorylation has been 



1.5 LRRK2 as a genetic and sporadic risk factor    1 INTRODUCTION 

 75 

shown to be enhanced compared to wildtype animals (Kluss et al., 2018; 

Sheng et al., 2012). Interestingly for S1292, one study reported a decrease in 

neurite shortening when overexpressing a phospho-null variant S1292A in 

primary rat neurons overexpressing LRRK2 with both R1441G and G2019S 

mutations, proposing that this autophosphorylation may contribute to the 

cellular effects of some LRRK2 mutations (Sheng et al., 2012).  

 

 In addition to phosphorylation events, LRRK2 can also undergo 

ubiquitylation at several lysine residues in the N-terminal, K48 and K63, in 

response to kinase inhibition (Nichols, 2017; Pajarillo et al., 2019). One study 

used the expression of difopein, a binding partner of 14-3-3 proteins, to 

reduce 14-3-3 binding to LRRK2 at S935, causing its subsequent 

dephosphorylation. Cells expressing difopein were observed to have increased 

ubiquitylation of LRRK2, suggesting that dephosphorylation is a signal for 

LRRK2 ubiquitylation (Zhao et al., 2015). Constructs expressing R1441C and 

G2019S LRRK2 mutants also showed exaggerated ubiquitylation, suggesting 

premature degradation of the protein may contribute to disease pathogenesis 

(Ding and Goldberg, 2009).  
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1.5.5 In vivo models of LRRK2 

 A diverse range of animal models has been developed including OE, KI, 

and KO variations of LRRK2 in order to characterize protein function in vivo. 

Rodents in particular have been widely used, as all residues affected by 

pathogenic mutations in humans are conserved in rodents, and the rodent 

homolog of LRRK2 shares approximately 87% identity to that of the human 

form (Seegobin et al., 2020). In OE models, both rats and mice have been 

made to express human forms of wildtype, R1441C, and G2019S LRRK2, with 

reports on phenotypes in the mutant forms including L-DOPA-responsive 

locomotor defects and pathological accumulations of tau and a-synuclein 

(Chen et al., 2012; Ramonet et al., 2011; Sloan et al., 2016; Weng et al., 2016; 

West et al., 2014; Xiong et al., 2018; Zhou et al., 2011). Drosophila models of 

OE human G2019S LRRK2 also show these same phenotypes (Lin et al., 2010; 

Liu et al., 2008; Ng et al., 2009). Interestingly, rat OE models do not show any 

DA neuron loss, whereas some mouse OE models do depending on the 

neuronal promoter used. For example, loss of DA neurons was observed in the 

SNpc of R1441C and G2019S LRRK2 OE mice using human TH and 

CMVE/PDGF-beta promoters but not murine Thy1 and ROSA26 nor human 

PITX3 and CaMKII promoters (Chen et al., 2012; Chou et al., 2014; Herzig et 

al., 2011; Lin et al., 2009; Liu et al., 2015; Ramonet et al., 2011; Tsika et al., 

2014; Weng et al., 2016; Xiong et al., 2018).  Overall, a clear advantage of OE 
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models is that they have enabled the study of neurodegenerative mechanisms, 

particularly in neuronal circuits of the midbrain. However, the main caveats in 

any of these OE models are the risk of artificial phenotypes propagated by the 

OE itself, as well as the interspecies differences that come with introducing 

human genes into another species. One reassuring observation is that of the 

models that do produce DA neuron loss, all have reported aging as a 

necessary factor before loss is observed (between 12-20 months old) (Chen et 

al., 2012; Chou et al., 2014; Ramonet et al., 2011; Xiong et al., 2018). This 

gives some confidence in the translatability of the model to the human 

disease.  

 

Additionally, disease mutations of LRRK2 KI models have been 

generated in mice in order to avoid unwanted artificiality of the OE model, 

with R1441C and G2019S variants being the most studied to date. 

Interestingly, these KI models fail to produce any DA neuron loss and do not 

exhibit any a-synuclein pathology, thus making them subservient to their OE 

counterparts for studying brain pathology (Dächsel et al., 2010; Giesert et al., 

2017; Herzig et al., 2011; Matikainen-Ankney et al., 2016; Tong et al., 2009; 

Volta et al., 2017). However, KI mutant models do produce LRRK2 kinase 

hyperactivity at the endogenous level that has been useful in studying various 

cellular mechanisms in trafficking and mitochondrial function, as well as are 
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great models for assessing LRRK2 as a therapeutic target in vivo (Kelly et al., 

2021; Kluss et al., 2018; Sheng et al., 2012; Singh et al., 2021; Steger et al., 

2016; Yue et al., 2015). LRRK2 in vivo inhibition studies will be introduced in 

depth in Chapter 3. Additionally, two groups have reported that the G2019S 

LRRK2 KI mice exhibit increased frequency of excitatory post-synaptic 

potentials in spiny projection neurons of the striatum (Matikainen-Ankney et 

al., 2016; Volta et al., 2017). Much more modest behavioral changes have 

been reported compared to OE models, with the most consistent finding 

being an increase in latency to fall using a rotarod apparatus (Giesert et al., 

2017; Yue et al., 2015).  

 

LRRK2 deficiency models have been generated in mice, rats, drosophila, 

and C. Elegans to investigate the physiological role of LRRK2. All of them have 

shown that those born without LRRK2 do not result in PD-associated 

phenotypes such as DA neuron loss nor any neuropathology (Daher et al., 

2014; Herzig et al., 2011; Hinkle et al., 2012; Lin et al., 2009; Tong et al., 

2010a). This is in line with genetic data showing that people with LRRK2 

haploinsufficiency to not have an increased PD risk (Blauwendraat et al., 2018). 

Interestingly, the most striking phenotypes found have been characterized in 

the kidney and lung tissues of rodent models. The kidneys of LRRK2 KO 

rodents become enlarged and hyperpigmented in an age-dependent manner 
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(after approximately 3 months of age) and have an increase in the number and 

size of lysosomes in the renal cortex (Baptista et al., 2013; Herzig et al., 2011; 

Hinkle et al., 2012; Tong et al., 2010a, 2012). Other cellular phenotypes 

include increases in lipid droplets, autophagic markers LC3 and p62, and 

lysosomal markers LAMP-1 and Cathepsin D, which are all consistent with the 

suggestion that physiological LRRK2 plays a role in the autophagy-lysosomal 

pathway (Hinkle et al., 2012; Kluss et al., 2021; Pellegrini et al., 2018; Tong et 

al., 2010b). Homeostatic parameters of the kidney have also been reported, 

including increased diastolic blood pressure and decreased specific gravity of 

urine (Ness et al., 2013). Additionally, the lungs of LRRK2 KO rats exhibit an 

increased number and size of type II alveolar cell lamellar bodies which are 

lysosome-derived vesicles that store surfactant (Baptista et al., 2013; Herzig et 

al., 2011; Miklavc et al., 2014). As of yet, kidney and lung profile studies have 

not been explored fully in patients with PD nor in those with haploinsufficiency 

of LRRK2, therefore it is difficult determine whether these alterations are 

translatable. However, in both rodents and humans, LRRK2 is highly expressed 

in these tissues, one could hypothesize that an absence of LRRK2 may result in 

some phenotypes in humans similar to those found in rodents. 
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1.5.6 LRRK2 in sporadic Parkinson’s disease 

 It is increasingly appreciated that microglia can contribute to PD 

pathogenesis as they mediate the immune responses in the CNS and 

inflammation is a key factor in neurodegeneration (Kluss et al., 2019). Many 

studies have nominated LRRK2 as an integral part of the inflammatory 

response downstream of various proinflammatory signals (Wallings and Tansey, 

2019). Markers of LRRK2 kinase activity, both autophosphorylation and 

phosphorylation of downstream Rab substrates, were found to be increased in 

microglia in sporadic PD post-mortem tissue (Di Maio et al., 2018) suggesting 

that inflammation may be a trigger of LRRK2 activity in PD patients. Microglial 

activation in PD could be triggered by an interaction of extracellular forms of 

the a-synuclein with TLR2 and TLR4 receptors (Kim et al., 2013; Hoenen et al., 

2016). A recent report has shown that expression of G2019S LRRK2 causes the 

mis-trafficking of transferrin to lysosomes proximal to the nucleus in 

proinflammatory conditions, most probably through Rab8a phosphorylation, in 

iPSC-derived microglia (Mamais et al., 2021). Therefore, LRRK2 kinase-

hyperactive mutants may also disrupt normal trafficking in microglia to 

promote neuroinflammation. 

 

Additionally, non-coding LRRK2 variants identified by GWAS affect risk 

of disease through modulation of LRRK2 protein expression. For example, it 
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has been shown that a common risk variant, rs76904798, at the LRRK2 locus is 

associated with higher LRRK2 expression in microglia-like cells derived from 

human monocytes (Ryan et al., 2017). The minor allele, T, was associated with 

increased LRRK2 expression, which was only observed in the microglia-like 

cells and not in monocytes (Ryan et al., 2017). This finding suggests 

that LRRK2 gene expression can be altered by specific alleles or haplotypes 

across the locus and suggests that LRRK2 may have a specific role within 

microglia. A recent study confirmed this expression increase in patients 

harboring the minor allele in both iPSC-derived microglia at the RNA and 

protein levels, as well as post-mortem human frontal cortex tissue via single 

nuclei RNA sequencing (snRNAseq) (Langston et al., 2021). As microglia are 

influenced by myriad of conditions (inflammation, neuronal apoptosis, etc.) this 

suggests that the role of LRRK2 function may be more prominent under 

situations where microglia are stimulated. 
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2 OVERVIEW AND AIMS OF THE THESIS 

 The multi-faceted functionality of LRRK2 is a direct result of its many 

interactive domains as well as the versatile roles of its Rab substrates. Thus, its 

exact involvement in PD pathogenesis has remained rather elusive. However, 

the hyperactive nature of its kinase in the most common pathologic mutant 

forms of the protein make LRRK2 an attractive target for kinase inhibition 

therapies. The goal of this PhD thesis is thus threefold: 1) to establish a 

preclinical model of acute and chronic administration of a small molecule 

LRRK2 kinase inhibitor, MLi-2, in G2019S LRRK2 KI mice and use it to establish 

robust readouts of LRRK2 kinase activity, 2) to evaluate changes in the 

proteome of animals chronically treated with MLi-2 in both brain and 

peripheral tissues where LRRK2 is highly expressed, and 3) to investigate the 

mechanism/s of LRRK2 kinase activation and characterize its influence on 

downstream substrates Rab10 and Rab12. This can be broken down into the 

following aims: 

 

Aim 1: Interrogate the pharmacodynamic response of LRRK2 kinase inhibition 

in G2019S KI mice. This will be achieved by evaluating both dose response 

and time course paradigms of acute MLi-2 treatment via oral gavage and 

testing pS935 LRRK2, pS1292 LRRK2, pT73 Rab10, and pS106 Rab12 as 
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readouts of kinase inhibition in brain, kidney, and lung. These phosphorylation 

sites will be measured using Western blot. 

 

Aim 2: Achieve chronic inhibition of LRRK2 in G2019S LRRK2 KI mice such that 

the hyperactive kinase is reduced to activity levels seen in wildtype mice. 

G2019S LRRK2 KI mice will be given an in-diet dose of MLi-2 for 10 days or 10 

weeks and pLRRK2, pRab10, and pRab12 levels assessed in brain, kidney, and 

lung via Western blot. The target dose achieved each day will be determined 

in a dose response experiment where a range of in-diet doses of MLi-2 will be 

tested and pS1292 LRRK2 levels measured in comparison to 

autophosphorylation observed in wildtype animals at baseline.  

 

Aim 3: Evaluate downstream effects of chronic LRRK2 kinase inhibition in brain, 

kidney, and lung biomatrices. Tandem mass tag proteomics will be used to 

assess both total and phospho-proteomes in treated versus untreated G2019S 

LRRK2 KI mice, where wildtype and LRRK2 KO proteomes will be used for 

reference. 

 

Aim 4: Investigate LRRK2 kinase activity at different endolysosomal membranes 

and its effects on downstream Rab10 and Rab12 phosphorylation. LRRK2 will 

be trapped to early endosomes, late endosomes, recycling endosomes, Golgi, 
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lysosomes, and plasma membrane using a rapamycin-induced system that 

forms heterodimers between FKBP and FRB domains. A LRRK2-FKBP construct 

will be made along with constructs for membrane resident proteins fused with 

the FRB domain for each membrane of interest. Immunocytochemistry 

experiments will be done to confirm LRRK2 translocation from the cytosol to 

each targeted membrane, and kinase activity will be assessed via pS1292 

LRRK2 levels as measured by Western blot. Phosphorylation of Rab10 and 

Rab12 will be assessed for each membrane by Western blot. Additionally, 

LRRK2-FKBP mutant clones (R1441C, Y1699C, G2019S, and K1906M) will be 

made via mutagenesis to determine their influence on Rab phosphorylation 

once trapped to the lysosomal and Golgi membranes. Influence of 

endogenous Rab29 on LRRK2 activation and downstream Rab phosphorylation 

will be assessed through Rab29 siRNA knockdown experiments at the Golgi 

membrane. 

 

Aim 5: Characterize pRab10 and pRab12 localization at LRRK2-positive 

lysosomes. A lysosome-LRRK2 chimera construct will be made to translocate 

LRRK2 to the lysosomal membrane and pRab10 and pRab12 will be visualized 

in immunocytochemistry experiments. Co-localization of LRRK2 to each Rab 

will be assessed using JACoP plugin in ImageJ. 
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3 INVESTIGATION OF ACUTE DOSING PARADIGMS 

USING THE LRRK2-SPECIFIC KINASE INHIBITOR MLI-2 IN 

G2019S LRRK2 KNOCK-IN MICE 

3.1 Introduction 

 Several in vitro studies have shown the hyperactive nature of LRRK2 

kinase in pathogenic mutants to be neuronally toxic (Greggio et al., 2006; 

MacLeod et al., 2006; Smith et al., 2006). Therefore, LRRK2 kinase inhibitors 

have been proposed as a potential treatment for PD, and currently a few early- 

and mid-stage clinical trials are assessing LRRK2 as a therapeutic target. One 

ongoing clinical trial is using an orally administered, type I small molecule 

LRRK2 kinase inhibitor developed by Denali Therapeutics (clinicaltrials.gov ID: 

NCT04056689). This compound, denoted as DNL151, and later 

BIIB122/DNL151 after a partnership between Denali and Biogen was 

announced mid-2020, was reported to have met all goals in phase 1 of the 

trial, in which 184 healthy individuals received a range of doses for up to 28 

days. These goals included on-target engagement utilizing phosphorylation 

sites S935 LRRK2 (greater than or equal to 80% dephosphorylation) and T73 

Rab10 (up to 50% dephosphorylation) as readouts in whole blood and PBMCs, 

respectively (Denali Therapeutics Inc., 2021). In addition, this trial reported a 
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dose-dependent reduction in 22:6-bis[monoacylglycerol] phosphate (BMP) in 

urine, a lysosomal lipid and marker of lysosomal function. Phase 1b completed 

in late 2020 reported similar results and included 36 patients with PD (Denali 

Therapeutics Inc., 2021). So far, BIIB122/DNL151 has been well tolerated with 

minimal adverse events, namely nausea and headaches, which were quickly 

reversed after cessation of the drug (Denali Therapeutics Inc., 2021). The 

development of late-stage clinical trials using BIIB122/DNL151 are currently 

ongoing, with the goal to enroll 640 early-stage PD patients in phase 2 (Denali 

Therapeutics Inc., 2022).  

 

In addition, commercially available LRRK2 kinase inhibitors continue to 

be a vital tool in basic biology research (Vancraenenbroeck et al., 2011; 

Taymans and Greggio, 2016). Currently, the most widely used LRRK2 kinase 

inhibitors belong to the type I class of inhibitors that bind to the ATP-binding 

pocket of LRRK2 with an “in” orientation of the DYG activation loop (Figure 

3.1A-B), a conserved motif that activates kinases via phosphorylation (Vijayan 

et al., 2015). These inhibitors range widely in structure and potency (Table 3.1). 

Additionally, a number of type II inhibitors have been found to inhibit LRRK2, 

binding to the ATP pocket with an “out” orientation of the DYG activation 

loop (Figure 3.1A) (Tasegian et al., 2021). However, no LRRK2-specific type II 

inhibitors with strong selectivity and potency have been developed to date. 
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The first generation of type I LRRK2 kinase inhibitors reported had multiple off-

target effects from a wide array of kinases, limiting their use in identifying 

LRRK2-specific function (Covy and Giasson, 2009; Nichols et al., 2009; Dzamko 

et al., 2010; Lee et al., 2010; Ramsden et al., 2011; Zhang et al., 2012). The 

next round of molecules possessed greater selectivity for LRRK2, such as 

LRRK2-IN-1, but ultimately were unable to cross the BBB (Deng et al., 2011; 

Reith et al., 2012; Choi et al., 2012). 
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Figure 3.1. Models of Type I and II kinase inhibitors. A generic enzyme (blue) is shown 
depicting the difference in structural conformation of the DFG/DYG motif (orange) 
when bound to type I and II class kinase inhibitors (red), respectively (A). The dimeric 
structure for the LRRK2 complex, showing the active site of the kinase domain with ATP 
bound (B). Structure from panel B was derived from PDB 7LHT (Myasnikov et al., 2021) 
using UCSF chimera (Pettersen et al., 2004), created by Dr. Patrick A. Lewis. Figure 
adapted from (Kluss et al., 2022b). 
 

 
Currently, the most used LRRK2 inhibitors are the third generation, 

structurally distinct, and brain penetrant molecules MLi-2 (Fell et al., 2015), PF-

06685360 (PFE-360) (Andersen et al., 2018), and GNE-7915 (Estrada et al., 

2012) (Table 3.1). Each has been observed to potently inhibit LRRK2 kinase 



                                3 INVESTIGATION OF ACUTE DOSING PARADIGMS 

 89 

activity as significant decreases in autophosphorylation at S1292 LRRK2 as well 

as dephosphorylation of S910, S935, S955, and S975 LRRK2 residues and 

downstream Rab substrates are found in varying models in vitro and in vivo 

(Estrada et al., 2012; Fell et al., 2015; Ito et al., 2016; Kelly et al., 2018; Kluss et 

al., 2018; Wang et al., 2020). Another molecule, PF-06447475 (Henderson et 

al., 2015), has been shown to mitigate dopaminergic loss and 

neuroinflammation associated with a-synuclein OE after a 4-week treatment in 

human transgenic G2019S LRRK2 rats (Daher et al., 2015). This suggests that 

LRRK2 kinase inhibition may be useful in curbing a-synuclein-induced 

inflammation and therefore have neuroprotective effects.  
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Table 3.1. Chemical structures of third generation type I LRRK2-specific kinase 
inhibitors. Chemical structures, IC50 of wildtype (WT) LRRK2 in vitro, and references are 
provided. 
 

 Of these compounds, MLi-2 (cis-2,6-dimethyl-4-(6-(5-(1-

methylcyclopropoxy)-1H-indazol-3-yl)pyrimidin-4-yl)morpholine) 
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was identified in a small-molecule screen in which all other kinases tested 

required 100 times the drug concentration necessary to reach IC50 compared to 

G2019S LRRK2 (0.76nM) (Fell et al., 2015). Using the phosphorylation of S935 

LRRK2 as a readout in wildtype mice, Fell et al. observed that a 10mg/kg acute 

dose of MLi-2 via oral gavage achieved >90% dephosphorylation after 1 hour 

(Fell et al., 2015). Although the phosphorylation of S935 is not mediated by 

LRRK2 itself, it can be used as a robust readout of LRRK2 kinase inhibition, as 

exposure to type I inhibitors indirectly results in loss of pS935. In contrast, 

direct autophosphorylation readouts can be challenging to detect robustly in 

wildtype animals, CSF, and blood due to low stoichiometry. However, when 

considering mutant LRRK2, much of the information on kinase activity is lost 

when only using S935, as hyperactivity of the kinase does not affect 

phosphorylation at S935 across models (Delbroek et al., 2013; Ito et al., 2014). 

Furthermore, mutations in the ROC-COR bidomain decrease S935 

phosphorylation in different models (Nichols et al., 2010). Therefore, there is a 

clear need in the field to establish robust biomarkers that can inform on the 

effects of both hyperactivity and inhibition of LRRK2.  

 

 In this chapter, I evaluated the utility of measuring autophosphorylation 

of S1292 LRRK2 and downstream phosphorylation of substrate Rab proteins 

Rab10, Rab12, and Rab29 as readouts of LRRK2 kinase activity in vivo using 
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newly developed commercially available antibodies (Michael J. Fox 

Foundation/Abcam) in G2019S LRRK2 homozygous KI mice. To do this, the 

LRRK2-specific inhibitor MLi-2 was used in a series of acute dosing paradigms 

and kinase readouts were assessed in brain, kidney, and lung tissues. As PD 

mainly affects the brain, brain tissue was utilized to investigate the effects of 

LRRK2 kinase inhibition. Kidney and lung were used as peripheral indicators of 

systemic LRRK2 inhibition, as LRRK2 is highly expressed in these tissues. In the 

context of kinase hyperactive LRRK2, these paradigms revealed that the effects 

of LRRK2 inhibition on pS1292 and pS935 were very similar in dose response 

and washout recovery time across all tissues tested. Interestingly, effects of 

kinase inhibition on pRab substrates varied between tissues, which may be 

particularly relevant to selection of biomarkers for clinical trials where brain 

target engagement is inferred from peripheral tissue events. Rab10 

phosphorylation was the least affected by LRRK2 inhibition in the brain, 

specifically. When testing for cell-specific effects on Rab10 in brain tissue, pT73 

Rab10 levels were most affected by LRRK2 inhibition in glial cultures versus 

neuronal culture. Furthermore, although pS1292 and pS935 were decreased in 

animals dosed with MLi-2 across multiple brain regions, there was no 

significant LRRK2-dependent dephosphorylation of Rab10. In contrast Rab12 

mimicked the strong LRRK2-dependent dephosphorylation seen in pS1292 
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and pS935 across all experiments and tissues, suggesting that pRab12 may be 

a useful biomarker to monitor LRRK2 kinase inhibition.  
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3.2 Results 

3.2.1 Dose dependent sensitivity of LRRK2 autophosphorylation 

and downstream Rab GTPase phosphorylation to MLi-2 

treatment  

 To identify reliable biomarkers of LRRK2 kinase activity in the context of 

hyperactive mutant LRRK2, G2019S LRRK2 KI mice were given one dose of 

MLi-2 at 1, 3, 10, 30, 60, or 90mg/kg via oral gavage and sacrificed 1 hour post 

dose. This range of dosing was chosen based on previous published data on 

wildtype mice, in which maximum dephosphorylation of pS935 LRRK2 was 

observed after an acute dose of 10mg/kg via oral gavage (Fell et al., 2015). 

Animals used to measure baseline levels of phosphorylation were given a 

single dose of vehicle. Brain, kidney, and lung tissues were removed for 

biochemical assays.  

 

An approximate 40% reduction in pS1292 was observed in kidney and 

lung starting at the lowest dose of 1 mg/kg of MLi-2 (Figure 3.2A-B). Maximal 

dephosphorylation was achieved in the brain, kidney, and lung at 10 mg/kg for 

both pS1292 and pS935, followed by a plateau at higher doses (Figure 3.2A-

C). Maximal S1292 dephosphorylation in the brain did not exceed 60% with 

increasing MLi-2 concentrations, suggesting that maximal inhibition was 
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achieved. The IC50 of phospho-site S935 was less than half of the IC50 of 

pS1292 in the brain (5.02mg/kg versus 10.43mg/kg), suggesting that this 

marker is more sensitive to LRRK2 inhibition in the brain compared to lung and 

kidney tissue, of which IC50 for both sites were comparable (Figure 3.2B-C). 

However, the signal to background ratio was much smaller for S1292 staining 

in the brain than other tissues, which may have impeded the accuracy of 

measurement of this site in Western blot.  
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Figure 3.2. Dose response of acute MLi-2 administration in brain, kidney, and lung 
tissue of G2019S LRRK2 KI mice. Representative Western blots probed for pLRRK2, 
pRabs, and total proteins from animals given a single dose of MLi-2 or vehicle (A). 
Graphs for pLRRK2 sites S1292 (B) and S935 (C) are shown. A single dose of vehicle is 
indicated as 0 log [MLi-2] concentration on the x-axis and represents baseline 
phosphorylation (100%). IC50 values are shown for each tissue corresponding to color. 
N=6 mice; error bars indicate SD. 
 

 Phosphorylated Rab GTPases showed more variable responses to MLi-2 

across tissues. The T73 Rab10 phospho-site responded significantly to MLi-2 

treatment in peripheral tissues but not in the brain, achieving an IC50 of 

12.22mg/kg and 16.89mg/kg in kidney and lung tissue, respectively (Figure 

3.3A; corresponding Western blot in Figure 3.2A). In brain tissue, MLi-2 
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response was highly varied across animals and did not achieve a 50% 

reduction of pT73 Rab10 levels at any dose. Phosphorylation of S106 Rab12 

showed a robust response to MLi-2 in both brain and peripheral tissues with 

maximal dephosphorylation between 30 and 60 mg/kg MLi-2 (Figure 3.3B; 

corresponding Western blot in Figure 3.2A). Phosphorylation levels of T71 

Rab29 responded with treatment in all tissues but with higher variability 

compared to Rab12, especially at lower doses (Figure 3.3C; corresponding 

Western blot in Figure 3.2A). At 10 mg/kg, an approximately 50% decrease in 

Rab10, Rab12 and Rab29 phosphorylation was observed in the periphery while 

higher doses retained ~ 30% residual phosphorylation signal. 
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Figure 3.3. Dose-response curves of LRRK2 Rab substrates Rab10, Rab12, and Rab29. 
Graphs of all three pRabs show % dephosphorylation at the indicated log [MLi-2] 
concentrations. A single dose of vehicle is shown as 0 on the x-axis and represents 
baseline phosphorylation (100%) (A-B). IC50 values are shown for each tissue. N=6 mice; 
SD error bars are shown. 
 

3.2.2 Time course of phosphorylation readouts in G2019S LRRK2 KI 

mice after acute MLi-2 treatment 

To determine the time dependency on phosphorylation changes after 

acute LRRK2 kinase inhibition, G2019S LRRK2 KI adult mice were given a 

single 10mg/kg dose of MLi-2 via oral gavage and sacrificed 0.5, 1, 3, 12, 24, 

or 72 hours post-dose. The dose of 10mg/kg was chosen as it was the lowest 

dose needed to achieve maximal reduction of S1292 autophosphorylation in 

the dose response data shown in the previous section. A time point of 0 hours 



                                3 INVESTIGATION OF ACUTE DOSING PARADIGMS 

 99 

was included where animals were given an equivalent dose of vehicle and 

euthanized immediately thereafter to measure baseline phosphorylation. Brain, 

kidney, and lung tissues were removed and processed for Western blot 

analyses.  

 

Both pS1292 and pS935 LRRK2 showed rapid dephosphorylation at 

0.5 hours, with maximal dephosphorylation achieved at 1 hour post dose 

across all tissues (Figure 3.4A-C). This dephosphorylation was sustained for 3 

hours post-dose, after which re-phosphorylation was observed, with 50% re-

phosphorylation achieved at 12 hours for both S1292 and S935 LRRK2. Both 

phosphorylation sites were fully recovered to baseline levels after 24 hours 

post-dose. The dephosphorylation patterns of both phospho-sites tightly 

correlated between brain, kidney, and lung tissues. 
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Figure 3.4. Time course of phosphorylation readouts following acute dose of MLi-2 in 
G2019S LRRK2 KI mice. Representative Western blots probed for pLRRK2, pRabs, and 
total proteins (A). Graphs for pS1292 and pS935 are shown with timepoint 0 indicating 
baseline phosphorylation levels (100%) for brain, kidney, and lung tissues (B-C). N=6 
mice; error bars indicate SD. 
 

Similarly, maximal dephosphorylation for all pRabs was seen at 1 hour in 

all tissues. Interestingly however, pRabs recovered more rapidly than pLRRK2, 

with a full recovery seen by 12 hours compared to 24 hours for pLRRK2 (Figure 

3.5A-C). Measures of pT73 Rab10 signal in brain tissue did not show MLi-2-

dependent dephosphorylation compared to peripheral tissues at any time 
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point (Figure 3.5A; corresponding Western blot is shown in Figure 3.4A). S106 

Rab12 phosphorylation mimicked pLRRK2 most closely in that all tissues 

showed similar dephosphorylation patterns over time (Figure 3.5B; 

corresponding Western blot is shown in Figure 3.4A). Additionally, a maximum 

of 60% pRab12 dephosphorylation was achieved and sustained for 3 hours 

post-dose across all tissues. Of note, Rab12 phosphorylation showed the least 

variability across mice relative to Rab10 and Rab29. Dephosphorylation of T71 

Rab29 was achieved in all three tissues to varying degrees, with kidneys 

showing the strongest response to MLi-2, reaching approximately 75% 

dephosphorylation compared to 20–30% seen in brain and lung tissue (Figure 

3.5C; corresponding Western blot is shown in Figure 3.4A).  
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Figure 3.5. Time course curves for pRab substrates after acute MLi-2 dosing. G2019S 
LRRK2 KI mice were given a single dose of MLi-2 at 10mg/kg and sacrificed at the 
indicated timepoints. Graphs for all three pRabs are shown with timepoint 0 indicating 
baseline phosphorylation levels (100%) (A-C). N=6 mice; error bars show SD. 
  

Taken together, these data suggest that Rab GTPases are 

dephosphorylated within the first hour after LRRK2 inhibition in a similar 

fashion to LRRK2 dephosphorylation, with Rab12 dephosphorylation coinciding 

most closely with pLRRK2 in the brain and periphery. In contrast, the kinetics of 

Rab GTPase re-phosphorylation show a quicker recovery at 12 hours compared 

to 24 hours for LRRK2 phosphorylation sites.  

 

 



                                3 INVESTIGATION OF ACUTE DOSING PARADIGMS 

 103 

3.2.3 Effect of acute MLi-2 treatment on pRabs across brain regions 

  Results from the dose response and time course of acute MLi-2 

experiments revealed a parallel response pattern between LRRK2 kinase 

activity, and each individual Rab, with pRab12 being most responsive to MLi-2 

across all tissues. Conversely, pRab10 did not show any significant response to 

MLi-2 treatment in the brain, whereas a reduction in pRab10 was observed in 

kidney and lung tissues of treated animals. Interestingly, when comparing total 

levels of Rab10 across tissues, total Rab10 was highest in brain followed by 

lung and kidney (Figure 3.6).  

 

Figure 3.6. Total Rab10 levels in brain, kidney, and lung tissue homogenates. Total 
Rab10 levels measured from the dose response experiment (Figure 3.3). Cyclophilin B 
was used as a housekeeping protein and values were normalized to an additional 
sample that was loaded into every gel. N=4 mice; error bars show mean with SD. 

 

These results may suggest that Rab10 may be tightly regulated in the 

brain compared to other tissues and/or is regulated by other kinases or 
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phosphatases more abundant than LRRK2. This led me to hypothesize that 

pools of LRRK2 may not colocalize with pools of Rab10 in brain tissue, and that 

these differing spatial pools could be determined by brain region or cell type. 

Since LRRK2 is expressed at variable levels in the brain, whole tissue 

homogenization may mask region-specific or cell-specific effects of LRRK2 

kinase activity on Rab10. Therefore, to test whether there are differential 

effects of LRRK2 kinase on Rab10 in brain regions, G2019S LRRK2 mice were 

given a single dose of 10mg/kg MLi-2 via oral gavage and sacrificed 1 hour 

post-dose. The brains were then removed, and five different regions were 

dissected: motor cortex, olfactory bulb, hippocampus, striatum, and ventral 

midbrain. These regions were selected based on where the RNA expression 

was highest for Rab10 (isocortex, olfactory bulb, hippocampus) and LRRK2 

(striatum) (Allen Brain Institute; Lau et al., 2008).  

 

Across brain regions, LRRK2 protein expression was highest in striatum 

followed by motor cortex (Figure 3.7A-B). Both total Rab10 and Rab12 proteins 

were highest in ventral midbrain, whereas the other regions showed relatively 

consistent expression (Figure 3.7A, C-D). Total Rab29 levels were similar across 

brain regions, with ventral midbrain being the highest and striatum the lowest 

(Figure 3.7A, E).   
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Figure 3.7. Total levels of LRRK2 and three Rab GTPase substrates across five brain 
regions in G2019S LRRK2 KI mice. Representative Western blots probed for pLRRK2, 
pRab, and total proteins in mice treated with a single dose of MLi-2 (10mg/kg) or DMSO 
(A). Cyclophilin B is used as a housekeeping protein. Bar graphs of total protein levels 
are shown for cortex, olfactory bulb, hippocampus, striatum, and ventral midbrain 
regions (B-E). N=6 mice; SD error bars are shown. 

 

Interestingly, when comparing MLi-2 versus vehicle treated animals, 

pRab10 and pRab29 did not show any differences within any of the five brain 

regions probed, although there was a non-significant decrease in pT71 Rab29 

signal in MLi-2 treated animals compared to vehicle treated in the olfactory 
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bulb (p=0.3982) (Figure 3.8A, C; corresponding Western blots are shown in 

Figure 3.7A). Only pS106 Rab12 showed MLi-2 dependent dephosphorylation, 

particularly in the hippocampus and striatum (p=0.0147 and p<0.0001, 

respectively) with non-significant reductions in all three of the other regions 

(Figure 3.8B; corresponding Western blots are shown in Figure 3.7A).  

 

Figure 3.8. Evaluation of region-specific LRRK2 kinase-dependent phosphorylation of 
Rab10, Rab12, and Rab29. Two-way ANOVA with Šidak’s multiple comparison tests 
were performed for each pRab and p-values indicated when significant, *p-value <0.05, 
****p-value <0.0001 (A-C). N=6 G2019S LRRK2 KI mice; SD error bars are shown. 
 

 These data are consistent with the whole brain homogenate 

experiments in that pRab12 is the most responsive to LRRK2 kinase inhibition 

compared to pRab10 and pRab29, and this is not affected by region-specific 

differences.  
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3.2.4 Cell type differences between neurons and glia in response to 

LRRK2 kinase inhibition 

 To test whether differential patterns of LRRK2-mediated Rab 

phosphorylation were dependent on cell type, primary astrocyte, microglia, 

and neuronal cultures were made from P0-P2 G2019S LRRK2 KI pups. Cells 

were treated with either MLi-2 at 1µM concentration or DMSO for 90 minutes 

prior to lysis. Western blot analyses showed reduction in T73 Rab10 

phosphorylation in glia, with the largest difference observed in astrocytes and 

a significant effect in microglia (Figure 3.9A-D). In contrast, MLi-2 treated 

neurons showed a non-significant reduction in pT73 Rab10 levels (p=0.1669) 

(Figure 3.9E-F). This suggests that the influence of LRRK2 kinase on Rab10 may 

differ across brain cell types, with glial cells showing a stronger effect.  
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Figure 3.9 Effect of MLi-2 on T73 Rab10 phosphorylation in mouse brain cells in vitro. 
Astrocytes, microglia, and neuron cultures from G2019S KI mice were treated with 
DMSO or MLi-2 for 90 minutes prior to lysis. Representative Western blots probed for 
pT73 Rab10, total Rab10, LRRK2, and GFAP, IBA1, or Beta 3 Tubulin, respectively 
(A,C,E). Unpaired t-tests were performed, ***p-value <0.001, *p-value <0.05, ns p-value 
=0.1669 (B,D,F). n= 3 independent experiments, 20µg of protein were loaded per 
sample across cell types; SD error bars are shown. 
 

3.3 Discussion 

To test the reliability of phosphorylation markers of LRRK2 kinase 

activity in a LRRK2 mutant background, I utilized a series of acute dosing 

paradigms in G2019S LRRK2 KI adult mice. In a dose response experiment, 

10mg/kg of MLi-2 was sufficient to maximally reduce pS1292 and pS935 

LRRK2 levels in brain, kidney, and lung tissues. Rab12 phosphorylation at S106 

showed the strongest response to MLi-2 in all three tissues compared to Rab10 

and Rab29, suggesting that pRab12 may be the most reliable biomarker of 
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LRRK2 kinase inhibition in G2019S LRRK2 animals. Maximal dephosphorylation 

was achieved after 60 minutes post dose and remained so for three hours post 

dose for pS1292 and pS935 markers. Full recovery of these phosphorylation 

sites was observed after 24 hours post dose. Again, S106 Rab12 

phosphorylation patterns were most similar to the pLRRK2 sites across all 

tissues, whereas pT73 Rab10 and pT71 Rab29 showed minimal dependency 

on MLi-2 in brain. Overall, Rab phosphorylation recovered faster than pLRRK2. 

This suggests that LRRK2 kinase recovers and can re-phosphorylate Rabs 

quicker than its autophosphorylation site. To test translatability, future studies 

should explore Rab12 phosphorylation as a readout of LRRK2 inhibitors in 

patient blood. 

 

In both dose-response and time-course experiments, the effect of MLi-2 

was varied between individual pRabs. Although Rab functions can be highly 

compensatory for one another (Homma et al., 2019), the three Rabs in 

question have not been shown to occupy overlapping cellular territories or 

functions thus far, with Rab10 reported in ciliogenesis and centrosome 

dynamics pathways (Steger et al., 2017; Dhekne et al., 2018; Lara Ordónez et 

al., 2019) and lysosomal tubulation under conditions of lysosomal damage 

(Bonet-Ponce et al., 2020), Rab29 reported as a Golgi resident protein (Beilina 

et al., 2014; Wang et al., 2014; Purlyte et al., 2019), and Rab12 reported to 
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play a role in autophagy processes and transmembrane protein degradation 

(Matsui et al., 2011; Matsui and Fukuda, 2013). Thus, this may explain part of 

the differential effects of LRRK2 kinase inhibition, although both Rab10 and 

Rab12 have been shown to interact with RILPL1 and thus share some functional 

overlap (Eguchi et al., 2018; Omar et al., 2021).  

 

Additionally, evaluation of the effects of LRRK2 kinase inhibition on 

pRabs were consistent across brain regions. Taken together, these experiments 

suggest a few possibilities that support the idea that LRRK2 poses a more 

regulated relationship with Rab10 compared to other Rabs. Recently, Berndsen 

and colleagues identified phosphatase PPM1H that acts to dephosphorylate 

Rab10 along with Rab8a and Rab35 at the T73, T72, and T72 sites, 

respectively, thereby preventing LRRK2-dependent signaling (Berndsen et al., 

2019). However, PPM1H did not affect Rab12 phosphorylation, suggesting that 

the dephosphorylation of Rab12 following LRRK2 inhibition is governed by 

distinct pathways separate from those identified for Rab10 and Rab29, 

consistent with the data presented in this chapter. When exploring RNA 

expression of PPM1H in human brain, kidney, and lung tissue, PPM1H 

expression is consistently higher than LRRK2 expression across brain regions 

(Figure 3.10). In kidney tissue, PPM1H and LRRK2 expressions are similar 

whereas low PPM1H expression is complemented with relatively high LRRK2 
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expression in lung (Figure 3.10). Of note, RNA expression does not always 

positively correlate with protein expression nor its activity, thus further 

experiments would be needed to evaluate phosphatase activity in these 

tissues. However, if RNA expression does correlate with PPM1H activity, it may 

explain the difference between the LRRK2-dependent effect on pRab10 in 

brain versus peripheral tissues, with the lung showing the most influence on 

MLi-2 treatment in both dosing and time course experiments and suggests a 

plausible mechanism that is translatable from mice models to human patients.  

 

Figure 3.10. RNA expression of LRRK2, PPM1H, Rab12, and Rab10 in human tissues. 
GTEx Multi Gene Query was used and curated by Dr. Mark R. Cookson.   
  

 Furthermore, Vieweg et al. reported a PINK1-dependent S111 phospho-

site conserved across multiple Rab substrates that can negatively regulate 

subsequent LRRK2-dependent phosphorylation by preventing Switch-II 

binding with its guanine nucleotide exchange factors (GEFs), as demonstrated 

with pT72 Rab8a in vitro (Vieweg et al., 2020). It is possible that LRRK2-

dependent phosphorylation of Rab10 could be regulated through a similar 
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unknown mechanism and thus no change to basal levels of phosphorylation is 

observed with LRRK2 inhibition. Additionally, other as-of-yet-unidentified 

kinases that phosphorylate these Rabs on the same residue as LRRK2 and 

normally compete with LRRK2 for binding may be able to phosphorylate these 

proteins more readily under conditions of LRRK2 inhibition and contributing to 

the variability observed across animals. Future experimental investigation will 

be needed to determine other kinases and phosphatases that influence 

subsets of Rabs and counteract LRRK2 kinase dependence.  

 

Utilizing primary mouse cultures from G2019S LRRK2 KI mice, 

phosphorylation of T73 Rab10 was evaluated after acute MLi-2 treatments in 

astrocytes, microglia, and neurons in vitro. Interestingly, significant 

dephosphorylation was observed at T73 Rab10 in astrocyte and microglial cells 

compared to cortical neurons. A similar effect was observed by Wang et al. in 

wildtype mouse primary cells (Wang et al., 2021) and suggests that there may 

be a cell-specific influence on the relationship between Rab10 and LRRK2 in 

the brain, although further studies will need to be done in order to understand 

the mechanism/s behind this observation. 
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4 BIOMARKER EFFICACY IN CHRONIC DOSING OF MLI-2 

IN G2019S LRRK2 KI MICE 

4.1 Introduction 

 Some of the most widely used kinase inhibitors in current clinical 

practice are those that target peripherally rather than within the CNS. For 

example, Janus kinase inhibitors (JAKs) in the treatment for rheumatoid 

arthritis (Ferguson and Gray, 2018) acts on lymphocytes in the body and do 

not cross the BBB. What can be particularly challenging for any drug delivered 

systemically (i.e. oral, intravenous, or intramuscular administration) for 

neurodegenerative diseases and nervous system disorders is to design a 

molecule that can cross the BBB, as well as have limited peripheral side effects 

with chronic use.  

 

 Since the development of third generation LRRK2 inhibitor molecules, 

several preclinical studies have been conducted in animal models to gain 

insight into the efficacy and safety of chronically targeting LRRK2 kinase 

activity. First, several studies in mice and cynomolgus monkeys have shown 

that total LRRK2 levels in lung and kidney tissues diminish with type I inhibitors 

GNE-7915, GNE-0877, PFE-360, and MLi-2 within seven days of daily per os 

(PO) dosing (Fuji et al., 2015; Baptista et al., 2020; Bryce et al., 2021), as had 
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been previously suggested by in vitro and kinase-dead KI mice studies (Herzig 

et al., 2011; Zhao et al., 2015; Lobbestael et al., 2016). However, one of these 

studies suggests that decreased levels are readily restored in peripheral tissues 

with cessation of treatment, as was observed in wildtype mice after a seven-

day washout period from a 120mg/kg of MLi-2 PO dosing regimen, the dose 

needed to achieve maximal dephosphorylation of S935 (Bryce et al., 2021). 

This loss of total LRRK2 was not observed in rats in the same peripheral tissues, 

however total levels in brain tissue showed a dose-dependent decrease using 

in-diet dosing of PFE-360 (Kelly et al., 2018). These differences in tissue 

sensitivity in various animal models suggest either kinase inhibitor-specific 

effects or species-specific effects. Taken together, these data suggest that 

kinase activity may play a role in the stability of the protein, and thus dosing 

may need to be carefully monitored when considering LRRK2 kinase inhibitor 

use in PD patients. 

 

Moreover, wildtype mice given a 60mg/kg daily in-diet dose of MLi-2 

for 6 months showed increased levels of prosurfactant protein C (proSP-C) in 

lungs, with an observed peak at 28 days, followed by a gradual decrease back 

to baseline levels (Bryce et al., 2021). This suggests that surfactant trafficking 

can adapt to chronic high levels of LRRK2 inhibition over time. Further 

investigation showed that surfactant secretion was not affected by LRRK2 
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kinase inhibition across species as measured by surfactant D and A levels in 

bronchoalveolar lavage fluid (Fuji et al., 2015; Baptista et al., 2020; Bryce et al., 

2021). These studies, executed in wildtype animals, show relatively modest 

effects on lung tissue after high doses of MLi-2.  

 

In addition to these molecular changes, reports of morphological 

changes have also been documented in vivo. This includes enlargement of 

type II pneumocytes attributed to abnormal accumulation of lamellar bodies in 

the lungs of both wildtype non-human primates and mice, dosed with GNE-

7915, GNE-0877 (Estrada et al., 2014), or MLi-2 for 7 days (Fuji et al., 2015; 

Baptista et al., 2020; Bryce et al., 2021). The fact that multiple LRRK2 inhibitor 

compounds produced the same results across studies and species 

demonstrates that this morphological change is a result of on-target effects 

rather than from the inhibition of off-target kinases. Importantly, these changes 

were reversible after cessation of treatment and pulmonary function of these 

animals was also shown to be unaffected after receiving a 50mg/kg PO MLi-2 

daily dose for 28 days (Baptista et al., 2020). One potential concern here is that 

vacuolation has not been reported to normalize with continued treatment use, 

only after cessation of treatment. Thus, if translatable to humans, this 

phenotype may have the potential to harbor long-term adverse effects in PD 

patients using a LRRK2 inhibitor treatment chronically. Another concern is that 
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any negative effects in lungs have the potential to be life threatening, as 

LRRK2 inhibitors will be primarily targeted towards older adults who may be 

prone to pneumonia and other related events.  

 

In addition to non-human primates, potentially detrimental events in 

kidney tissue from rats treated with PFE-360 were also recorded, such as 

hyperpigmentation of the tissue and accumulation of hyaline droplets within 

the proximal tubular epithelium (Andersen et al., 2018). As some of these 

effects overlap with those seen in LRRK2 KO mice (Pellegrini et al., 2018), they 

are likely to be a result of on target effects of LRRK2 inhibition.  

 

All of these studies used pS935 LRRK2 as the main readout of LRRK2 

kinase inhibition in wildtype animals. While pS935 has utility across a range of 

applications, when considering a mutant LRRK2 background in which LRRK2 

kinase is hyperactive, it would be beneficial to gain additional information 

using a phospho-site that is sensitive to this hyperactivity. In addition, these 

previous studies set out to test the safety of complete LRRK2 kinase inhibition 

in the wildtype protein. However, the outcome of maximal inhibition of 

wildtype LRRK2 may not be equivalent to amelioration of a hyperactive protein 

back to wildtype activity. Thus, the goal of the current study was threefold: 1) 

to test the utility of commercially available antibodies raised against 
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autophosphorylation site S1292 LRRK2, pT73 Rab10, pS106 Rab12, and pT71 

Rab29, 2) to mimic a likely clinical use of a LRRK2 inhibitor in which the goal is 

to ameliorate hyperactivity in a G2019S LRRK2 background, and 3) to 

understand the relationship between level of inhibition and effects on 

biochemistry of target tissues including brain and peripheral organs that 

express high levels of LRRK2 after chronic treatment.  

 

4.2 Results 

4.2.1 Testing MLi-2 in-diet dosing in G2019S LRRK2 mice to 

ameliorate hyperactive kinase back to wildtype levels of 

activity  

 Custom chow was formulated with MLi-2 such that G2019S LRRK2 KI 

mice would achieve a dose of approximately 10, 30, or 60mg/kg/day for 10 

days. Mice and their chow were weighted daily in order to calculate the 

estimated dose of MLi-2 achieved per day (Figure 4.1A-C). All animals were 

given chow and water ad libitum. Both male and female mice were used in 

each dosing group, however, more male mice were randomly assigned to the 

60mg/kg/day MLi-2 group based on mice availability, thus this group weighed 

an average of 5-8g more than other dosing groups (Figure 4.1A). On average, 

all animals ate 3.7g of chow per day (Figure 4.1B), with the 10mg/kg/day and 
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30mg/kg/day achieving their target dose for the majority of the 10-day dosing 

period (Figure 4.1C). Since the 60mg/kg/day group weighed more with similar 

food intake to other groups, these mice only achieved around 51mg/kg/day at 

the end of the 10-day period (Figure 4.1C). Thus, the 60mg/kg/day group 

more accurately represents an MLi-2 dose of 48mg/kg/day.  

 

 

Figure 4.1. Weight and food tracking in G2019S LRRK2 KI and wildtype mice. G2019S 
LRRK2 KI and wildtype mice were given customized chow supplemented with or without 
MLi-2 to achieve 0, 10, 30, or 60mg/kg/day (N=3). Body weights (A) and chow (B) were 
weighed each day for 10 days in order to estimate dose of MLi-2 achieved (C).  

 

After 10 days of dosing, mice were sacrificed and brains, kidneys, and 

lungs, were collected and processed for Western blot. S1292 and S935 

phosphorylation sites were probed to evaluate their utility as readouts of both 

LRRK2 kinase activity and inhibition. Groups of wildtype and G2019S LRRK2 KI 

mice were also given untreated chow for reference of baseline levels of LRRK2 
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kinase activity in each background. In the untreated G2019S LRRK2 KI mice, 

pS1292 signal was significantly increased across all tissues compared to 

wildtype animals which is not reflected in pS935 signals as expected (Figure 

4.2A-C). Interestingly, pS935 levels were decreased in G2019S LRRK2 

untreated brain tissue compared to wildtype. This observation has been 

reported previously in peripheral blood mononuclear cells (PBMCs) of G2019S-

positive PD patients (Padmanabhan et al., 2020; Wang et al., 2021), making 

this consistent across species, and most likely biospecimen-specific, as pS935 

levels in mouse kidney and lung tissues showed no difference compared to 

wildtype (Figure 4.2A, C).  
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Figure 4.2. Assessment of MLi-2 in-diet dosing and LRRK2 inhibition in G2019S LRRK2 
KI mice. Wildtype and G2019S LRRK2 KI mice were fed customized chow with and 
without MLi-2 supplementation to achieve the estimated daily doses indicated. Western 
blot analyses of S1292 autophosphorylation and S935 phosphorylation were probed, 
and levels calculated over total LRRK2 protein levels in brain, kidney, and lung tissues. 
One-way ANOVAs with Tukey’s post hoc were performed, ****p-value <0.0001, ***p-
value <0.001, **p-value <0.01, *p-value <0.05. N=3; SD error bars are shown. 
 

 In the treated animals, 60 mg/kg/day dosing was required to diminish 

S1292 phosphorylation to wildtype levels in brain and kidney, whereas a 

10 mg/kg/day dose was sufficient to decrease phosphorylation to wildtype 

levels in lung tissue (Figure 4.2A-B). This result suggests that some peripheral 

tissues with higher expression of LRRK2 may be more sensitive to drug-

induced inhibition. Conversely, it could reflect an imbalanced systemic 

distribution of MLi-2 in the body, with greater accumulation in lungs compared 

to the brain. Increasing doses of MLi-2 also showed a dose response of pS935 
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LRRK2 reduction (Figure 4.2A, C). These results indicate that a dose of 

60 mg/kg/day is needed in order to inhibit G2019S LRRK2 to wildtype levels in 

vivo across all tissues. 

 

4.2.2 Assessment of pLRRK2 and pRab biomarkers after chronic 

60mg/kg/day MLi-2 in-diet dosing in G2019S LRRK2 KI mice 

 To investigate LRRK2 and Rab phosphorylation as readouts for LRRK2 

kinase activity and inhibition over time, G2019S LRRK2 KI mice were given an 

in-diet MLi-2 treatment regimen of 60mg/kg/day for either 10 days or 10 

weeks based on the previous experiment in which 60mg/kg/day was sufficient 

to reduce S1292 autophosphorylation levels back to wildtype levels in brains, 

kidneys, and lungs of G2019S LRRK2 KI mice. Both short-term, 10-day and 

long-term, 10-week chronic treatment periods were chosen to evaluate rapid 

and progressive changes to phosphorylation sites, respectively. As previously 

shown, pRab10 and pRab29 signals showed varying degrees of LRRK2 kinase-

dependence across tissues, presumably based on the presence of more 

abundant phosphatases, in acute dosing paradigms. A conjecture arising from 

this is whether chronic LRRK2 inhibition would affect these signals differently 

with prolonged exposure to an inhibitor treatment. Additionally, changes at 
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the proteome level were explored, the results of which will be discussed in 

Chapter 5.  

 

 In both cohorts, G2019S LRRK2 KI mice given a diet of chow 

supplemented with MLi-2, along with wildtype, G2019S LRRK2 KI, and LRRK2 

KO mice given an untreated chow were weighed daily. The untreated animals 

were used to assess baseline levels of phosphorylation of readout sites for 

comparison to the treated group after 10 days or 10 weeks. Food intake was 

measured based on the weight of chow in each cage in order to estimate the 

daily dose of MLi-2 achieved per mouse. In the 10-day cohort, body weights of 

all mice remained consistent across the days, with males weighing 5-8g more 

than females (Figure 4.3A). Across 10-days of treatment, an average of 3.9g of 

chow was consumed per mouse (Figure 4.3B). When only considering the 

treated group, an average of 3.6g of chow was consumed, and an estimated 

67mg/kg/day dose of MLi-2 was achieved from day 3 through day 10 (Figure 

4.3C). In the first two days where animals were acclimating to the food change, 

an average of 44.5mg/kg/day and 61mg/kg/day MLi-2 was achieved, 

respectively (Figure 4.3C). 
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Figure 4.3. Weight and food intake measurements in the 10-day MLi-2 dosing cohort. 
G2019S LRRK2 KI mice were given customized chow supplemented with MLi-2, and 
untreated chow was given to wildtype, G2019S LRRK2 KI, and LRRK2 KO mice. Body 
weights were recorded every day and plotted in (A), where square data points represent 
male mice and circle data points represent female mice. Food intake was measured by 
weighing left over food from all cages each day and subtracting the value from the food 
weight of the previous day (B). These values were used to estimate daily dose of MLi-2 
achieved in the G2019S LRRK2 KI mice (C).  
 

 After 10 days, animals were euthanized and brain, kidney, and lung 

tissues were extracted, flash frozen and stored at -80 degrees Celsius. Tissues 

were then homogenized and processed for Western blot, in which pS1292 

LRRK2, pS935 LRRK2, pT73 Rab10, pS106 Rab12, pT71 Rab29, and respective 

total proteins were probed using commercially available antibodies (Figure 

4.4A). As expected, pS1292 LRRK2 was significantly increased in G2019S 

LRRK2 KI animals compared to wildtype, which was decreased to wildtype 

levels with MLi-2 treatment across all three tissues (Figure 4.4A-B). As 

expected, S935 phosphorylation showed significant decrease in signal after 

MLi-2 treatment in G2019S LRRK2 KI animals compared to G2019S LRRK2 KI 
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animals receiving untreated chow, demonstrating this site’s robust readout 

capacity for LRRK2 inhibition (Figure 4.4A, C). Interestingly, total LRRK2 levels 

remained stable in the brain, but were reduced in the MLi-2 group in kidney 

and lung tissues compared to untreated wildtype and G2019S KI animals 

(Figure 4.4A, D).  

 

 When evaluating pRab substrate sites, different patterns were observed 

between all three Rabs. In brain tissue, T73 Rab10 phosphorylation showed no 

difference between all genotypes or treated versus untreated G2019S LRRK2 

KI mice, whereas in kidney and lung tissue, a significant reduction in 

phosphorylation was observed in the LRRK2 KO animals compared to wildtype 

(Figure 4.4A, E). This suggests that there is a LRRK2-dependent effect on 

pRab10 in peripheral tissues where LRRK2 is highly expressed, when total 

protein is completely absent. LRRK2 inhibition in G2019S KI animals that were 

fed MLi-2 showed no difference in T73 phosphorylation in kidney compared to 

its untreated counterpart, while lung tissue showed a treatment-dependent 

reduction in signal (Figure 4.4A, E). Hyperactivity of G2019S LRRK2 did not 

affect pT73 Rab10 levels compared to wildtype across any tissue.  

  

Rab12 phosphorylation at S106 showed a similar pattern to that of 

S1292 autophosphorylation, in that the effects of both LRRK2 hyperactivity and 
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inhibition could be observed across brain and peripheral tissues (Figure 4.4A, 

F). Specifically, pS106 was significantly increased in G2019S KI mice fed 

untreated chow but comparable to wildtype in MLi-2 treated G2019S KI mice 

(Figure 4.4A, F). In brain, pT71 Rab29 levels were significantly increased in a 

G2019S KI background and MLi-2 treatment reduced this phosphorylation, 

whereas no LRRK2-dependent phosphorylation was observed in the kidney or 

lung of these animals (Figure 4.4A, G).  
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 Figure 4.4. LRRK2 and Rab substrate phosphorylation in G2019S LRRK2 KI mice after 
in-diet MLi-2 dosing for 10 days. Wildtype, G2019S LRRK2 KI, and LRRK2 KO mice were 
fed vehicle or MLi-2-containing chow over the course of 10 days following brain, kidney, 
and lung tissue collection. Western blot analyses were done for all three tissues in which 
pLRRK2, total LRRK2, and pRab protein signals were evaluated (A-G). One-way 
ANOVAs were performed with Tukey’s post-hoc analyses, ****p-value <0.0001, ***p-
value <0.001, **p-value <0.01, *p-value <0.05. N=6; SD error bars are shown.  
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 In the 10-week cohort, body weights of all mice increased an average of 

4-5g regardless of genotype or gender, with the exception of the LRRK2 KO 

males that increased 10g on average, from week 1 to week 10 (Figure 4.5A). 

Increased body weight in LRRK2 KO animals has previously been noted in both 

mice and rats (Baptista et al., 2013; Mazza et al., 2021; Ness et al., 2013). In 

general, an increase in body weight across 2.5 months in animals aged from 3 

to 5.5 months is expected. Similar to the 10-day cohort, the average food 

intake of all mice was 3.8g while the average food intake of the G2019S KI 

group given MLi-2 supplemented chow was 3.6g (Figure 4.5B). Thus, the 

calculated average daily dose of MLi-2 per mouse was 61.2mg/kg (Figure 

4.5C).  
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Figure 4.5. Weight and food intake measurements in the 10-week MLi-2 dosing cohort. 
G2019S LRRK2 KI mice were given customized chow supplemented with MLi-2, and 
untreated chow was given to wildtype, G2019S LRRK2 KI, and LRRK2 KO mice. Body 
weights were recorded every day, averaged per week and plotted in (A), where square 
data points represent male mice and circle data points represent female mice. Food 
intake was measured by weighing left over food from all cages each day and subtracting 
the value from the food weight of the previous day (B). These values were used to 
estimate daily dose of MLi-2 achieved in the G2019S LRRK2 KI mice (C). 
 

 After the 10-week period, all mice were euthanized and brains, kidneys, 

and lungs were collected and flash frozen in dry ice and stored at -80 degrees 

Celsius until processed for Western blot. After 10-weeks of continuous MLi-2 

in-diet dosing, Western blot analyses showed the same patterns for pS1292, 

pS935, and pS106 Rab12 as observed in the 10-day cohort (Figure 4.6A-C, F). 

Both pS1292 and pS106 levels were increased in G2019S KI mice and an MLi-2 

in-diet dose of 60mg/kg/day returned these levels back to wildtype across 

brain and peripheral tissues, and S935 phosphorylation was still significantly 

decreased in treated animals after 10-weeks (Figure 4.6A-C, F). Total LRRK2 

levels were only decreased in the kidneys of G2019S KI mice treated with MLi-
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2 compared to untreated G2019S KI mice, suggesting that degradation of 

total levels may normalize over time with continued treatment in certain tissues 

(Figure 4.6A, D). T73 Rab10 phosphorylation was also similar to the 10-day 

cohort, in that no significant differences were observed in the brains and 

kidneys of treated animals versus their untreated counterparts (Figure 4.6A, E). 

Interestingly, the decrease in pT73 Rab10 observed in lungs of the 10-day 

cohort was not observed in the 10-week cohort, although levels were 

especially variable in the G2019S KI animals (Figure 4.6A, E). However, a 

significant reduction in pT73 signal was seen in the peripheral tissues of LRRK2 

KO animals compared to wildtype, as was seen in the 10-day cohort (Figure 

4.6A, E). Lastly, T71 Rab29 phosphorylation showed no difference across 

genotype and treatment in brain nor kidney, whereas phosphorylation was 

reduced in G2019S KI and LRRK2 KO untreated groups in lung (Figure 4.6A, 

F). 
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Figure 4.6. LRRK2 and Rab substrate phosphorylation in G2019S LRRK2 KI mice after 
in-diet MLi-2 dosing for 10 weeks. Wildtype, G2019S LRRK2 KI, and LRRK2 KO mice 
were fed vehicle or MLi-2-containing chow over the course of 10 weeks following brain, 
kidney, and lung tissue collection. Western blot analyses were done for all three tissues 
in which pLRRK2, total LRRK2, and pRab protein signals were evaluated (A-G). One-way 
ANOVAs were performed with Tukey’s post-hoc analyses, ****p-value <0.0001, ***p-
value <0.001, **p-value <0.01, *p-value <0.05. N=6; SD error bars are shown. 
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 Since levels of proSP-C were found to be altered in the lungs of 

wildtype mice receiving a 60mg/kg daily dose of MLi-2 for 7 days (Bryce et al., 

2021), proSP-C protein was probed in both 10-day and 10-week cohorts to 

determine whether LRRK2 inhibition in G2019S LRRK2 KI mice would differ 

from wildtype animals. Interestingly, no differences were observed in either 10-

day nor 10-week cohorts when comparing treated G2019S KI lung tissue and 

untreated wildtype or G2019S KI lung tissue, suggesting at amelioration of 

LRRK2 kinase hyperactivity to wildtype activity does not affect proSP-C levels 

(Figure 4.7A-D). An increase in proSP-C was observed in the lungs of LRRK2 

KO animals compared to wildtype, showing that the loss of total LRRK2 protein 

can also affect proSP-C levels (Figure 4.7A-D).  
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Figure 4.7. Evaluation of proSP-C levels in the lung tissue of 10-day and 10-week in-
diet dosing cohorts. Wildtype, G2019S LRRK2 KI, and LRRK2 KO mice were fed vehicle 
or MLi-2-containing chow over the course of 10 days (A) or 10 weeks (C). Lung tissue 
analyses were performed via Western blot and proSP-C levels were measured (B, D). 
One-way ANOVAs were performed where *p-value <0.05. n=6; error bars indicate SD. 
 

4.3 Discussion 

 To evaluate various markers of LRRK2 kinase activity and inhibition in 

vivo, both 10-day and 10-week treatment regimens were carried out, with 

focus on designing a treatment paradigm that might reasonably mimic clinical 

applications. Specifically, MLi-2 was utilized to chronically ameliorate the 

hyperactivity of G2019S mutant LRRK2 to that of wildtype animals. When 

measuring LRRK2 phosphorylation, the pS1292 autophosphorylation site 
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provided the most reliable marker of both G2019S-induced hyperactivity and 

MLi-2 dependent inhibition. Whether this can be extrapolated to human 

clinical samples is unclear as current tools have not yet allowed for robust 

detection of pS1292 LRRK2 in peripheral blood, although some studies have 

demonstrated its efficacy in patient urinary and CSF exosomes (Fraser et al., 

2016; Wang and West, 2019).  

 

Using the commercially available pRab antibodies, the S106 Rab12 

phosphorylation pattern resembled that of pS1292 LRRK2 most closely across 

experiments, in that G2019S KI mice displayed hyperphosphorylation of Rab12 

that was ameliorated with MLi-2 treatment. Thus, if translatable to humans, for 

G2019S-carriers and potentially other PD cases, detection of pRab12 has 

potential as a biomarker for both LRRK2 activity and inhibition. In contrast, the 

hyperphosphorylation pattern of substrates Rab10 and Rab8a have been 

demonstrated in mutations within the GTPase domain with a much more subtle 

increase for G2019S compared to wildtype both in vitro as well as in the kidney 

and lung tissues of R1441C LRRK2 KI mice (Steger et al., 2016; Iannotta et al., 

2020). Therefore, Rab10 phosphorylation may be more useful as a readout in 

patients carrying LRRK2 GTPase domain mutations, although further 

investigation of this in vivo needs to be done.  
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Furthermore, many studies have demonstrated the dephosphorylation 

of Rab8a/10/12/29/35 after acute LRRK2 inhibitor treatment in various human 

and mouse cell types expressing pathogenic mutant LRRK2 in vitro (Ito et al., 

2016; Thirstrup et al., 2017; Lis et al., 2018; Di Maio et al., 2018; Gomez et al., 

2019; Purlyte et al., 2019; Bonet-Ponce et al., 2020). Here, the observation that 

pRab10 and pRab29 do not show consistent dephosphorylation in MLi-2 

treated G2019S KI mice across acute and chronic paradigms highlights a 

discrepancy between in vitro and in vivo models. However, one study 

performed in Long Evans rats with G2019S LRRK2 mutations showed that 

acute LRRK2 inhibition could reliably decrease pT73 Rab10 levels in brain 

compared to Sprague Dawley rats harboring the same mutation (Kelly et al., 

2021). Therefore, it is possible that LRRK2-dependent Rab10 phosphorylation 

in vivo is species-specific. Additionally, as discussed in the previous chapter, 

phosphatases such as PPM1H are more abundant in brain and kidney tissues 

compared to LRRK2 (Figure 3.10). The effect of LRRK2 activity and inhibition 

on Rab10 phosphorylation thus may be diluted as well as is a possibility for 

Rab29 phosphorylation from other as of yet unidentified enzymes.  

 

Additionally, in G2019S LRRK2 KI mice given a 60mg/kg/day in-diet 

dose of MLi-2 for 2.5 months showed no difference in proSP-C levels at both 

10 days of dosing and at 10 weeks compared to untreated wildtype animals, 
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suggesting that inhibition of hyperactive LRRK2 kinase does not develop the 

same molecular effects in lung tissue as wildtype LRRK2 (Bryce et al., 2021; 

Kluss et al., 2021). This is an important observation, as patients carrying mutant 

LRRK2 may then have less of a risk in developing secondary lung effects when 

drugs target hyperactive LRRK2 compared to those without a LRRK2 mutation. 

Interestingly, after 10 weeks of MLi-2 in-diet dosing, both S1292 LRRK2 and 

S106 Rab12 phosphorylation levels were significantly lower than wildtype 

levels in lung. Thus, it is possible that lung tissue is more sensitive to LRRK2 

inhibition than other tissues considered here. Indeed, one study investigating 

LRRK2 expression and lung adenocarcinoma risk in humans reported a 

significant correlation between lung cancer prevalence and low LRRK2 

expression, suggesting that low levels of LRRK2 may promote lung 

tumorigenesis (Lebovitz et al., 2021).  

 



                                5 QUANTITATIVE TOTAL AND PHOSPHO- PROTEOMICS 

 136 

5 QUANTITATIVE TOTAL AND PHOSPHO- PROTEOMICS 

IN MLI-2 CHRONICALLY TREATED G2019S LRRK2 KI 

MICE  

5.1 Introduction 

 Recent advances in proteomic technology using liquid chromatography 

with tandem mass spectrometry (LC-MS/MS) and high-throughput screening 

have underpinned some major discoveries in LRRK2 biology. This includes the 

identification of binding partners like Rab substrates, Clathrin adaptor protein 

complex 2 (AP2), Flotillin-2 in the Wingless/Integration (WNT) signaling 

pathway, p21-activated kinase 6 (PAK6), and Syntaxin-6 (STX6) and vesicle-

associated membrane protein 4 (VAMP4) of the Golgi-associated retrograde 

protein (GARP) complex by utilization of various cancer cell lines and primary 

rodent brain cell cultures (Steger et al., 2016; Salašová et al., 2017; Civiero et 

al., 2015; Heaton et al., 2020; Beilina et al., 2020). In addition, a number of 

studies have employed unbiased quantitative proteomics to understand the 

function of LRRK2 in vivo. For example, abundance proteomics of kidney tissue 

from 9-month-old LRRK2 KO mice revealed changes in cytoskeletal-associated 

proteins such as Coronin1C, and upregulation of lysosomal proteases such as 

Cathepsin D (Ctsd) and Legumain (Pellegrini et al., 2018). Collectively, these 
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studies have provided substantial insights into the roles of LRRK2 in cellular 

biology.  

 

Proteomic technology has also proven valuable in analyzing clinical 

cohorts. Recently, proteomic analyses of urine samples from PD patients 

identified neurotropic factor VGF as a biomarker to distinguish manifesting 

versus non-manifesting PD cases in those carrying the G2019S mutation 

(Virreira Winter et al., 2021). Additionally, significant upregulation in lysosomal 

proteins Transmembrane protein 192 (TMEM192), Cathepsin B (CTSB) and 

Galactosidase beta 1 (GLB1) in the urinary proteome of G2019S-carriers versus 

healthy controls was noted (Virreira Winter et al., 2021). This suggests that of 

all the various trafficking pathways LRRK2 has been nominated to play a role in, 

the endolysosomal pathway has direct evidence implicating dysregulation in 

human mutation carriers.  

 

To date, no proteomic analysis had been used to investigate chronic 

LRRK2 inhibition in vivo. Here, isobaric tandem mass tag (TMT) total and 

phospho-proteomic analyses were employed to understand the relationship 

between level of inhibition and effects on biochemistry of target tissues 

including brain and peripheral tissues that have previously been shown to be 
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affected by LRRK2 kinase inhibition or KO, kidney and lung (Fuji et al., 2015; 

Pellegrini et al., 2018; Baptista et al., 2020; Bryce et al., 2021).  

 

5.2 Results 

5.2.1 Total and phospho-proteomics of whole brain tissue from 

MLi-2 treated G2019S KI mice 

 To evaluate downstream effects of LRRK2 inhibition in kinase 

hyperactive G2019S KI mice, total and phospho-proteomics were employed in 

brain, kidney, and lung tissues as depicted in Figure 5.1 using TMTpro-16 

reagents (Li et al., 2020). G2019S KI mice treated with MLi-2 in-diet for 10 

weeks were used in these experiments to investigate the effects induced after 

long-term chronic exposure of a LRRK2 kinase inhibitor. Untreated G2019S KI, 

wildtype, and LRRK2 KO mice were included for comparison.  
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Figure 5.1. Schematic of tissue processing in TMT proteomics. Depiction of technical 
approach for both total (1) and phospho- (2) proteomic data collection in MLi-2 treated 
and untreated mouse groups. 
 
 One hemisphere from each brain was collected and processed for 

proteomic analyses in which 3,823 total proteins were identified after filtering 

and merging runs (see 5.4 Materials and Methods). Comparing MLi-2 treated 

and untreated G2019S KI mice, 319 proteins were significantly different at 

<0.05 after empirical Bayes analysis followed by false discovery rate (FDR) 

correction (Figure 5.2A). These included Cytochrome C, NADH:Ubiquinone 

Oxidoreductase Subunit V3 (Nduvf3), the mitochondrial ATP synthase Atp5g1, 
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and Voltage Dependent Anion Channel 2 (Vdac2) (Figure 5.2A). Only two hits 

passed an arbitrary cutoff of 0.5 log2 fold change (1.4x), Rab33a and 

Cytochrome C (Cycs). Strikingly, Gene Ontology analyses revealed enrichment 

for proteins residing in different mitochondrial compartments (Figure 5.2C). 

Volcano plots comparing untreated groups of G2019S KI and wildtype mice 

showed that a number of mitochondrial proteins had the opposite trend to 

that seen in the chronic MLi-2 cohort (Figure 5.2B). For example, Vdac2 and 

Cycs showed modest but significant downregulation in brains of G2019S KI 

mice compared to wildtype mice, which were reversed in the chronic MLi-2 

G2019S KI cohort (Figure 5.2A-B). Although modest changes were observed 

overall, these results suggest that MLi-2 treatment can significantly alter the 

expression of mitochondrial proteins in G2019S KI mice in a direction 

potentially consistent with therapeutic potential.  
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Figure 5.2. Total brain proteomics. Volcano plots illustrate differential expression of 
proteins between MLi-2 treated and untreated G2019S KI mice (A) and between 
untreated G2019S KI and wildtype mice (B). A bubble plot shows enrichment of cellular 
compartments found using the Gene Ontology cellular component database (GO:CC) 
(C). The -log10 cutoff used for the bubble plot was <1e-20 and term size cutoff was 
<1000. Volcano plot key: grey = non-significant, blue = < 0.05 p-value, green = >1.4x 
fold change, red = < 0.05 p-value and >1.4x fold change.  
 

Additionally, 2,792 phospho-peptides were identified in the phospho-

proteomic analysis, of which 180 were differentially expressed (adjusted p-

value <0.05) in MLi-2 treated versus untreated G2019S KI mice (Figure 5.3A). 

Among these, a decrease in S58 phosphorylation of the ion transporter Fxyd7 
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and increase in S109 phosphorylation of the protein phosphatase 2A (PP2A) 

inhibitor Ensa were observed (Figure 5.3A). Gene Ontology cellular 

component analyses identified that there was significant enrichment of 

phospho-peptides associated with synaptic, dendritic, and vesicle 

compartments including Transmembrane protein 230 (pS24 TMEM230), 

sorting nexin 17 (pS336 Snx17), Proline Rich Transmembrane protein 2 (pS244 

Prrt2), and transmembrane protein Kiaa1109 (pS3835) (Figure 5.3A-B). Of 

interest, no mitochondrial enrichment was found among the phospho-peptide 

hits, suggesting that total and phospho- protein alterations identify different 

cellular pathways.  

 

 

Figure 5.3. Phospho-proteomics of whole brain homogenates. Volcano plot showing 
the differential pattern of phospho-peptide hits between MLi-2-treated vs untreated 
G2019S KI brains (A). The bubble plot showed enrichment terms within these hits using 
the Gene Ontology cellular component database (B). The -log10 cutoff used for the 
bubble plot was <1e-10 and term size cutoff was <1000. Volcano plot key: grey = non-
significant, blue = < 0.05 p-value, red = < 0.05 p-value and >1.4x fold change. 
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5.2.2 Kidney total and phospho-proteomic analyses from MLi-2 

treated G2019S KI mice 

 In kidney tissue, 2,455 total proteins were detected after filtration and 

merged runs, of which 115 were differentially expressed between chronic MLi-

2-treated and untreated G2019S KI mice (FDR adjusted p < 0.05 and fold 

change (FC) > 1.4) (Figure 5.4A). Among the differentially abundant proteins, 

there was an enrichment for endolysosomal, trafficking and mitochondrial 

proteins (Figure 5.4C). Multiple lysosomal proteins showed significant 

increases, including in Ctsb, legumain (Lgmn), Glb1, Lysosomal-associated 

membrane protein 1 (Lamp1), and N-acetylglucosamine-6-sulfatase (Gns). In 

addition, a number of proteins involved in vesicular trafficking, lipid 

metabolism, iron uptake and mitochondrial function were also significantly 

altered in kidneys of MLi-2 treated animals such as Intersectin 1 and 2 (Itsn1 

and Itsn2), sorting nexins 5, 9, and 12 (Snx5, Snx9, and Snx12), Cycs, and 

mitochondrial serine/threonine protein phosphatase 5 (Pgam5) (Figure 5.4A). 

Interestingly, most of these proteins were not found to be significantly 

changed when comparing untreated G2019S KI and wildtype animals (Figure 

5.4B). This suggests that these expression alterations are the result of LRRK2 

inhibition itself and are distinct from changes driven by a hyperactive LRRK2 

kinase.  
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Figure 5.4. Total kidney proteomics. Volcano plots illustrate differential expression of 
proteins between MLi-2 treated and untreated G2019S KI mice (A) and between 
untreated G2019S KI and wildtype mice (B). A bubble plot shows enrichment of cellular 
compartments found using the Gene Ontology cellular component database (GO:CC) 
(C). The -log10 cutoff used for the bubble plot was <1e-3 and term size cutoff was 
<1000. Volcano plot key: grey = non-significant, blue = < 0.05 p-value, green = >1.4x 
fold change, red = < 0.05 p-value and >1.4x fold change. 
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 In addition, hierarchical clustering of differential proteins in the G2019S 

MLi-2-treated group showed most similarity to the LRRK2 KO animals (Figure 

5.5), suggesting that chronic inhibition of LRRK2 may mimic features of an 

absence of LRRK2 in the periphery.  

 

 

Figure 5.5. Heatmap of total kidney proteins. A heatmap with unsupervised hierarchical 
clustering of selected significant hits across the WT, G2019S KI and LRRK2 KO vehicle 
cohorts as well as the G2019S KI chronic MLi-2 cohort, highlighting proteins involved 
in lysosomes, vesicle trafficking, lipid metabolism, transferrin recycling and 
mitochondrial homeostasis. Z score is used for scaling. 
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 In the phospho-proteomic analysis, 1,099 phospho-peptides were 

identified after filtering, limiting to proteins that were also identified in the 

total proteomics dataset. Thirty-four phospho-peptides were significantly 

altered between MLi-2-treated and untreated G2019S KI mice (FDR adjusted 

p-value <0.05 and FC >1.4x) (Figure 5.6A). Among these, several trafficking 

and mitochondrial proteins were identified, including sorting nexin 1 (pS188 

Snx1) and vacuolar sorting protein 4b (pS102 Vps4b) (Figure 5.6A, C). In 

addition, enrichment analysis using the Gene Ontology cell component 

database revealed an enrichment of the endolysosomal system as well as 

mitochondrial membrane, reflecting that similar pathways are affected 

between total proteins and phospho-peptide hits in kidney tissue (Figure 5.6B). 

Using unsupervised hierarchical clustering of all four mouse groups, MLi-2-

treated G2019S KI mice clustered with one another compared to untreated 

animals which clustered together irrespective of genotype (Figure 5.6C). These 

results further demonstrate that chronic inhibition of LRRK2 contributes to 

protein and phospho-protein differences in kidney tissue.  
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Figure 5.6. Phospho-proteomics of kidney tissue. Volcano plots illustrate differential 
expression of phospho-proteins between MLi-2 treated and untreated G2019S KI mice 
(A). GO:CC enrichment analysis is visualized via bubble plot (B). The -log10 cutoff used 
for the bubble plot was <1e-1 and term size cutoff was <1000. A heatmap with 
unsupervised hierarchical clustering of selected significant hits across the WT, G2019S 
KI and LRRK2 KO vehicle cohorts as well as the G2019S KI chronic MLi-2 cohort, 
highlighting proteins involved vesicle trafficking, lipid metabolism, glucose regulation, 
and mitochondrial homeostasis (C). Z score is used for scaling. Volcano plot key: 
grey = non-significant, blue = < 0.05 p-value, green = >1.4x fold change, 
red = < 0.05 p-value and >1.4x fold change. 
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5.2.3 Lung total and phospho-proteomic analyses from MLi-2 

treated G2019S KI mice 

 In the lung proteomics, 2,702 total proteins were identified after filtering 

and merging of consecutive LC-MS/MS runs, 6 proteins were differentially 

expressed in MLi-2-treated compared to untreated G2019S KI mice (Figure 

5.7A). Among these were the drug metabolism proteins Cyp1a1/Cyp1a2, 

Transcription Elongation Factor A1 (Tcea1), angiogenesis protein Tymosin 

beta-4x (Tmsb4x) (Figure 5.7A). No differences in total protein expression 

changes were observed between untreated G2019S KI and wildtype animals 

(Figure 5.7B). In addition, a total of 911 phospho-proteins were recovered, of 

which 11 were considered significantly different between MLi-2-treated 

G2019S KI mice and their untreated counterpart (Figure 5.7C). Since so few 

hits were found for both total and phospho-proteins, enrichment analyses were 

not performed.  
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Figure 5.7. Lung total and phospho- proteomics. Volcano plots illustrate differential 
expression of total proteins between MLi-2 treated and untreated G2019S KI mice (A) 
and between untreated G2019S KI and wildtype mice (B), and phospho-proteins 
between MLi-2 treated and untreated G2019S KI mice (C). Volcano plot key: grey = non-
significant, blue = < 0.05 p-value, green = >1.4x fold change, red = < 0.05 p-value 
and >1.4x fold change. 
 

5.2.4 Validation of proteomic hits across brain, kidney, and lung 

tissues 

 Proteomic analyses in brain, kidney, and lung tissue revealed several 

significant differences in protein expression and phosphorylation between 
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G2019S KI mice given MLi-2 customized chow for 10 weeks and their 

untreated counterparts. To validate these data, Western blots were run and 

probed for hits where a commercial antibody was available. As the kidney had 

the largest number of hits, I first started with this tissue. Non-glycosylated 

Lamp1, Hgs, and Sfxn3 were all significantly increased in G2019S KI mice 

compared to wildtype mice which was reversed following chronic MLi-2 

treatment (Figure 5.8A-D). Additionally, glycosylated Lamp1 and Legumain 

were both significantly increased in the LRRK2 KO kidneys compared to 

wildtype, confirming the lysosomal dysregulation previously observed by 

Pellegrini et al. (Pellegrini et al., 2018) (Figure 5.8A, E-F). Interestingly, MLi-2-

treated G2019S KI mice also had increased levels of these proteins, showing a 

pattern most similar to LRRK2 KO compared to other untreated genotypes 

(Figure 5.8A, E-F), suggesting that some effects of LRRK2 inhibition mimic 

LRRK2 KO in kidneys.  
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Figure 5.8. Validation of significant hits in kidney tissue. Western blots were performed 
on kidney samples from the 10-week treatment cohort to validate proteomic hits along 
with Cyclophilin B as the designated housekeeping protein (A-G). One-way ANOVAs 
with Tukey’s post-hoc analyses were performed, *p-value <0.05, **p-value <0.01, ***p-
value <0.001, ****p-value <0.0001. N=6; SD error bars are shown. 
 

Recent data from our lab has indicated that LRRK2 recruits the scaffold 

adapter protein Jip4 to damaged lysosomes mediating vesicle sorting and 

tubulation through phosphorylation of Rab35 and Rab10 (Bonet-Ponce et al., 

2020). I therefore tested whether Jip4 levels were altered in the context of 

chronic LRRK2 inhibition in vivo. Surprisingly, LRRK2 KO mice showed a 

significant decrease in Jip4 levels in kidney compared to wildtype, while the 

chronic MLi-2 cohort showed a decrease that was also significant compared to 

wildtype (Figure 5.8A, G). This suggests that in the absence of active LRRK2, 

Jip4 is downregulated in this tissue.  

 



                                5 QUANTITATIVE TOTAL AND PHOSPHO- PROTEOMICS 

 152 

 To determine whether the expression changes observed in the 10-week 

cohort were present at earlier timepoints, I performed Western blots for these 

six proteins in the 10-day cohort. Unlike the 10-week cohort, neither non-

glycosylated Lamp1, Hgs, nor Sfxn3 showed any differences between MLi-2-

treated and untreated G2019S KI kidneys (Figure 5.9A-D). In addition, 

glycosylated Lamp1 and Legumain were not increased in the G2019S KI mice 

treated with MLi-2, as observed after 10-weeks of treatment, suggesting these 

effects only occur after long-term LRRK2 inhibition (Figure 5.9A, E-F). 

Decreased levels of Jip4 were also not observed in these kidneys, though a 

significant decrease was still found in the LRRK2 KO samples (Figure 5.9A, G).  
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Figure 5.9. Validation of significant hits in kidney tissue from the 10-day cohort. Western 
blots were performed on kidney samples from the 10-day treatment cohort to 
determine short-term effects of LRRK2 inhibition on downstream hits identified in the 
proteomics experiments along with Cyclophilin B as the designated housekeeping 
protein (A-G). One-way ANOVAs with Tukey’s post-hoc analyses were performed, *p-
value <0.05, **p-value <0.01. N=6; SD error bars are shown. 
 

 Considering the mitochondrial hits that were found in the brains of the 

10-week cohort, only Atp5mc1 and Cytochrome C had antibodies that were 

previously validated and commercially available. No changes were observed in 

these tissues via Western blot across any treatment nor genotype in the 10-

week cohort (Figure 5.10A-C). Additionally, no differences were found among 

the six validated proteins from the kidney proteomics, suggesting that the 

brain is more resilient in terms of endolysosomal therapeutic effects and 

dysregulations that may be associated with LRRK2 inhibition (Figure 5.10A, D-

H). 
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Figure 5.10. Validation of proteomic hits in brain tissue. Western blots were performed 
on brain samples from the 10-week treatment cohort to validate proteomic hits along 
with Cyclophilin B as the designated housekeeping protein (A-G). One-way ANOVAs 
with Tukey’s post-hoc analyses were performed. N=6; SD error bars are shown. 
 

 Very few total and phospho-proteins were identified in lung tissue. 

Among these, Myristoylated alanine-rich C-kinase substrate (Marcks) was 

shown to be significantly dephosphorylated at S163 in MLi-2-treated 

compared to untreated G2019S KI animals (Figure 5.7C), which I was able to 

confirm via Western blot (Figure 5.11A-B). Phosphorylated S163 Marcks was 

also dephosphorylated in LRRK2 KO tissue, suggesting that this effect is due to 

a loss of LRRK2 kinase activity. Additionally, Cyp1a1 was validated in Western 

blot, with a significant increase found in MLi-2-treated animals compared to all 

untreated groups (Figure 5.11A, C). Kidney proteomic hits were not shown to 

be altered in lung tissue, confirming that these expression changes are kidney-

specific (Figure 5.11A, D-G).  
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Figure 5.11. Validation of proteomic hits in lung tissue. Western blots were performed 
on lung samples from the 10-week treatment cohort to validate proteomic hits along 
with Cyclophilin B as the designated housekeeping protein (A-G). One-way ANOVAs 
with Tukey’s post-hoc analyses were performed, *p-value <0.05, ****p-value <0.0001. 
N=6; SD error bars are shown. 
 

5.3 Discussion 

To investigate downstream effects of chronic LRRK2 kinase inhibition, 

unbiased quantitative total and phospho-proteomics analyses were conducted 

in the brains, kidneys, and lungs of the 10-week MLi-2 in-diet dosing cohort 

described in Chapter 4. This revealed significant differences in endolysosomal 

proteins in the kidneys of treated compared to untreated G2019S KI animals. A 

subset of these proteins, including Legumain and Glb1, have been identified 

previously by unbiased proteomics in kidney tissue of 9-month-old LRRK2 KO 

mice (Pellegrini et al., 2018). Of these proteins, we validated the accumulation 
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of Legumain in 10 weeks, but not 10 days, of MLi-2 treatment in G2019S KI 

mice. Legumain, also known as asparaginyl endopeptidase (AEP), is a 

lysosomal enzyme with a diverse function of roles reported. Interestingly, 

Legumain translocation from the lysosome to the cytosol has been associated 

with neurodegenerative states, and conformational changes have been shown 

to stabilize the enzyme even in neutral pH (Dall and Brandstetter, 2016). 

Recent studies have demonstrated that accumulation of cytosolic Legumain 

correlated to significant dephosphorylation at T322 in AD human brains 

(Basurto-Islas et al., 2013; Wang et al., 2019; S.-S. Wang et al., 2021). In 

addition, a study has shown that Legumain can cleave APP, Tau, and a-

synuclein in an age-dependent manner in both mouse and human neuronal 

cultures and brains and that depletion of Legumain can be restorative to 

synaptic activity and cognitive function in the 5XFAD mouse model (Wang et 

al., 2018). Thus, it would be worth investigating Legumain localization and 

phosphorylation in models where LRRK2 kinase is inhibited. 

 

Additionally, data from our previous study investigating the role of 

LRRK2 at the lysosomal membrane identified that LRRK2-mediated pT73 

Rab10 can recruit Jip4 to the membrane of damaged lysosomes, which then 

initiates lysosomal tubulation in primary astrocytes (Bonet-Ponce et al., 2020). 

In the present study, LRRK2 KO animals had significantly less Jip4 protein in 
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kidneys compared to wildtype animals, and prolonged LRRK2 inhibition led to 

a significant loss of total Jip4 protein in G2019S KI mice. These data suggest 

that lysosomal dysfunction observed in the context of LRRK2 deficiency can 

also be recapitulated with long-term chronic MLi-2 treatment in vivo. 

 

In both brain and kidney tissues, upregulation of sorting nexin proteins 

(Snx5, Snx9, and Snx12), as well as dephosphorylation of S488 Snx1 and S336 

Snx17 were identified. Snx1 and Snx5 make up part of the Snx-BAR-retromer 

pentamer complex that is associated with recycling manose-6-phosphate 

receptor (M6PR) and other receptors back to the TGN from endosomes (Cullen 

and Korswagen, 2011; Cunningham and Moore, 2020). Additionally, S188 Snx1 

phosphorylation has been reported to disrupt membrane binding and restrict 

Snx1 to the cytosol (Lenoir et al., 2018). VPS35 is a necessary component of 

the retromer complex, and mutations in this protein cause an autosomal 

dominant form of PD (Zimprich et al., 2011). Recently, a study showed that the 

D620N VPS35 mutation enhanced LRRK2-mediated Rab phosphorylation in 

vitro (Mir et al., 2018). Taken together, these data suggest that LRRK2 

mediates effects on retrograde trafficking to the TGN that can lead to 

pathology. However, the precise mechanism(s) at play, and their relationship to 

more general endolysosomal damage, is unclear and worthy of future inquiry.  
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In brain tissue, chronic MLi-2 treatment in G2019S KI mice showed a 

modest but significant upregulation of mitochondrial proteins compared to 

their untreated counterparts. PD-causing mutations in PINK1, Parkin, and DJ1 

have established mitochondrial pathway dysfunction in disease pathogenesis 

(Bose and Beal, 2016). Production of ROS, mitochondrial elongation, 

decreased ATP production and mitochondrial DNA damage have been 

reported in G2019S-PD patient-derived skin biopsies and G2019S-LRRK2 in 

vitro models (Mortiboys et al., 2010; Mamais et al., 2014; Pereira et al., 2014; 

Sanders et al., 2014; Howlett et al., 2017). In brain tissue, most mitochondrial 

proteins found in our screens were associated with the respiratory chain 

Complex I and Complex III, namely, Ndufa2, Nufs3, Ndufv3, Cytochrome C, 

Uqcrc2, and Uqcrc1. Mutations in PD-genes PINK1 and VPS35 have been 

reported to cause dysregulation of the respiratory chain system, strengthening 

the case for mitochondrial dysfunction being a causal factor in PD 

pathogenesis (Grünewald et al., 2019). Further studies are needed to elucidate 

the effects of LRRK2 on the respiratory chain system. 

 

In the current study, any effects of chronic LRRK2 kinase inhibition in 

G2019S KI mice could be interpreted as a) reversal of a KI phenotype, or b) 

novel pathway dysfunction resulting from loss of active LRRK2. Proteomic 

analysis of the untreated G2019S KI and wildtype mice revealed a number of 
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proteins involved in iron transport. The transmembrane ion transporters Sfxn2 

and Sfxn3, showed modest upregulation in kidneys of G2019S KI compared to 

wildtype mice and this was reversed by MLi-2 treatment. Interestingly, the 

increase in Sfxn3 in untreated G2019S KI animals was validated via Western 

blot in the 10-week cohort but was not observed in the 10-day group. The 

difference here may be that the 10-day cohort was collected at 3 months old, 

whereas the endpoint of the 10-week cohort was almost doubled to 5.5 

months old. Thus, the increase in expression of these proteins may be age 

dependent in G2019S KI mice, although more investigation will need to be 

done in order to confirm this. Of the mitochondrial proteins identified in the 

brain proteomics screen, Cytochrome C, Vdac1, Ndufs3, and Ndufv2 were 

downregulated in untreated G2019S KI brain compared to wildtype and this 

was reversed in the chronic MLi-2 G2019S KI cohort. These results suggest that 

alterations in G2019S KI mice may be corrected with LRRK2 inhibition.  

 

 Moreover, it was noted that after 10 weeks of MLi-2 in-diet dosing, 

S1292 LRRK2 and S106 Rab12 phosphorylation were significantly lower than 

wildtype levels in lung. It is possible that lung tissue is more sensitive to LRRK2 

inhibition than other tissues considered here as it has been suggested in a 

recent study investigating the toxicological and morphological effects of 

LRRK2 inhibition on nonhuman primate lung, although no pulmonary deficits 
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were observed (Baptista et al., 2020). The present data supports this, as 

proteomics analyses showed very little changes in response to chronic LRRK2 

inhibition in lung. Further exploration will be necessary to determine whether 

there is a lung-specific LRRK2-dependent mechanism that is affected by 

chronic LRRK2 inhibition. 

 

Overall, these proteomic data reveal that chronic LRRK2 inhibition may 

lead to both dysfunction as well as reversal of kinase hyperactivity within the 

endolysosomal system over time in the kidneys of G2019S KI mice. Based on 

the relatively modest protein changes in the brain, the brain may be more 

resilient to LRRK2 inhibition than peripheral tissues. This further implies that 

LRRK2 inhibition would be safe for chronic use in PD patients, but careful 

monitoring of peripheral tissues and dosage may be necessary and the 

potential effects on mitochondrial function should further be considered.  

 

What remains to be shown is whether any of these molecular effects are 

translatable to humans. For example, studies have shown that people with 

LRRK2 haploinsufficiency have reduced levels of total LRRK2 protein 

(Blauwendraat et al., 2018; Whiffin et al., 2020), however, there have been 

conflicting reports on whether reduced levels are associated with phenotypes 

or disease states in these individuals (Blauwendraat et al., 2018), with one 
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claiming an increased risk for lung adenocarcinoma (Lebovitz et al., 2021). A 

key caveat is that chronic LRRK2 inhibition is not the same as LOF variants. In 

the former, the body must alter its normal mechanisms to account for reduced 

LRRK2 kinase activity, whereas the latter already developed mechanisms to 

cope with lower LRRK2 levels in utero. Lower LRRK2 protein levels may also 

not produce the same effects as lower kinase activity. In addition, kinase 

inhibition presumably has the majority of its effect on the kinase domain, 

whereas LOF would reduce all aspects of LRRK2 function. Thus, it will be 

imperative to monitor the effects of LRRK2 kinase inhibitors as it relates to 

normal protein function.  
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6 LRRK2 KINASE ACTIVITY AND LOCALIZATION OF 

pRAB10 AND pRAB12 AT ENDOLYSOSOMAL 

MEMBRANES 

6.1 Introduction 

 The data presented in chapters 3 and 4 illustrated that LRRK2-

dependent phosphorylation of Rab10 and Rab12 differed in tissues of G2019S 

KI mice. Specifically, it was noted that phosphorylation of Rab10 was less 

responsive than Rab12 to kinase inhibition by MLi-2 in the brain. Additionally, 

Rab10 phosphorylation was not increased by the G2019S mutation in vivo, 

consistent with some previous reports, whereas Rab12 phosphorylation did 

respond to the mutation in the same animals. These observations are difficult 

to reconcile with the proposal that G2019S increases Vmax by ~2 fold and that 

both Rab10 and Rab12 are direct substrates of LRRK2. It is likely, therefore, 

that there are additional mechanisms which regulate Rab phosphorylation, and 

these may be particularly active in the brain. 

 

As previously mentioned, Rab GTPases function as regulatory switches 

in trafficking pathways along various intracellular membranes (Stenmark, 2009). 

Briefly, GDP dissociation inhibitors (GDI) bind to prenylated Rabs while in the 
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cytosol and delivers them to membranes (Pfeffer, 2013). The regulation of the 

delivery of Rabs to a specific membrane is thought to be controlled by 

membrane-specific resident GDI displacement factors (GDFs) as well as the 

hypervariable C-terminals of different Rabs (Pfeffer, 2013; Sivars et al., 2003). 

Once at the membrane, GDP is exchanged for GTP via guanine nucleotide 

exchange factors (GEFs), causing a conformational change that allows Rabs to 

recruit various effector proteins that initiate trafficking events (Stenmark, 2009; 

Pfeffer, 2013). Rabs are then inactivated by swapping GTP for GDP via GTPase 

activated proteins (GAPs) where it can be extracted from the membrane by 

GDI and recycled back to the cytosol (Figure 6.1A).  

 

Through immunoprecipitation assays, LRRK2-dependent 

phosphorylation of T73 Rab10 and S106 Rab12 was shown to interfere with the 

Rab-GDI interaction in vitro (Steger et al., 2016). GDI binds to the switch II 

domain of Rabs where these phosphorylation residues are located, suggesting 

that LRRK2 functions in the stabilization of Rabs onto target membranes by 

preventing GDI from extracting Rabs too soon. Interestingly, this interference 

positively correlated with increasing phosphorylation at these residues when 

overexpressing various pathogenic mutations of LRRK2 (Steger et al., 2016), 

thus suggesting that LRRK2 kinase hyperactivity has the potential to affect the 

balance of this pathway at various membranes by blocking the recycling of 



                                6 LRRK2 KINASE ACTIVITY AND LOCALIZATION 

 164 

Rabs back to the cytosol (Figure 6.1B). Additionally, one study found that 

LRRK2-mediated Rab phosphorylation requires nucleotide binding on Rabs, 

possibly favoring GTP-bound states (Liu et al., 2018). 

 

Figure 6.1. Rab GTPase cycling and recycling. Prenylated GDP-bound Rabs bind to GDI 
in the cytosol to be translocated to membranes where GEFs mediate GTP-binding. 
Effectors carryout downstream trafficking once recruited to the membrane via active 
GTP-bound Rabs. GAPs inactivate Rabs by swapping GTP to GDP where GDIs can then 
extract the Rab and recycle it to the cytosol (A). The presence of hyperactive LRRK2 
may shift the balance between membrane-bound Rabs and cytosolic Rabs (B).  
 

 Literature on Rab GTPases have categorized some Rabs as resident 

proteins for specific membranes, such as Rab5 and Rab7 as early and late 

endosomal proteins, respectively (Chavrier et al., 1990; Bucci et al., 1992; Feng 

et al., 1995). Rab8a has been found to localize to recycling endosomes to 

traffic proteins from the TGN to the plasma membrane (Ang et al., 2003; Rowe 

et al., 2008) and centrosomes to promote ciliary formation through a LRRK2-

dependent mechanism (Yoshimura et al., 2007; Waschbüsch et al., 2020). 

LRRK2-dependent phosphorylated Rab10 is also found to co-localize to 

centrosomes (Dhekne et al., 2018) as well as distressed lysosomes (Eguchi et 
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al., 2018; Bonet-Ponce et al., 2020; Kuwahara et al., 2020). Fewer studies have 

investigated Rab12 localization, although it has been shown to play a role in 

trafficking proteins such as transferrin receptor from recycling endosomes to 

lysosomes (Matsui and Fukuda, 2011). 

 

 These data mapping Rab localization led to the hypothesis that LRRK2-

dependent recruitment and subsequent phosphorylation of Rab substrates will 

also be dependent on which membrane LRRK2 is present at. Since the in vivo 

proteomics data presented in chapter 5 showed the largest differences within 

the endolysosomal pathway between chronic LRRK2 kinase inhibited and 

control G2019S KI groups in the kidneys of mice, six different membrane-

targeting traps were designed to translocate LRRK2 to early, late, and recycling 

endosomes as well as Golgi, lysosomes, and the plasma membrane to 

investigate whether membrane identity influences Rab10 and Rab12 

phosphorylation by LRRK2.  
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6.2 Results 

6.2.1 Establishing tools to interrogate the influence of LRRK2 kinase 

activity on pRabs at various endolysosomal membranes in 

vitro 

To evaluate LRRK2 activation patterns and its ability to phosphorylate 

downstream Rabs at membranes, the rapamycin-binding domain from the 

12kDa FK506 binding protein (FKBP), was fused to the N-terminus of LRRK2, 

and the FKBP-rapamycin-binding (FRB) domain of mTOR was fused to six 

different membrane resident proteins. Thus, in the presence of rapamycin, the 

FKBP and FRB domains will form a heterodimer, translocating LRRK2 to a 

specific membrane (Figure 6.2) (Liberles et al., 1997; Robinson et al., 2010). 

 

 

Figure 6.2. FKBP-FRB rapamycin-binding schematic. FKBP-LRRK2 and FRB-membrane 
resident protein (MRP) can form a heterodimer in the presence of rapamycin. 
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 To investigate specific compartments within the endolysosomal 

pathway, the following membrane resident proteins were tagged with an FRB 

domain: Rab5 for early endosomes (EE-trap), Rab7 for late endosomes (LE-

trap), LAMP1 for lysosomes (Lyso-trap), Giantin for Golgi (Golgi-trap), a plasma 

membrane-targeting sequence from GAP43 (MLCCMRRTKQVEKNDDQKI) 

(PM-trap), and EHD1 for recycling endosomes (RE-trap) (Figure 6.3).  

  

 

Figure 6.3. cDNA structures of FKBP-LRRK2 and FRB-membrane traps. All cDNA 
plasmids had a CMV promoter and a fluorescent tag or 3xFlag tag as indicated. Key: 
EE= early endosome, LE= late endosome, Lyso= lysosome, Gol= Golgi, PM= plasma 
membrane, RE= recycling endosome. 
 

 Live imaging of HEK293FT cells overexpressing FKBP-LRRK2 and RE-

trap or Lyso-trap showed rapid colocalization of both proteins within seconds 

after addition of rapamycin at a final concentration of 200nM, demonstrating 

the utility of the FKBP-FRB system (Figure 6.4A-B). Additionally, OE of FKBP-

LRRK2 translated a uniformly cytosolic protein before rapamycin treatment, as 
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expected, confirming that the FKBP domain did not impede translation of the 

protein (Figure 6.4A-B). 

 

Figure 6.4. Live imaging of RE-trap and Lyso-trap systems. FKBP-LRRK2 (magenta) was 
overexpressed with either RE-trap (green) (A) or lyso-trap (green) (B) in HEK293FT cells. 
Time lapse was taken using an inverted confocal microscope at 9 seconds/ frame (video 
is played at 6 frames/ second). Scale bar= 10µm. Rapamycin was added to the media 
of cells at the time points indicated. Panels arranged by Dr. Luis Bonet-Ponce.  
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 Since rapamycin can induce autophagy in some models (Lin et al., 

2018), control experiments were done to ensure that 200nM rapamycin 

treatment for 15 minutes would not affect the health of the cells. To do this, 

cells were co-transfected with FKBP-LRRK2 and Golgi-trap. After 24 hours, cells 

were either treated with 200nM rapamycin or left untreated followed by a 15-

minute incubation prior to lysis with 1% triton for Western blot analysis. Neither 

p62 nor LC3-II levels were altered in the rapamycin treated cells compared to 

untreated, suggesting that treatment with 200nM rapamycin for 15 minutes is 

not enough time to induce autophagy (Figure 6.5A-C).  
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Figure 6.5. Rapamycin control experiments. For QC purposes, LRRK2 and the Golgi-
trap were transfected 24 hours prior to treating cells with rapamycin for 15 minutes and 
autophagy markers p62 and LC3-II were probed via Western blot (A) and quantified (B-
C). LRRK2 and the Golgi-trap were transfected together and separately in control, 
rapamycin, and ethanol (the rapamycin carrier solvent) -treated conditions (D). S1292 
LRRK2, pT73 RAB10, and pS106 RAB12 were probed via Western blot and quantified 
(D-G). Unpaired, two-tailed student t tests were performed in B-C; One-way ANOVA 
with Tukey’s multiple comparisons tests were performed in E-G, ****p<0.0001, 
***p<0.001, **p<0.01, *p<0.05, n = 3; SD bars shown. 
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 Moreover, to test whether rapamycin itself could activate LRRK2, a 

combination of conditions were tested in which cells were transfected with 

LRRK2 on its own or with the Golgi-trap and treated with rapamycin. Previous 

studies have shown that LRRK2 can be localized to the TGN via Rab29 OE 

where it is subsequently activated (Beilina et al., 2014; Purlyte et al., 2019), 

thus the Golgi-trap was chosen for these experiments to test LRRK2 activity. In 

cells expressing LRRK2 alone, S1292 LRRK2 autophosphorylation, pT73 Rab10, 

and pS106 Rab12 levels were not altered by rapamycin treatment compared to 

untreated cells (Figure 6.5D-G). This was also true when testing ethanol 

treatment alone, the solvent carrier of the rapamycin used. Phosphorylation in 

all three of these readouts were significantly increased when rapamycin was 

used on cells expressing both LRRK2 and Golgi-trap together (Figure 6.5D-G). 

These data demonstrate that rapamycin treatment itself does not activate 

LRRK2 kinase nor subsequent Rab substrate phosphorylation. Secondly, these 

data show that LRRK2 kinase activity is increased when at the Golgi membrane 

compared to a cytosolic localization.  

 

 To further evaluate whether the membrane is required for LRRK2 

activation, cells were transfected with LRRK2 and an EGFP-FRB plasmid 

without any membrane resident protein such that, in the presence of 
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rapamycin, the FKBP-FRB complex is formed within the cytosol. In rapamycin 

treated cells, no significant differences in phosphorylation were observed 

compared to untreated cells, suggesting that membrane recruitment enhances 

LRRK2 kinase activity rather than the FKBP-FRB heterodimer formation itself 

(Figure 6.6A-D).  

 

 

Figure 6.6. FRB control experiment. HEK293FT cells were transfected with FKBP-LRRK2 
and EGFP-FRB plasmids. Conditions with and without rapamycin treatment were 
analyzed via Western blot (A) and pS1292 LRRK2, pT73 Rab10, and pS106 Rab12 levels 
were measured (B-D). n=3 replicates; SD error bars are shown.   
 

6.2.2 LRRK2 activation at endolysosomal membranes 

 After performing the above control experiments, LRRK2 was transfected 

with each of the six membrane-targeting traps in HEK293FT cells and treated 

with or without rapamycin. Both immunocytochemistry and Western blots were 

done in parallel in order to visualize LRRK2 and trap localization as well as 

measure LRRK2 kinase activity via pS1292, pRab10, and pRab12 readouts, 
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respectively. The following endogenous proteins were also stained to confirm 

each trap localized to the correct membrane: LAMTOR4 for lysosomes, TGN46 

for Golgi, EEA1 for early endosomes, LAMP1 for late endosomes, Rab8a for 

recycling endosomes, and F-actin for the plasma membrane (Figure 6.7A, F, 

Figure 6.8A, F, Figure 6.9A, F).  
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Figure 6.7. Lyso- and Golgi- traps. Cells were transfected with lysosome (A-E) or Golgi 
(F-J) traps (cyan) along with FKBP-tagged LRRK2 (magenta). All trap construct designs 
are illustrated above each ICC panel respectively. Endogenous markers for each 
targeted membrane are shown in yellow. Scale bar= 10µm. Untreated cells were used 
as negative controls while rapamycin treatment in the absence or presence of MLi-2 
were used for recruitment and kinase inhibition of LRRK2 respectively. S1292 LRRK2, 
Rab10, and Rab12 phosphorylation are probed and measured via Western blot (B-E, G-
J). One-way ANOVAs were performed where *p-value <0.05, **p-value <0.01, ***p-
value <0.001, ****p-value <0.0001. n=3 replicates; SD error bars are shown.  
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All traps co-localized with the endogenous marker used and the addition of 

rapamycin successfully relocalized LRRK2 to each membrane investigated 

(Figure 6.7A, F, Figure 6.8A, F, Figure 6.9A, F). Surprisingly, when measuring 

phosphorylation events at S1292, Rab10, and Rab12, all three readouts were 

significantly increased at each membrane and these effects and were 

significantly diminished with the addition of MLi-2 treatment (Figure 6.7B-E, G-

J, Figure 6.8B-E, G-J, Figure 6.9B-E, G-J). These data show that, first, LRRK2 

kinase activity can be enhanced through proximity to any membrane along the 

endolysosomal system and, second, that once activated, LRRK2 is able to 

phosphorylate both Rab10 and Rab12 regardless of membrane specificity.  
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Figure 6.8. EE- and LE- traps. Cells were transfected with early endosome (A-E) or late 
endosome (F-J) traps (cyan) along with FKBP-tagged LRRK2 (magenta). All trap 
construct designs are illustrated above each ICC panel respectively. Endogenous 
markers for each targeted membrane are shown in yellow. Scale bar= 10µm. Untreated 
cells were used as negative controls while rapamycin treatment in the absence or 
presence of MLi-2 were used for recruitment and kinase inhibition of LRRK2 
respectively. S1292 LRRK2, Rab10, and Rab12 phosphorylation are probed and 
measured via Western blot (B-E, G-J). One-way ANOVAs were performed where *p-
value <0.05, **p-value <0.01, ***p-value <0.001, ****p-value <0.0001. n=3 replicates; 
SD error bars are shown. 
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Taken together, these results show that recruitment to the membrane 

enhances LRRK2 kinase activity and subsequent Rab phosphorylation within 

the endolysosomal pathway. Additionally, the reduction of these Rab 

phosphorylation levels after cells are treated with MLi-2 confirm that these 

events are LRRK2 dependent. 
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Figure 6.9. RE- and PM- traps. Cells were transfected with recycling endosome (A-E) or 
plasma membrane (F-J) traps (cyan) along with FKBP-tagged LRRK2 (magenta). All trap 
construct designs are illustrated above each ICC panel respectively. Endogenous 
markers for each targeted membrane are shown in yellow. Scale bar= 10µm. Untreated 
cells were used as negative controls while rapamycin treatment in the absence or 
presence of MLi-2 were used for recruitment and kinase inhibition of LRRK2 
respectively. S1292 LRRK2, Rab10, and Rab12 phosphorylation are probed and 
measured via Western blot (B-E, G-J). One-way ANOVAs were performed where *p-
value <0.05, **p-value <0.01, ***p-value <0.001, ****p-value <0.0001. n=3 replicates; 
SD error bars are shown. 
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6.2.3 Rab phosphorylation patterns in the context of pathogenic 

LRRK2 

 Since membrane specificity is unimportant for Rab phosphorylation by 

LRRK2, I next investigated the effect of pathogenic LRRK2 mutations R1441C, 

Y1669C, and G2019S on Rab10 and Rab12 phosphorylation when brought to a 

membrane using the FKBP-FRB system. To do this, mutant LRRK2 plasmids 

within pCRTM8/GW/TOPOTM vectors were swapped into mScarlet-FKBP-pDEST 

plasmids using Gateway technology. A K1906M LRRK2 kinase-dead mutant 

was also included as a control for kinase-dependence on the phosphorylation 

sites under investigation. Each mutant was transfected into HEK293FT cells 

along with the lyso-trap plasmid and treated with rapamycin. Western blot 

analyses showed that the G2019S LRRK2 mutation increased S1292 LRRK2 

autophosphorylation to a greater extent than R1441C and Y1669C, as 

expected (Figure 6.10A-B) (Kluss et al., 2018). For each pathogenic mutation, 

pS1292 LRRK2 significantly increased once LRRK2 was translocated to the 

lysosomal membrane with rapamycin treatment compared to untreated cells 

and MLi-2 treatment ablated this signal (Figure 6.10A-B). The K1906M LRRK2 

mutant displayed no pS1292 signal.  
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Figure 6.10. LRRK2 pathogenic mutants at the lysosomal membrane. The lyso-trap was 
co-transfected with either Wildtype, R1441C, Y1669C, G2019S, or K1906M LRRK2(-
FKBP-mScarlet) varieties and Western blots were run, probing for pS1292 LRRK2, pT73 
RAB10, and pS106 RAB12 (A-D). Two-way ANOVAs were performed in which *p-value 
<0.05, **p-value <0.01, ***p-value <0.001, ****p-value <0.0001. n=3 replicates; SD 
error bars are shown.  
 

 Rab10 and Rab12 phosphorylation patterns showed the largest increase 

in the presence of R1441C and Y1669C LRRK2 mutants at baseline, with 

minimal phosphorylation measured in K1906M LRRK2 expressing cells (Figure 

6.10A, C-D). Once at the membrane, LRRK2 significantly increased Rab10 

phosphorylation regardless of wildtype or mutant LRRK2 expression (Figure 

6.10A, C). Interestingly, no significant increase in Rab12 phosphorylation at site 

S106 was observed in rapamycin treated cells compared to untreated cells for 

any of the pathogenic mutations, with an increase observed in only wildtype 
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expressing cells (Figure 6.10A, D). LRRK2 inhibition using MLi-2 treatment 

significantly reduced pRab10 and pRab12 (Figure 6.10A, C-D).  

 

Figure 6.11. LRRK2 pathogenic mutants at the Golgi membrane. The Golgi-trap was 
co-transfected with either Wildtype, R1441C, Y1669C, G2019S, or K1906M LRRK2(-
FKBP-mScarlet) varieties and Western blots were run, probing for pS1292 LRRK2, pT73 
RAB10, and pS106 RAB12 (A-D). Two-way ANOVAs were performed in which *p-value 
<0.05, **p-value <0.01, ***p-value <0.001, ****p-value <0.0001. n=3 replicates; SD 
error bars are shown. 
 

Using the Golgi-trap, the same patterns were observed for each 

phosphorylation site as was seen in the lyso-trap (Figure 6.11A-D). 

Interestingly, when comparing baseline phosphorylation between Rabs, Rab12 

phosphorylation was significantly increased in cells expressing G2019S LRRK2 

compared to wildtype to a larger degree than Rab10 in both traps (Figure 

6.10A, C-D, Figure 6.11A, C-D). This suggests that although both Rab10 and 
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Rab12 can be phosphorylated on any membrane in the context of wildtype 

LRRK2, pathogenic mutants may influence divergent phosphorylation patterns 

between these two Rabs.  

 

6.2.4 The role of Rab29 on LRRK2 activity at the Golgi 

 Several in vitro studies have confirmed that Rab29 OE can be used to 

translocate LRRK2 from the cytosol to the TGN and thus was thought to be an 

upstream regulator of LRRK2 activity (Beilina et al., 2014; Wang et al., 2014; 

Purlyte et al., 2019). Additionally, a mitochondrial-targeting sequence fused to 

the N-terminus of Rab29 is sufficient to bring LRRK2 to the mitochondrial 

membrane (Gomez et al., 2019). However, recent studies have found that 

neither Rab29 KO nor transgenic OE animal models have any effect on LRRK2 

kinase activity in vivo (Kalogeropulou et al., 2020; Mazza et al., 2021). To 

examine the role of endogenous Rab29 on LRRK2 activity at the TGN in the 

context of the FKBP-FRB trap system, siRNA Rab29 knockdown versus non-

targeting control (NTC) RNA conditions were employed in cells expressing 

LRRK2 and Golgi-trap. Rab29 knockdown did not affect S1292 

autophosphorylation nor phosphorylation of Rab10 or Rab12 (Figure 6.12A-E). 

In the presence of rapamycin, phosphorylation levels significantly increased in 

all three readouts, demonstrating that Rab29 is not important for the 

enhancement of LRRK2 kinase activity at the Golgi membrane. 
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Figure 6.12. Interrogating LRRK2 kinase activity in Rab29 knockdown cells using Gol-
tap. Following a 24-hour incubation of siRNA Rab29 or non-targeting control, 
HEK293FT cells were transfected with 3xFlag-FKBP-LRRK2 and Golgi-trap. Cells were 
then treated with rapamycin for 15 minutes before lysing and pS1292 LRRK2, pT73 
RAB10, and pS106 RAB12 levels were evaluated via Western blot (A-D). RAB29 
knockdown efficiency was measured via total levels of endogenous protein (E). Two-
way ANOVAs were performed where **p-value <0.01, ****p-value <0.0001. n=3 
replicates; SD error bars shown. LRRK2 (red) and Golgi-trap (green) were visualized in 
NTC or Rab29 siRNA conditions (F). Scale bar= 10µm.  



                                6 LRRK2 KINASE ACTIVITY AND LOCALIZATION 

 184 

Additionally, as a previous study demonstrated that Rab29 may play a role in 

Golgi membrane integrity (Wang et al., 2014), LRRK2 and Golgi-trap were 

visualized in these cells to address whether morphological changes could be 

affecting LRRK2 activity in the absence of Rab29. At baseline, both NTC and 

Rab29 siRNA conditions showed similar Golgi morphology with diffuse 

cytosolic LRRK2 that colocalizes to the Golgi in rapamycin-treated cells (Figure 

6.12F).  

 

6.3 Discussion 

 To understand how LRRK2 can phosphorylate Rab10 and Rab12 at 

various endolysosomal membranes, the FKBP-FRB trap system was used to 

target LRRK2 to six different intracellular membranes. Surprisingly, LRRK2 

localization to any membrane was sufficient to enhance kinase activity, as 

reflected by S1292 autophosphorylation, and had the ability to phosphorylate 

both Rab10 and Rab12. This suggests that, although it is likely that certain 

Rabs function naturally at specific membranes, the machinery necessary to 

recruit Rab10 and Rab12 and subsequently be phosphorylated by LRRK2 is not 

membrane specific. One unresolved question is whether Rab10 and Rab12 are 

already present at these membranes prior to LRRK2 recruitment. If not, LRRK2 

may be important in the recruitment of these Rabs in addition to their 
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subsequent phosphorylation. Further investigation of total Rab proteins and 

their localization to these membranes will be necessary to answer this 

question. 

 

 Previous studies have demonstrated LRRK2 recruitment and enhanced 

activity to damaged lysosomes using various reagents as well as bacterial 

infection (Eguchi et al., 2018; Herbst et al., 2020; Bonet-Ponce et al., 2020). 

Here, use of the FKBP-FRB trap allowed for the evaluation of LRRK2 activation 

at the lysosome without membrane damage. Once LRRK2 was trapped to the 

lysosomal membrane, its kinase activity was significantly enhanced, suggesting 

that membrane damage may be a trigger to initiate LRRK2 recruitment to a 

membrane but not necessary for LRRK2 kinase activation. Along the same line, 

Rab29 deficient cells showed the same magnitude of LRRK2 activation as 

control siRNA knockdown cells treated with rapamycin using LRRK2, Rab10, 

and Rab12 phosphorylation readouts, demonstrating that Rab29 is also not 

required for LRRK2 kinase activation.  

 

 When LRRK2 mutants were paired with either lyso-trap or Golgi-trap, 

Rab12 phosphorylation was not further enhanced once LRRK2 was present at 

either membrane. This was not observed in cells expressing wildtype LRRK2, 

and Rab10 phosphorylation increases were observed in both wildtype and 



                                6 LRRK2 KINASE ACTIVITY AND LOCALIZATION 

 186 

LRRK2 mutants, suggesting a divergence in phosphorylation patterns between 

Rab10 and Rab12 when GTPase and kinase domain mutants are expressed. 

Many studies have shown that a larger percentage of membrane-associated 

LRRK2 is found when overexpressing LRRK2 mutants compared to wildtype 

(Nichols et al., 2010; Blanca Ramírez et al., 2017; Mamais et al., 2021). 

Therefore, it is likely that more mutant LRRK2 is present on various membranes 

already at baseline prior to rapamycin treatment. The absence of a strong 

difference in Rab12 phosphorylation between baseline and rapamycin-treated 

cells may be due to stronger presence of Rab12 already at membranes where 

LRRK2 is present at baseline compared to Rab10. In turn, these results suggest 

that there is a more complex regulatory mechanism for Rab10 membrane 

recruitment than Rab12. Of note, there are strong differences in the response 

of pRabs to LRRK2 in vivo. In G2019S KI animals fed MLi-2 via oral gavage as 

well as in-diet, LRRK2-dependent Rab phosphorylation patterns also differed 

between Rab10 and Rab12, with Rab12 showing a strong association with both 

LRRK2 hyperactivity and inhibition in brain and peripheral tissues, whereas 

Rab10 phosphorylation did not consistently correlate with LRRK2 activity, 

particularly in the brain. Many more experiments are required in order to 

elucidate a fuller understanding of Rab recruitment and phosphorylation.  
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7 INVESTIGATING RAB PHOSPHORYLATION AT LRRK2-

POSITIVE LYSOSOMES 

7.1 Introduction 

 Lysosomal degradative capacity progressively declines with aging, and 

several mutations in genes encoding for lysosomal proteins have been 

nominated as causes and risk factors for many neurodegenerative diseases 

including PD (Nalls et al., 2014; Dagan et al., 2015; Kaushik and Cuervo, 2015; 

Chang et al., 2017; Nalls et al., 2019; Peng et al., 2019; Navarro-Romero et al., 

2020). For example, rare mutations in ATP13A2, which encodes for a lysosomal 

ATPase, cause juvenile-onset PD (Ramirez et al., 2006). Risk factors for PD 

identified in GWAS that encode lysosomal proteins include GBA1, TMEM175, 

CTSB, SCARB2, SMPD1, ATP6V0A1, and GALC, all of which are either 

lysosomal enzymes or lysosomal transmembrane pumps (Nalls et al., 2014; 

Chang et al., 2017; Nalls et al., 2019). Taken together, these results indicate 

that lysosome dysfunction may increase PD susceptibility.  

 

 Interestingly, recent cellular biological studies have identified specific 

roles for LRRK2 at the lysosome. Cells harboring LRRK2 pathogenic mutations 

such as G2019S have enlarged lysosomes with reduced degradative capacity 

compared to wildtype cells, including fibroblasts taken from PD patients 
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harboring a G2019S mutation (Henry et al., 2015; Hockey et al., 2015). 

Additionally, as stated earlier, LRRK2 KO mice have shown lysosome 

abnormalities in kidney tissue, including significant age-dependent 

accumulation of lysosomal hydrolases and an increase in the autophagy marker 

LC3II (Tong et al., 2010a; Kuwahara et al., 2016; Pellegrini et al., 2018).  

 

Several studies have reported LRRK2 localization at the lysosomal 

membrane, particularly in the presence of pathogens or agents that cause 

lysosomal stress. Herbst and colleagues found that, when cells were infected 

with Mycobacterium tuberculosis, C. albicans, or L. monocytogenes, LRRK2 

was recruited to the lysosomal membrane in murine macrophages (Herbst et 

al., 2020). Additionally, LRRK2 presence at the lysosome led to the recruitment 

and phosphorylation of Rab8a and Rab10, suggesting lysosomal membrane-

associated LRRK2 enhances its kinase activity (Herbst et al., 2020). When 

LRRK2 inhibitors were applied, recruitment of pRab8a was lost as well as 

subsequent recruitment of CHMP4B, a member of the endosomal sorting 

complex required for transport (ESCRT-III) (Herbst et al., 2020). ESCRT-III 

machinery act as first responders to limited membrane damage at 

endolysosomes in order to repair the damage and prevent lysophagy and 

subsequent cell death (Radulovic et al., 2018; Skowyra et al., 2018). Although 

this study could not determine the direct mechanism leading to recruitment of 
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ESCRT machinery, these data suggest that LRRK2 kinase activity is necessary 

for membrane repair at the lysosome under specific conditions.  

 

Following this report, another study, using L-Leucyl-L-Leucine methyl 

ester (LLOMe), was able to recapitulate LRRK2 recruitment to the lysosomal 

membrane in primary murine astrocytes (Bonet-Ponce et al., 2020). LLOMe is a 

lysosomotropic agent causing lysosomal membrane permeabilization (LMP), 

activating the recruitment of ESCRT complex proteins CHMP4B and ALIX 

(Eriksson et al., 2020). With prolonged LLOMe exposure, we discovered 

increased LRRK2, Rab10, and Rab35 recruitment to the lysosomal membrane, 

while LRRK2 inhibition via MLi-2 treatment blocked Rab recruitment and 

phosphorylation (Bonet-Ponce et al., 2020). Using the proximity-based 

biotinylation-dependent ascorbate peroxidase (APEX2) screen followed by 

mass spectrometry, JIP4, a motor scaffolding protein, was identified as a novel 

effector of pRab10. Further interrogation mapped out a mechanism of 

LYsosomal Tubulation/sorting driven by LRRK2 (LYTL), in which JIP4 

recruitment initiated tubular extensions from the membrane of damaged 

lysosomes (Bonet-Ponce et al., 2020). Taken together, these studies have 

identified a mechanism of membrane repair that is LRRK2 kinase-dependent at 

damaged lysosomes following lysosomal stress (Figure 7.1A-B).  
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Figure 7.1. Schematic of LRRK2-dependent mechanisms of recruitment at damaged 
lysosomes. With acute damage to the lysosomal membrane, CHMP4 recruitment that 
is LRRK2-dependent followed by downstream ESCRT-III proteins allow membrane 
repair (A). If extensive damage occurs, LRRK2 recruitment of pRab10 followed by JIP4 
initiates tubulation of the lysosomal membrane (LYTL) (B).  

 

In prior chapters of this thesis, I found that when trapping LRRK2 to the 

lysosomal membrane, LRRK2 activity was significantly enhanced, as estimated 

by increases in S1292 autophosphorylation as well as T73 Rab10 and S106 

Rab12 phosphorylation (Figure 6.7). These results suggest that membrane 

damage is not required for kinase activation, but rather its proximity to LRRK2. 

Data from the previous chapters have also highlighted discrepancies between 

Rab10 and Rab12 LRRK2-dependent phosphorylation in vitro and in vivo. 

Therefore, I next examined the phosphorylation patterns of these Rabs at the 

lysosomal membrane under both undamaged and damaged conditions. 
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7.2 Results 

7.2.1 Evaluating the utility of chimera-LRRK2 plasmids as tools to 

interrogate membrane-associated LRRK2 kinase activity 

 To characterize Rab10 and Rab12 phosphorylation further in the context 

of membrane-bound LRRK2, additional chimera constructs were made to 

localize LRRK2 to either lysosomal or early endosomal membranes. Chimera 

constructs consisted of specific transmembrane or membrane-association 

sequences fused to the N-terminal of LRRK2 such that, upon expression, 

LRRK2 is directed to the target membrane of interest without addition of co-

expressed proteins or treatments like that of the FKBP-FRB system with trap-

proteins and rapamycin. Two membrane-specific LRRK2-chimeras were 

designed taking the first 39aa from regulator complex subunit lysosomal 

adaptor, MAPK and MTOR activator 1 (LAMTOR1) to direct LRRK2 to 

lysosomes and double zinc finger and coiled-coil (FYVE-CC2) domains from 

hepatocyte growth factor (HRS) protein to direct LRRK2 to early endosomes 

(Komada and Soriano, 1999; Raiborg et al., 2001; Mu et al., 2017). An early 

endosome chimera was made in order to compare the activation pattern of 

LRRK2 and subsequent Rab phosphorylation at two distinct membranes that 

are spatially and functionally distant within the endolysosomal pathway. These 
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chimeras will be referred to as LYSO-LRRK2 and EE-LRRK2 to denote lysosomal 

chimera and early endosome chimera, respectively. 

 

 To validate the lysosomal chimera, HEK293FT cells were transfected 

with LYSO-LRRK2 and incubated for 24 hours prior to fixation or lysis. 

Cells were then stained for LYSO-LRRK2 and endogenous LAMP1, LAMTOR4, 

and Cathepsin D (Figure 7.2A-C). Using Mander’s coefficient, co-localization of 

LRRK2 to all endogenous lysosomal markers was over 60%, with the strongest 

colocalization shown with LAMP1 at 78% overlap (Figure 7.2D). Having 

established correct localization of LRRK2, LYSO-LRRK2 was then compared to 

the FKBP-FRB targeting scheme in order to compare relative effectiveness of 

the two approaches to activate LRRK2. Cells transfected with the FKBP-LRRK2 

and Lyso-trap constructs and treated with rapamycin showed enhanced LRRK2 

activity compared to untreated control cells, as measured by a significant 

increase in the autophosphorylation of LRRK2 at site S1292 as well as 

phosphorylation of T73 Rab10 and S106 Rab12 (Figure 7.2E-H). A similar 

magnitude of LRRK2 activation was observed with the LYSO-LRRK2 construct, 

as pRab10 and pRab12 levels were significantly increased in rapamycin-treated 

FKBP-FRB expressing cells and LYSO-LRRK2 expressing cells compared to 

untreated cells where LRRK2 is localized to the cytosol (Figure 7.2E-H). Thus, 
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the LYSO-LRRK2 construct is sufficient in directing LRRK2 to lysosomes and 

increases its kinase activity similarly to the previous trap model. 

 
Figure 7.2. LYSO-LRRK2 chimera characterization. HEK293FT cells were transfected 
with LYSO-LRRK2 plasmid (magenta) and stained for endogenous LAMP1 (A), 
LAMTOR4 (B), and CTSD (C) lysosomal proteins (yellow). The schematic for the LYSO-
LRRK2 plasmid design is illustrated on the left. Scale bars= 10µm. LRRK2 colocalization 
was measured using JACOP package in ImageJ (Mander’s coefficient) (D). Western 
blots comparing FKBP-FRB lysosome trap and the LYSO-LRRK2 chimera were probed 
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and pS1292 LRRK2, pT73 Rab10, pS106 Rab12 levels were measured (E-H). One-way 
ANOVAs were performed where *p-value <0.05, **p-value <0.01, ***p-value <0.001, 
****p-value <0.0001. n=3 replicates; SD error bars shown. 
 

 To investigate the effects of endosomal localization of LRRK2, 

HEK293FT cells were transfected with the EE-LRRK2 construct and incubated 

for 24 hours for expression to take place. Cells were stained for EE-LRRK2 as 

well as endogenous markers for early endosomes, EEA1 and VPS35 (Figure 

7.3A-B). Co-localization measurements showed equal colocalization between 

LRRK2 and the endogenous markers with 58% overlap (Figure 7.3C). The 

FYVE-CC2 domains of HRS are membrane-association domains which bind to 

phosphatidylinositol(3)-phosphate (PI(3)-P) on the surface of a subset of early 

endosomes (Komada and Soriano, 1999). Therefore, lower co-localization 

between this construct and EEA1, a general early endosome marker, and 

VPS35, marking a retromer-specific population of early endosomes, was 

expected.   
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Figure 7.3. EE-LRRK2 chimera characterization. HEK293FT cells were transfected with 
EE-LRRK2 plasmid (magenta) and stained for endogenous EEA1 (A) and VPS35 (yellow) 
(B). The schematic for the EE-LRRK2 plasmid design is illustrated on the left. Scale bars= 
10µm. LRRK2 colocalization was measured using JACOP package in ImageJ (Mander’s 
coefficient) (C). Western blots comparing FKBP-FRB early endosome trap and the EE-
LRRK2 chimera were probed and pS1292 LRRK2, pT73 Rab10, pS106 Rab12 levels were 
measured (D-G). One-way ANOVAs were performed where *p-value <0.05, **p-value 
<0.01, ***p-value <0.001, ****p-value <0.0001. n=3 replicates; SD error bars shown. 
 

 Comparison of EE-LRRK2 expressing cells and FKBP-LRRK2 and EE-trap 

expressing cells treated with rapamycin showed similar increases in S1292 

LRRK2 autophosphorylation and Rab10 and Rab12 phosphorylation compared 

to untreated control cells, thus confirming that EE-LRRK2 was sufficient to 

direct LRRK2 to early endosomal membranes and enhance kinase activity 

(Figure 7.3D-G). Collectively, using two orthogonal targeting methods, these 
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results further support that directing LRRK2 to a given membrane results in 

activation and phosphorylation of multiple Rab proteins, irrespective of 

membrane identity. 

 

7.2.2 Visualization of pRab10 and pRab12 on LRRK2-positive 

lysosomes and early endosomes  

 To confirm that pRabs were present at these membranes, endogenous 

pRab10 and pRab12 were visualized in LYSO-LRRK2 expressing HEK293FT 

cells. Significant increases in both pT73 Rab10 and pS106 Rab12 that 

colocalized with endogenous LAMP2 were observed in cells expressing LYSO-

LRRK2 compared to cells transfected with LRRK2 without lysosomal targeting 

(referred to as NT-LRRK2 for “non-targeted”) (Figure 7.4A-D). Additionally, 

when treated with MLi-2, these signals were completely abolished (Figure 

7.4A-D), confirming that both Rab phosphorylation was LRRK2-dependent. 
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Figure 7.4. Visualizing pRab10 and pRab12 at LRRK2-positive lysosomes. Cells 
expressing either NT-LRRK2 or LYSO-LRRK2 (magenta), with untreated and MLi-2 
treated conditions, were stained for pRab10 and pRab12 (cyan) and LAMP2 (yellow) (A-
B). Scale bars= 10µm and ‘n’ denotes the cell’s nucleus. Integrated densities were 
measured, and groups compared for both pRab10 and pRab12 signals (C-D). One-way 
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ANOVAs were performed, where ***p-value <0.001, ****p-value <0.0001. n=12-15 
cells across 3 technical replicates; SD error bars are shown. 
 

 When cells were transfected with the EE-LRRK2 construct, both 

phosphorylation of Rab10 and Rab12 were significantly increased and 

colocalized with endogenous EEA1 compared to cells transfected with the NT-

LRRK2 construct, and the addition of MLi-2 caused a significant reduction in 

signals for both pRabs (Figure 7.5A-D). These data show that Rab10 and Rab12 

are phosphorylated by LRRK2 and can be recruited to any membrane where 

LRRK2 kinase is present, likely due to a lack of removal by GDI as previously 

suggested (Gomez et al., 2019).  

 

 

 



                         7 INVESTIGATING RAB PHOSPHORYLATION AT LYSOSOMES 

 199 

 

Figure 7.5. Visualizing pRab10 and pRab12 at LRRK2-positive early endosomes. Cells 
expressing either NT-LRRK2 or EE-LRRK2 (magenta), with untreated and MLi-2 treated 
conditions, were stained for pRab10 and pRab12 (cyan) and EEA1 (yellow) (A-B). Scale 
bars= 10µm and ‘n’ denotes the nucleus. Integrated densities were measured and 
groups compared for both pRab10 and pRab12 signals (C-D). LRRK2:pRab 
colocalization was measured using JACOP package in ImageJ (Mander’s coefficient) 
(E). One-way ANOVAs were performed, where ****p-value <0.0001. n=12-15 cells 
across 3 technical replicates; SD error bars are shown. 
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Inspection of the same images showed that not all LRRK2-positive 

lysosomes were also pRab10 positive (Figure 7.4A). Therefore, LRRK2:pRab 

colocalization was measured at LRRK2-positive lysosomes and LRRK2-positive 

early endosomes using Mander’s coefficient. Quantitatively, only a small 

portion of LRRK2-positive lysosomes colocalized with pT73 Rab10, whereas the 

majority of LRRK2-positive lysosomes showed colocalization with pS106 Rab12 

(Figure 7.5E). Additionally, nearly all LRRK2-positive early endosomes 

colocalized with both pRab10 and pRab12 (Figure 7.5E). The pRab10 signal 

was co-localized to a cluster of lysosomes situated in the perinuclear region 

and was never observed distally. Staining for total Rab10 on cells transfected 

with LYSO-LRRK2 revealed a similar pattern to pRab10, in that the total protein 

colocalized only to a subset of perinuclear LRRK2-positive lysosomes (Figure 

7.6A). In cells expressing NT-LRRK2, no total Rab10 staining was visible, 

suggesting that recruitment of Rab10 is stabilized on perinuclear lysosomes 

when LRRK2 is present at the membrane (Figure 7.6B).  
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Figure 7.6. Total Rab10 staining in LYSO-LRRK2 and NT-LRRK2 expressing cells. LYSO-
LRRK2 or NT-LRRK2 (magenta) were transfected into HEK293FT cells and total Rab10 
was visualized (cyan) (A-B). Scale bars= 10µm. Cell edges are outlined and ‘n’ denotes 
the nucleus.  
 

7.2.3 Lysosomal positioning regulates Rab10 phosphorylation on 

LRRK2-positive lysosomes 

 Since pRab10 was only present on a subset of LRRK2-positive lysosomes 

that were proximal to the nucleus, I hypothesized that lysosomal position may 

play a role in its recruitment. The small Arf-like GTPase ARL8B and kinesin-1 

adaptor protein SKIP have been previously shown to direct lysosomes to the 

cell periphery when overexpressed (Keren-Kaplan and Bonifacino, 2021; Rosa-

Ferreira and Munro, 2011). Briefly, ARL8B binds to both the lysosomal 

membrane and SKIP, which contains two light chain kinesin-binding domains, 

to promote anterograde movement along microtubules (Figure 7.7A). 

Interestingly, in cells co-transfected with ARL8B and SKIP proteins (mCherry-

ARL8B and 2xMyc-SKIP constructs), considerable morphological changes were 

observed in which cells formed long processes with a large accumulation of 



                         7 INVESTIGATING RAB PHOSPHORYLATION AT LYSOSOMES 

 202 

lysosomes situated at the tips (Figure 7.7B-C). When measuring the number of 

LRRK2-positive lysosomes at the periphery versus total lysosome count, a 

significant increase was observed in the number of LRRK2-positive lysosomes 

situated at the periphery when expressing ARL8B and SKIP together compared 

to cells expressing LYSO-LRRK2 alone (Figure 7.7C-D).  

 

Figure 7.7. Lysosomal manipulation with ARL8B and SKIP. Schematic of the mechanism 
that moves lysosomes to the periphery along microtubules (A). Airyscan image of a cell 
process overexpressing ARL8B (cyan), SKIP (grey), and LYSO-LRRK2 (magenta) (B). Scale 
bar of whole cell= 10μm; scale bar of boxed close up= 2μm. Comparison of cells 
expressing LYSO-LRRK2 (magenta) alone or with ARL8B/SKIP (C). Cell edges are 
outlined and ‘n’ denotes the nucleus. Quantification of the ratio of peripheral to total 
LRRK2-positive lysosomes such as those represented in panel C are shown in (D). 
Peripheral fluorescence refers to the presence of LRRK2 within 2 μm from the cell 
vertices. Horizontal lines indicate the mean SD from 3 independent experiments. 



                         7 INVESTIGATING RAB PHOSPHORYLATION AT LYSOSOMES 

 203 

 Interestingly, when investigating pRab10 levels in the presence of 

ARL8B and SKIP OE, both signal intensity of pRab10 and its colocalization to 

LRRK2 were significantly decreased compared to cells transfected with LYSO-

LRRK2 alone (Figure 7.8A-C). These data demonstrate that lysosomes situated 

within the perinuclear region have specific properties that allow recruitment 

and phosphorylation of Rab10 by LRRK2 that are not shared with peripheral 

lysosomes. 

 
 
Figure 7.8. Rab10 phosphorylation in spatially distinct LRRK2-positive lysosomes. 
HEK293FT cells expressing LYSO-LRRK2 (magenta) alone or with ARL8B (yellow) and 
SKIP (grey) were stained for pRab10 (cyan) and LAMP2 (yellow) (A). Scale bars= 10μm. 
Cell edges are outlined and ‘n’ denotes the nucleus. Integrated density of pRab10 was 
measured (B) as well as colocalization to LRRK2 (C). Unpaired student t tests were 
performed, where **p-value <0.01, ***p-value <0.001. SD error bars are shown; n=12-
15 cells across 3 technical replicates. 
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In order to determine whether lysosomal membrane damage could 

override this mechanism and force Rab10 to LRRK2-positive lysosomes despite 

their location, cells were treated with LLOMe for 2 hours prior to fixation. 

Interestingly, LLOMe-treated cells expressing LYSO-LRRK2 alone showed a 

significant increase in phosphorylated Rab10 that co-localized to LRRK2 and 

endogenous LAMP2 staining, while LLOMe did not affect the phosphorylation 

of Rab10 in cells transfected additionally with SKIP and ARL8B (Figure 7.9A-C).  

 

Figure 7.9. Rab10 phosphorylation in spatially distinct LRRK2-positive lysosomes 
treated with LLOMe. HEK293FT cells expressing LYSO-LRRK2 (magenta) alone or with 
ARL8B (yellow) and SKIP (grey) were treated with LLOMe for 4 hours and stained for 
pRab10 (cyan) and LAMP2 (yellow) (A). Scale bars= 10μm. Cell edges are outlined and 
‘n’ denotes the nucleus. Integrated density of pRab10 was measured (B) as well as 
colocalization to LRRK2 (C). Unpaired student t tests were performed, where ****p-value 
<0.0001. SD error bars are shown; n=12-15 cells across 3 technical replicates. 
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Western blot analysis further supported these results, showing that 

LLOMe treatment significantly increased phosphorylation of Rab10 in cells 

transfected with LYSO-LRRK2 alone which was counteracted by co-transfection 

with ARL8B and SKIP (Figure 7.10A-B). Interestingly, LLOMe did not have any 

impact on LRRK2 autophosphorylation at S1292 upon treatment regardless of 

transfection condition (Figure 7.10A, C), suggesting that LLOMe induces 

LRRK2 kinase activity in a manner that is distinct from LRRK2 mutations that all 

increase pS1292, or that LLOMe increases the proximity between LRRK2 and 

Rabs to provide more opportunity for LRRK2-dependent Rab phosphorylation 

without increasing LRRK2 kinase activity itself. Additionally, it should be noted 

that LRRK2 transfection efficiency was decreased when co-transfected with 

SKIP and ARL8B plasmids (Figure 7.10A, D). 
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Figure 7.10. Western blot analyses of pRab10 levels across expression and treatment 
conditions. Representative Western blots shown for cells expressing LYSO-LRRK2 alone 
or with ARL8B/SKIP in untreated and LLOMe-treated conditions (A). Rab10 
phosphorylation, pS1292 LRRK2, and total LRRK2 levels were measured (B-D). One-way 
ANOVAs were performed, where **p-value <0.01, ***p-value <0.001, ****p-value 
<0.0001. SD error bars are shown; n=4 technical replicates. 
 

 When staining for pRab12 in cells transiently expressing ARL8B and 

SKIP, strong colocalization between pRab12 and LRRK2-positive lysosomes 

was observed regardless of lysosomal position, and acute treatment with 

LLOMe equally increased pRab12 in cells transfected with LYSO-LRRK2 alone 

or with ARL8B and SKIP (Figure 7.11A-D). This suggests that there are differing 

mechanisms at play for LRRK2-dependent phosphorylation of Rab10 and 

Rab12 at lysosomes. Out of curiosity, pT71 Rab29 levels were also measured 

for conditions under LLOMe treatment at peripheral and perinuclear lysosomes 

via Western blot. Interestingly, Rab29 has been shown to act both upstream 
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and downstream of LRRK2 as a substrate that is phosphorylated within the 

switch II domain similarly to other LRRK2 Rab substrates (Steger et al., 2016; 

Purlyte et al., 2019). In cells co-expressing LYSO-LRRK2, ARL8B, and SKIP, 

Rab29 phosphorylation levels were similar to cells expressing only LYSO-LRRK2 

at baseline (Figure 7.11F-G). When treated with LLOMe, a significant increase 

in pRab29 was measured in cells expressing LYSO-LRRK2 only compared to 

untreated cells. However, this increase was lost in cells where lysosomes were 

directed to the periphery with ARL8B and SKIP (Figure 7.11F-G). Thus, Rab10 

and Rab29 may share the same or similar mechanism that prevents their 

phosphorylation on LRRK2-positive lysosomes that are distal to the nucleus, 

whereas Rab12 is governed by a distinct and separate mechanism.  
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Figure 7.11. Phosphorylated Rab12 is found at peripheral lysosomes in cells transiently 
transfected with ARL8B and SKIP plasmids. A super-resolution confocal microscopy 
image shows pS106 Rab12 staining (cyan) at LRRK2-positive lysosomes (magenta) when 
ARL8B (yellow) and SKIP (grey) are co-expressed (A). Scale bar= 10μm. Mander’s 
coefficient was used to measure LRRK2:pRab12 colocalization in conditions where 
ARL8B and SKIP are co-expressed with LYSO-LRRK2 as well as when only LYSO-LRRK2 
is expressed alone (B). Western blot analyses of Rab12 and Rab29 phosphorylation are 
shown (C-F). Unpaired student t test and one-way ANOVAs were performed where *p-
value <0.05, ***p-value <0.001, ****p-value <0.0001. SD error bars are shown; for panel 
B n=12-14 cells across 3 technical replicates, for panels D and F n=3 technical 
replicates. 
 

 Thus far, experiments manipulating lysosomal redirection to the cell 

periphery have relied on OE of ARL8B and SKIP. Therefore, to confirm the 
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present findings without the use of OE, siRNA knockdown of JIP4 was 

employed. One known function of JIP4 is as a motor adaptor protein that 

binds to the dynein/dynactin complex to promote transport of lysosomes 

towards the minus end of microtubules (Willett et al., 2017) (Figure 7.12A). 

Thus, knocking down JIP4 can prevent lysosomal retrograde transport to the 

perinuclear area, thereby achieving peripheral sequestration. This was then 

followed by transient transfection of LYSO-LRRK2 and pRab10 and pRab12 

levels were measured via immunocytochemistry. Successful knockdown of JIP4 

resulted in a buildup of LRRK2-positive lysosomes situated at the periphery 

and decreased Rab10 phosphorylation levels were observed compared to cells 

transfected with non-targeting siRNA control (Figure 7.12B-C). This confirms 

that JIP4 influences lysosomal positioning and, indirectly, LRRK2-dependent 

phosphorylation of Rab10. Similar to patterns seen in cells overexpressing 

ARL8B and SKIP, pRab12-positive lysosomes were visualized across the cell 

cytoplasm after JIP4 knockdown, further confirming that Rab12 

phosphorylation on LRRK2-positive lysosomes is unaffected by position of the 

lysosome (Figure 7.12B, D). Western blot analyses confirmed sufficient JIP4 

knockdown, as well as a reduction of pRab10 compared to NTC conditions 

(Figure 7.12E-F). Interestingly, JIP4 knockdown markedly reduced total Rab12 

protein levels, making the effect on its phosphorylation difficult to interpret via 

Western blot (Figure 7.12E, G). 
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Figure 7.12. Effect of JIP4 siRNA knockdown on pRab10 at LRRK2-positive lysosomes. 
Schematic illustrates JIP4-associated lysosomal trafficking via dynein/dynactin complex 
on microtubules (A). Representative images from NTC or JIP4 siRNA knockdown in cells 
expressing LYSO-LRRK2 (magenta) and stained for pRab10 or pRab12 (cyan) (B). Scale 
bars= 10μm. Cell edges are outlined and ‘n’ denotes the nucleus. Integrated densities 
were measured for pRab10 (C) and pRab12 (D). Complementary Western blot analyses 
were performed (E) and pRab10 (F) and pRab12 (G) levels were measured. Unpaired 
student t tests were performed where *p-value <0.05, **p-value <0.01, ****p-value 
<0.0001. SD error bars are shown; for panels C-D n=12-15 cells across 3 technical 
replicates; for panels F-G n=3 technical replicates.  
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 Furthermore, since translocating lysosomes to the periphery of cells 

reduces Rab10 phosphorylation, I hypothesized that pushing lysosomes into 

the perinuclear area would have the opposite effect and increase Rab10 

phosphorylation using Rab-interacting lysosomal protein (RILP) OE. To achieve 

this, I used RILP OE. RILP is a Rab7A effector that affects lysosomal positioning 

within the cell via recruitment of dynein and dynactin proteins (Cantalupo et 

al., 2001). Overexpressing RILP arrests Rab7A in its GTP-bound active form and 

sequesters the protein to late endosomal and lysosomal membranes and 

induces recruitment of the dynein-dynactin complex which promotes vesicle 

translocation along the minus end of microtubules towards the perinuclear 

region (Jordens et al., 2001). 

 

 Therefore, HEK293FT cells were co-transfected with LYSO-LRRK2 and 

RILP-GFP and stained for pT73 Rab10 and pS106 Rab12. Excitingly, RILP OE 

clustered LRRK2-positive lysosomes into the perinuclear region, resulting in the 

recruitment and phosphorylation of Rab10, as demonstrated by LRRK2:pRab10 

colocalization (Figure 7.13A, C). Measurement of signal intensity of pRab10 

were also significantly increased compared to cells that were transfected with 

LYSO-LRRK2 alone (Figure 7.13D). These results further demonstrate that 

lysosomes situated in the perinuclear area possess favorable characteristics for 

the recruitment and phosphorylation of Rab10 by LRRK2. Additionally, OE of 
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RILP also clustered pRab12-positive lysosomes, however we observed no 

difference in colocalization with LRRK2 nor levels of phosphorylated Rab12, 

suggesting again, that pRab12 is unaffected by lysosomal position (Figure 

7.13B, E-F).  

 

 

Figure 7.13. RILP OE increases pRab10 signal at LRRK2-positive perinuclear lysosomes. 
LYSO-LRRK2 (magenta) was co-transfected together with RILP (yellow) and endogenous 
pRab10 (A) and pRab12 (B) were stained (cyan). Scale bars= 10μm. Cell edges are 
outlined and ‘n’ denotes the nucleus. Both integrated densitites as well as colocalization 
of LRRK2 with pRabs were measured for pRab10 (C-D) and pRab12 (E-F) comparing 
conditions with and without RILP OE. Unpaired student t tests were performed where 
***p-value <0.001 and ****p-value <0.0001. SD error bars are shown; n=12-15 cells 
across 3 technical replicates.  
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 Taken together, both methods of ARL8B/SKIP OE and JIP4 siRNA 

knockdown were sufficient in sequestering LRRK2-positive lysosomes to the 

periphery of cells where pRab10 signal is lost, whereas clustering cells into the 

perinuclear region via RILP OE increased pRab10. These data suggest that 

there is an unidentified mechanism in which LRRK2-dependent pRab10 

accumulation on lysosomes is favored when arranged proximal to the cell’s 

nucleus, that is not required for pRab12 accumulation.  

 

7.2.4 Lysosomal positioning influences pRab10 using lysosomal 

damage to drive non-tagged LRRK2 to lysosomes 

 To make sure that the phenomenon of peripheral lysosomes being 

recalcitrant to pRab10 formation could be recapitulated in cells without the 

LYSO-LRRK2 chimera, LLOMe treatment was used in non-targeted, wildtype 

LRRK2 expressing cells (NT-LRRK2). NT-LRRK2 is primarily cytosolic, and 

treatment with LLOMe promotes colocalization to the lysosomal membrane 

(Bonet-Ponce et al., 2020; Herbst et al., 2020). Therefore, cells were 

transfected with NT-LRRK2 followed by LLOMe treatment for 2 hours. This 

resulted in LRRK2 localization to the lysosomal membrane with or without the 

addition of ARL8B and SKIP OE as assessed by colocalization with endogenous 

LAMP2 (Figure 7.14A-B).  
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Figure 7.14. LRRK2 is recruited to lysosomes following acute LLOMe treatment. NT-
LRRK2 (magenta) was transfect with or without ARL8B (yellow) and SKIP and treated 
with DMSO or LLOMe for 2 hours (A). Scale bars= 10μm. Cell edges are outlined and 
‘n’ denotes the nucleus. LRRK2-positive lysosomes were counted as LAMP2-positive 
structures (cyan) (B). One-way ANOVAs were performed where ****p-value <0.0001. 
SD error bars are shown; n=40 cells across 3 technical replicates.  
 

Interestingly, when cells were treated with LLOMe, colocalization of 

LRRK2 and pRab10 was found only in a subset of lysosomes within the 

perinuclear region and this was blocked when lysosomes were pushed to the 

periphery upon ARL8B and SKIP OE (Figure 7.15A-B). Additionally, pRab12 

was recruited to LRRK2-positive lysosomes after LLOMe treatment with and 

without co-transfection of ARL8B and SKIP proteins (Figure 7.15C-D). This 

suggests that regardless of lysosomal position, LLOMe treatment is sufficient 

to bring cytosolic LRRK2 to the lysosomal membrane to recruit pRab12.  
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Figure 7.15. Rabs phosphorylation and JIP4 recruitment to LRRK2-positive lysosomes 
via LLOMe. Representative images of NT-LRRK2 (magenta) expressing HEK293FT cells 
with or without ARL8B (yellow) and SKIP (unstained) co-transfection (A, C, E). Cell 
outlines are drawn and ‘n’ denotes the nucleus. Scale bars= 10μm. Cells were treated 
with DMSO or LLOMe and stained for endogenous pRab10, pRab12, or JIP4 (cyan), of 
which lysosomal colocalization was counted (B, D, F). One-way ANOVAs were 
performed where ****p-value <0.0001. SD error bars are shown; n=40 cells across 3 
technical replicates.  
 

Furthermore, JIP4 recruitment to LLOMe-treated lysosomes was also 

prevented by ARL8B and SKIP OE (Figure 7.15E-F), suggesting that JIP4 

recruitment is limited to only pRab10-positive lysosomes, confirming that JIP4 

is an effector of Rab10 but not Rab12. This observation also suggests that LYTL 
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cannot be activated at peripheral lysosomes (Bonet-Ponce et al., 2020). The 

use of NT-LRRK2 further confirms that pRab10-positive lysosome preference is 

not an artifact induced by the LYSO-LRRK2 chimera.  

 

7.2.5 Lysosomal positioning influences pRab10 at endogenous 

LRRK2 levels in primary astrocytes 

To evaluate whether the same effects can be seen with LRRK2 at 

endogenous levels, mouse primary astrocytes, of which contain high levels of 

LRRK2 expression (Bonet-Ponce et al 2020, Beilina et al 2020), were cultured 

and investigated. Acute LLOMe treatment for 4 hours significantly increased 

phosphorylated Rab10 at lysosomes compared to those treated with DMSO as 

counted by the number of pRab10-positive lysosomes per cell (Figure 7.16A-

B), whereas ARL8B and SKIP OE resulted in a significant reduction in the 

number of pRab10-positive lysosomes, and minimal recruitment to peripheral 

lysosomes was observed (Figure 7.16A-B). The pRab12 antibody could not be 

validated in mouse cells, thus, pRab12 could not be interrogated using these 

cells. 
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Figure 7.16. Rab10 phosphorylation in primary murine astrocytes treated with LLOMe. 
Cells were treated with DMSO or LLOMe and stained for LAMP1 (magenta) and pRab10 
(cyan) (A) and number of pRab10-positive lysosomes were counted (B). Cell outlines are 
drawn and DAPI staining is shown in grey. ‘periph’ = periphery and ‘perinuc’ = 
perinuclear spatial locations. Scale bars= 10μm. One-way ANOVA was performed, 
where **p-value <0.01, ***p-value <0.001, ****p-value <0.0001. SD error bars are 
shown; n=40 cells across 3 technical replicates. 
 

Taken together, these results indicate that LRRK2-dependent Rab10 

recruitment to the lysosomal membrane is position-specific and is 

recapitulated across multiple models including at endogenous levels of LRRK2. 
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7.2.6 Investigation of the role of PPM1H on LRRK2-dependent 

Rab10 phosphorylation 

 A recent siRNA screen identified the phosphatase PPM1H 

dephosphorylates T72 Rab8A and T73 Rab10, thus mitigating LRRK2 signaling 

(Berndsen et al., 2019). Of interest, exogenously expressed PPM1H is reported 

to be located at the Golgi (Berndsen et al., 2019), thus potentially having 

spatially restricted effects on cellular phosphorylation. Since only a subset of 

perinuclear LRRK2-positive lysosomes contained pRab10, I hypothesized that 

PPM1H might counteract LRRK2-dependent Rab10 phosphorylation on 

lysosomes in the perinuclear area. Knockdown of PPM1H using siRNA resulted 

in a significant increase in pRab10 signal on LYSO-LRRK2 lysosomes within the 

perinuclear region (Figure 7.17A-B). This was verified by Western blot, in which 

levels of pRab10 significantly increased in cells transfected with PPM1H siRNA 

compared to NTC control cells (Figure 7.17C-D). In constrast, Rab12 

phosphorylation levels remained unchanged, confirming that PPM1H is not a 

Rab12 phosphatase (Figure 7.17C, E). 
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Figure 7.17. PPM1H siRNA knockdown in HEK293FT cells. Cells were subjected to NTC 
or PPM1H siRNA knockdown followed by transfection of LYSO-LRRK2 (magenta) (A). 
Cells were stained for pRab10 (cyan) (A) and integrated density was measured (B). Cell 
outlines are drawn, and ‘n’ denotes the nucleus. Scale bars= 10μm. Western blot 
analyses were done and pRab10 and pRab12 levels were measured (C-E). Unpaired 
student t tests were performed *p-value <0.05, **p-value <0.01. SD error bars are 
shown; in panel B n=15 cells across 3 technical replicates, in panels D-E n=3 technical 
replicates.  
 

Strikingly, upon PPM1H knockdown, significant increases in the 

frequency of pRab10-positive lysosomal tubules were visualized (Figure 7.18A, 

C). Since LYTL is shown to be JIP4-dependent, endogenous levels of JIP4 were 

also stained in these cells, of which an increase of JIP4-positive tubules was 

noted (Figure 7.18B, D). This finding demonstrates that PPM1H limits pRab10 

phosphorylation at the perinuclear lysosomes and thereby counteracts LYTL.  
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Figure 7.18. Tubulation rates in PPM1H siRNA knockdown cells. Representative images 
of PPM1H siRNA knockdown cells expressing LYSO-LRRK2 (magenta) and endogenous 
pRab10 (A) or JIP4 (B) (cyan). Number of pT73 Rab10- (C) and JIP4- (D) positive tubules 
were counted in NTC and PPM1H siRNA cells. Unpaired student t tests were performed 
where **p-value <0.01. SD error bars are shown; n=35 cells across 3 technical replicates. 
 

7.3 Discussion 

 To understand the dynamics underlying LRRK2 membrane recruitment, 

activation, and Rab phosphorylation patterns, LRRK2, pRab10, and pRab12 

were further investigated at two spatially and functionally distinct membrane 

organelles, lysosomes and early endosomes. Using newly cloned LRRK2-

chimera plasmids, phosphorylated Rab localization patterns were visualized 

after LRRK2 was translocated to the lysosomal and early endosomal 

membranes. A striking difference in colocalization pattern between Rabs was 

observed, with pT73 Rab10 showing strict perinuclear localization in a subset 
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of lysosomes whereas pS106 Rab12 was found in LRRK2-positive lysosomes 

throughout the cell, whereas both pRabs were shown to colocalize with LRRK2 

at nearly all LRRK2-positive early endosomes. Thus, the current work identifies 

a spatially dependent, lysosomal-specific mechanism through which LRRK2 

recruits and phosphorylates Rab10. When LRRK2-positive lysosomes are 

pushed to the periphery via ARL8B and SKIP OE, Rab10 can no longer be 

recruited, in contrast to Rab12. In contrast, pRab10 colocalization to LRRK2 

was significantly increased when lysosomes were clustered into the perinuclear 

region using LLOMe treatment or RILP OE. This phenomenon was also seen 

with knockdown of endogenous JIP4, revealing a novel role of JIP4 in LRRK2-

dependent phosphorylation of Rab10 at lysosomes positioned near the 

nucleus in addition to its downstream role as a Rab10 effector for the initiation 

of lysosomal tubulation. Thus, there may be a possible feedforward signaling 

pathway where lysosomal positioning can be promoted by JIP4 to the 

perinuclear region that would then localize JIP4 for initiation of LYTL after 

phosphorylation of Rab10. 

 

What has not been addressed here are the key conditions that 

determine spatial specificity of phosphorylated Rabs at lysosomes. Lysosomes 

are highly dynamic and transient organelles responsible for wide ranging 

cellular functions such as autophagy, nutrient response, cell growth and 
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migration (Cabukusta and Neefjes, 2018), and clustering lysosomes into the 

organelle-dense perinuclear cloud has been observed under various conditions 

of cellular stress and compromisation (de Martín Garrido and Aylett, 2020; 

Korolchuk et al., 2011). Cells are thought to relocalize lysosomes to the 

perinuclear area to provide optimal conditions for handling membrane 

damage, including transfer of undegraded materials to newly synthesized 

lysosomes, as well as to promote catalytic activity and induce lysophagy of 

damaged lysosomes. LYTL, exacerbated by LLOMe treatment, requires the 

recruitment and phosphorylation of Rab10 and its subsequent recruitment of 

JIP4 to induce tubulation (Bonet-Ponce et al., 2020). This may be beneficial to 

sort undegraded cargo to other active lysosomes for proper disposal. The 

current data collectively suggest that at least two conditions are required for 

pRab10/JIP4 presence on lysosomes: (1) LRRK2 must be active and recruited 

to lysosomes, and (2) LRRK2-positive lysosomes must be located near the 

nucleus. This suggests a complex regulation of signaling downstream of LRRK2 

that involves multiple conditions and varies depending on which Rab is 

phosphorylated by LRRK2. 

 

Recent work by Berndsen et al. identified T73 Rab10 as a substrate for 

PPM1H phosphatase, thus counteracting LRRK2-signaling (Berndsen et al., 

2019). Here, knockdown of PPM1H significantly increased pRab10 signal as 
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well as pRab10- and JIP4-positive tubules on perinuclear lysosomes, while 

LRRK2-positive peripheral lysosomes were unaffected. PPM1H has been 

suggested to be resident to the Golgi, thus PPM1H can influence Rab10 

phosphorylation events on nearby lysosomes. By extension, this suggests that 

as of yet unidentified phosphatases may influence Rab10 phosphorylation at 

peripheral lysosomes and that these phosphatases are likely to be highly 

active. Of note, Berndsen et al. reported that pS106 Rab12 was not influenced 

by PPM1H. If different phosphatases act on selected pRabs, the dissociation 

between the effects of lysosomal positioning between Rab10 and Rab12 may 

arise from the differential actions of these, again unidentified, phosphatases.  

 

Overall, these results suggest that the presence of LRRK2 at a 

membrane is sufficient to trigger its activation, Rab phosphorylation and 

retention at membranes, and that Rab10-specific recruitment to lysosomes is, 

in part, controlled by lysosomal positioning. Further studies will be needed to 

identify the key proteins involved in determining optimal conditions for LRRK2-

dependent Rab10 recruitment at the lysosomal membrane, including the 

description of novel phosphatases that can act on Rab12 as well as Rab10 at 

peripheral lysosomes. 
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8 GENERAL DISCUSSION 

The ongoing clinical trials for LRRK2 kinase inhibitors and ASOs will, 

over the coming years, clarify whether targeting LRRK2 will be therapeutically 

advantageous in PD, opening up the possibility for treatment to be patient 

stratified based on mutations carried, risk status, and/or drug tolerance 

(Bandres-Ciga et al., 2020). In addition to those with specific LRRK2 mutations, 

studies have shown that enhanced LRRK2 kinase activity can also be found in 

patients with idiopathic PD and therefore suggest that LRRK2-modifying 

treatments may be useful to a broader scope of PD patients rather than 

mutation carriers only (Di Maio et al., 2018). We are now within the liminal 

space determining whether targeting LRRK2 has efficacy to either revert, halt, 

or slow disease progression. In conjunction, LRRK2 is a large, multidomain 

protein with the potential to affect multiple cellular pathways. Thus, identifying 

which pathway(s) lead to PD pathogenesis when this kinase is hyperactive will 

be critical for the efficacy of LRRK2-targeted therapies.  

 

In this thesis, I attempted to address both LRRK2 therapeutic efficacy 

using a preclinical animal model, and downstream effects of LRRK2 kinase 

activity via Rab phosphorylation at membranes in vitro. Here, I will highlight 

key findings from this work as well as its limitations. Additionally, I will present 
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some open questions that remain from my findings and propose additional 

experiments that will be useful in future investigations of LRRK2 function. 

Finally, I will propose a potential mechanism of LRRK2-dependent cellular 

dysfunction that could lead to PD pathogenesis. 

 

8.1 Key findings and limitations 

8.1.1 Rab10 phosphorylation does not correspond to LRRK2 kinase 

activity in vivo in G2019S KI mice  

 When assessing readouts for LRRK2 kinase activity and inhibition in vivo 

via acute and chronic paradigms of MLi-2 treatment, S1292 LRRK2 

autophosphorylation and S106 Rab12 phosphorylation were robust and 

consistent readouts of both kinase hyperactivity and inhibition in G2019S KI 

mice across brain and peripheral homogenates (Figures 3.3, 3.5, 4.4, 4.6). 

Interestingly, T73 Rab10 phosphorylation did not correlate with either 

hyperactivity of G2019S KI mouse nor kinase inhibition with MLi-2 treatment 

(Figures 3.3, 3.5, 4.4, 4.6). This was particularly pronounced in the brain 

compared to kidney and lung in acute dosing paradigms (Figures 3.3, 3.5). This 

may be due to high expression, and thus inferring more activity, of PPM1H, a 

Rab10 phosphatase, and low expression of LRRK2 in brain compared to other 

peripheral tissues such as the lung (Figure 3.10). However, chronic in-diet 
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treatment for 10 weeks showed no correlation between LRRK2 kinase inhibition 

and Rab10 phosphorylation in any of the tissues examined (Figures 4.4, 4.6). 

These data suggest that there are complex regulatory mechanisms of LRRK2-

dependent Rab10 phosphorylation that are distinct from Rab12 

phosphorylation in vivo. Thus, pRab10 is not a reliable readout of neither 

kinase activity nor inhibition in G2019S KI mice.  

 

The limitations here are particular to the preclinical model; mice do not 

get PD. Thus, whether these findings can be translated to human G2019S 

patients is uncertain, however, data from previous work using PD patient 

urinary exosomes and PBMCs have shown no effect on Rab10 phosphorylation 

in G2019S carriers (Wang et al., 2021; Wang et al., 2022).  Conversely, T73 

Rab10 phosphorylation is being used as a biomarker in clinical trials for 

BIIB122/DNL151, in which a press release informed of an “up to 50% 

reduction” of pRab10 in PBMCs, suggesting that perhaps this phosphorylation 

site can be utilized as a readout of kinase inhibition, although carrier status of 

the patients participating has yet to be disclosed (Denali Therapeutics Inc., 

2021).  
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8.1.2 LRRK2-dependent Rab10 phosphorylation may be cell type-

specific in brain 

 To further investigate brain-specific LRRK2-dependent Rab10 

phosphorylation in G2019S KI mice, both region specificity and cell type 

specificity were tested. No differences in pRab10 signal were observed in the 

olfactory bulb, hippocampus, motor cortex, striatum, nor ventral midbrain 

tissues of animals treated with an acute dose of MLi-2 compared to untreated 

G2019S KI mice (Figure 3.8), suggesting that, regardless of Rab10 and LRRK2 

pools in specific regions, LRRK2-dependent Rab10 phosphorylation is highly 

regulated in the brain, or alternatively, that Rab10 phosphorylation is not 

specifically LRRK2 dependent. When comparing primary astrocytes, microglia, 

and neuron cultures in vitro, pRab10 was significantly decreased with MLi-2 

treatment in glial cultures whereas only a slight non-significant reduction was 

observed for neuronal cultures (Figure 3.9). This suggests that perhaps LRRK2 

kinase is more influential on Rab10 phosphorylation in glia compared to 

neurons. A limitation here is that in vitro mechanisms may not translate in vivo, 

making it difficult to interpret these findings as truly physiological within the 

complexity of an in vivo system. However, as pRab10 levels are not enhanced 

in either PBMCs or urinary exosomes of PD patients harboring the G2019S 

mutation (Wang et al., 2021; Wang et al., 2022), the data reported in this thesis 
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gives some support to the idea that pRab10 is not a strong readout of LRRK2 

kinase activity in a G2019S LRRK2 background across species. It would be of 

interest to assess pRab10 levels in human post-mortem brain tissue from 

G2019S carriers as well as peripheral tissues where LRRK2 expression is high to 

make a comparison between mouse models and humans. Regardless of the 

outcome of such experiments, pRab10 does not seem a useful biomarker in 

human of LRRK2 hyperactivity in a variety of matrices, including biofluids that 

would be the most straightforward to obtain from human subjects in clinical 

trials of LRRK2 kinase inhibitors.  

 

8.1.3 Proteomics analyses reflect both therapeutic effects and 

dysfunction after chronic MLi-2 treatment in G2019S KI mice 

 Proteomics analyses of G2019S KI animals treated with MLi-2 for 10 

weeks showed differences in multiple pathways and organelles across tissues. 

An enrichment for mitochondrial proteins were increased in the brains of 

G2019S mice compared to wildtype, which was reduced when G2019S mice 

were given MLi-2 treatment for 10 weeks (Figure 5.2). This suggests that subtle 

differences in G2019S KI animals may be ameliorated back to levels seen in 

wildtype animals. Of the proteins identified, increases in many proteins in the 

oxidative phosphorylation pathway as well as mitophagy signaling proteins like 
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cytochrome C (Cycs), ubiquinol-cytochrome c reductase core protein 1 and 2 

(Uqcrc1/2), and voltage-dependent anion-selective channel protein 2 (VDAC2) 

were found in G2019S KI brains (Figure 5.2). This result complements a 

number of studies that have characterized mitochondrial dysfunction in 

G2019S LRRK2 cell models, including accumulation of ROS, increased 

mitochondrial DNA damage, and increased mitochondrial fragmentation and 

mitophagy (Wang et al., 2012; Niu et al., 2012; Angeles et al., 2014; Sanders 

et al., 2014; Pereira et al., 2014; Howlett et al., 2017). Interestingly, MLi-2 fed 

G2019S KI mice showed that alterations in these proteins were reversed back 

to levels resembling wildtype levels, suggesting LRRK2 kinase inhibitor can 

reduce mitochondrial dysfunction in hyperactivate kinase mutants in vivo. 

However, changes observed in the brains of G2019S KI mice given untreated 

chow were so mild that none were able to be validated via Western blot. 

Therefore, it is difficult to determine whether these subtle changes are strong 

enough to give rise to phenotypic differences in the brain. It is known that a 

decline in respiratory function is found in aged mammals (Trifunovic and 

Larsson, 2008). Thus, it would be interesting to determine how these proteins 

change in older G2019S mice, if at all. A follow up hypothesis would be that 

these mitochondrial pathways acquire more stress/damage with age, creating 

more pronounced mitochondrial defects in older mice. Additionally, since the 

brain is so complex with highly specific functionalized regions and cell types, 
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using whole brain homogenates for the proteomics analyses more than likely 

masked alterations affected by both the G2019S KI genotype as well as LRRK2 

inhibition, as implied by some of the presented data in cultured primary cells. 

The inclusion of scRNA-seq would have been a valuable addition to the 

experimental design in order to obtain cellular resolution in brain. A caveat to 

applying scRNA-seq here is that there is little direct evidence to date that 

LRRK2 has measurable effects on transcriptional programs, thus alterations 

observed may be indirect. However, pathway analyses could still be identified 

in separate cell types and later validations could be followed up at the protein 

level. 

 

Total proteins within endolysosomal trafficking pathways and lysosomal 

hydrolases were significantly altered in G2019S KI kidneys treated with MLi-2 

for 10 weeks and these changes overlapped with those seen in LRRK2 KO 

kidneys (Figure 5.4). Increases in lysosomal enzymes Legumain, beta-

galactosidase (Glb1), and glucosamine (N-acetyl)-6-sulfatase (Gns) have been 

identified in the kidneys of LRRK2 KO mice (Pellegrini et al., 2018), suggesting 

that LRRK2 kinase inhibition recapitulates some phenotypes found in LRRK2 

KO mice. Interestingly, these proteins were not significantly altered between 

G2019S KI and wildtype mice fed untreated chow, thus they appear to be 

sensitive only to kinase inhibition. This study was limited by the amount of MLi-
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2 compound available and some appropriate controls were left out. It would 

have been useful to have MLi-2 treated groups in wildtype and LRRK2 KO mice 

as well to distinguish effects from the hyperactive mutation and drug treatment 

itself.  

 

 Furthermore, the age of mice chosen for the in-diet dosing 

experiments started at 3 months old and extended to 5.5-6 months old. This 

age range covers the start of adulthood in mice. It may have been more 

informative to start MLi-2 treatment in an aged cohort such as 9 months old, 

with endpoint then being 11.5-12 months old. As aging is a risk factor for PD, 

studying G2019S hyperactivity and inhibition in an older cohort may have 

revealed stronger phenotypes across all tissues examined.  

 

8.1.4 Membrane proximity and not membrane identity is required 

for LRRK2 kinase activation and Rab phosphorylation 

 Since the largest effects of kinase inhibition were identified within the 

endolysosomal organelles in the kidneys of G2019S KI mice, FRB-tagged 

resident proteins targeting membranes within the endolysosomal pathway 

were generated along with FKBP-LRRK2 in order to interrogate how LRRK2 

kinase activity affects phosphorylation of Rab10 and Rab12 at endolysosomal 
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membranes. Direction of LRRK2 to membranes resulted in activation of LRRK2 

kinase as well as accumulation of both Rab10 and Rab12 at every membrane 

as determined by S1292 autophosphorylation and Rab phosphorylation, 

respectively. These results suggest that LRRK2 redirection to any membrane is 

sufficient to enhance its kinase activity and phosphorylation of Rabs regardless 

of membrane identity. A limitation of these experiments is that quantitative 

comparisons of these phosphorylation readouts between each trap are difficult 

to make. Since so many different traps were used, transfection efficiencies 

between them will vary by chance and by size of each construct. Additionally, 

some of the traps produced more artifacts than others which may also affect 

comparison of phosphorylation between conditions. Therefore, no conclusion 

could be made on whether some membranes enhanced LRRK2 activity more 

than others.  

 

8.1.5 Differential patterns of phosphorylation are seen between 

Rab10 and Rab12 in the context of mutant LRRK2 

 Within the context of R1441C, Y1699C, and G2019S LRRK2 mutants, 

Rab10 phosphorylation was further enhanced once LRRK2 was directed to 

either lysosomal or Golgi membranes compared to the cytosol using the FKBP-

FRB trap system. Surprisingly, Rab12 phosphorylation was not enhanced with 
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LRRK2 translocation suggesting separate mechanisms for LRRK2-dependent 

phosphorylation of Rab10 and Rab12 or differences in Rab stabilization at the 

membrane. Immunocytochemistry experiments could have been performed 

alongside the Western blots to confirm membrane localization of these pRabs 

for each mutant condition. 

 

8.1.6 Rab10 is present at a subset of LRRK2-positive lysosomes that 

is position dependent, whereas Rab12 is present at most LRRK2-

positive lysosomes 

 Further interrogation of LRRK2 at the lysosome using the lysosomal 

targeting sequence of LAMTOR1 resulted in differing pRab localization 

patterns, where pRab10 was present in only a subset of lysosomes located 

within the perinuclear cloud, whereas pRab12 was found in most LRRK2-

positive lysosomes. This suggests that Rab10 may have a specialized function 

at certain lysosomes that are clustered around other lysosomes and organelles 

and that there are optimal conditions present at these lysosomes that allow 

Rab10 accumulation compared to lysosomes at the periphery. In experiments 

overexpressing ARL8B and SKIP or following JIP4 knockdown, most lysosomes 

were sequestered to the periphery of the cell in long processes. Under these 

conditions, pRab12 was shown to still accumulate on LRRK2-positive 
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lysosomes, whereas pRab10 did not. This suggests that lysosomal positioning 

is important for LRRK2-dependent Rab10 accumulation and phosphorylation.  

 

 This phenomenon appeared to be preferential to lysosomes, as pRab10 

was found at most LRRK2-positive early endosomes when using the EE-LRRK2 

chimera. However, whether this is a lysosomal specific event cannot be 

inferred without investigation with other chimera constructs. In particular, I 

attempted to make Golgi chimeras but was unsuccessful, as four of these 

constructs were not functional, such that the plasmid was degraded within the 

cell after translation or was never translated to begin with. In addition, using a 

different cell type, such as U2OS cells, could have yielded greater insights from 

these imaging experiments in place of HEK293FT cells, as they are much larger 

and flatter with larger lysosomes. This would give more clarity, especially within 

the perinuclear area where multiple organelles are overlayed. 

 

8.1.7 PPM1H activity regulates LYTL 

 PPM1H has recently been identified as a phosphatase that counteracts 

LRRK2-dependent phosphorylation of Rab10 (Berndsen et al., 2019). In my 

thesis work, I found that PPM1H knockdown resulted in a significant increase in 

pRab10- and JIP4-positive lysosomes in cells expressing the LYSO-LRRK2 

chimera. This suggests that PPM1H can regulate LYTL via counteracting 



                                                                         8 GENERAL DISCUSSION 

 235 

LRRK2-mediated Rab10 phosphorylation. However, this can only be inferred, 

as the enzymatic activity of PPM1H has not been measured in HEK293FT cells. 

An additional experiment in which a PPM1H inhibitor is used prior to staining 

the cells for pRab10 and JIP4 would be useful in confirming the effects of 

PPM1H activity in LRRK2-mediated Rab10 phosphorylation.  

 

8.2 Open questions and future work 

The data presented in this thesis raise several important questions, 

namely, in both LRRK2-targeting therapeutics as well as LRRK2 biology in the 

context of PD pathogenesis. I will attempt to address these questions here and 

propose future experiments that could be useful in the pursuit of answering 

these questions.   

 

How does Rab10 and Rab12 phosphorylation respond to LRRK2 inhibition in 

the context of a GTPase LRRK2 mutation, such as R1441C KI mice?  

One recent study showed that Rab10 phosphorylation was robustly 

increased in the kidneys and lungs of R1441C KI mice compared to wildtype 

and G2019S KI mice tissues (Iannotta et al., 2020). This suggests that 

preferential Rab phosphorylation profiles may exist following different LRRK2 

mutations. It would then be interesting to test whether LRRK2 inhibition has a 
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strong effect on Rab10 phosphorylation in R1441C KI animals in both acute 

and chronic paradigms. If this is true, we could clinically consider different Rabs 

as readouts of LRRK2 kinase activity and inhibition in patients carrying different 

LRRK2 mutations.  

 

How is LRRK2 physiologically signaled to the lysosomal membrane? 

Based on previous work that introduced lysosomal stressors to the cell, 

LRRK2 has been shown to be recruited to damaged lysosomal membranes 

(Eguchi et al., 2018; Herbst et al., 2020; Bonet-Ponce et al., 2020). The exact 

mechanism for how LRRK2 is recruited to lysosomes and, more generally, to 

any membrane is still unknown. One hypothesis is that perhaps a change in 

membrane curvature signals LRRK2 recruitment. Under lysosomal stress many 

studies have shown morphological changes such as swelling of the lysosome 

(Hasan et al., 2008). Some elegant studies using vertical nanostructures such as 

nanopillars of varying diameters to manipulate membrane curvature have 

shown that clathrin and dynamin-2 accumulated around the nanostructure-

induced membrane deformation and increased clathrin-mediated endocytosis 

(Dalby et al., 2004; Lou et al., 2018). Additionally, other curvature sensing 

proteins have been found to play roles in autophagy (Nguyen et al., 2017). 

Although LRRK2 does not contain a canonical curvature-sensing domain, it 

may interact with a protein that does contain a curvature-sensing domain that 
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is already present at the membrane or work in a non-canonical way that is yet 

to be determined. Thus, experiments using lysosomal stressors followed by 

Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) could be 

examined for lysosomal membrane bulging which can be correlated with 

LRRK2 presence. 

 

What prevents Rab10 accumulation and phosphorylation at peripheral 

lysosomes? 

As OE work has characterized PPM1H as a Golgi resident protein 

(Berndsen et al., 2019), regulation of LRRK2-mediated Rab10 phosphorylation 

by this protein is restricted to the perinuclear region. Thus, it will be important 

to uncover the mechanism that counteracts Rab10 phosphorylation specifically 

at peripheral lysosomes. One possibility is that additional, more active 

phosphatases located in the periphery are allowing the quick removal of Rab10 

from these lysosomes and preventing its accumulation. Thus, additional 

screens might be helpful in order to identify these phosphatases. Secondly, it 

is possible that perinuclear lysosomes are labeled with a GDF that Rab10-

bound GDI recognizes that peripheral lysosomes lack. To identify perinuclear-

specific lysosomal surface proteins, a proteomic screen could be done in which 

APEX2-Rab10 construct could be co-expressed with the LYSO-LRRK2 chimera 

and proteins within 10nm from APEX2-Rab10 would be labeled upon 
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treatment with biotin. Hits could then be validated and peripheral versus 

perinuclear distribution could be assessed through immunocytochemistry.  

 

How do mutant lyso-chimeras affect Rab spatial recruitment and 

phosphorylation? 

 Utilizing lyso-trap constructs, phosphorylation of Rab10 and Rab12 

levels were increased in LRRK2 mutants compared to wildtype in Western blot. 

It would be useful to visualize these pRabs at the lysosomal membrane to 

determine how LRRK2 mutants effect pRab localization. To do this, mutant 

LYSO-LRRK2 constructs can be made through mutagenesis of the wildtype 

construct. This set of experiments would be useful in evaluating differences in 

pRab accumulation on lysosomes when in the presence of a hyperactive LRRK2 

kinase, and may give additional insight into LRRK2 function at lysosomes.   

 

Are LYTL tubules Rab12-positive? 

The work presented in Chapter 7 suggests that LRRK2 presence on 

some lysosomes is enough to recruit Rab10 and subsequent JIP4 to initiate 

tubulation. Our previous study characterizing this pathway also determined 

that these tubules are pRab10 and JIP4-positive, but LRRK2-negative (Bonet-

Ponce et al., 2020). Bonet-Ponce et al. demonstrated with a T73A phospho-

null Rab10 construct that JIP4 presence and tubulation are dramatically 
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reduced in the presence of LLOMe treatment. The phospho-null version of 

Rab35 gave the same results, suggesting that other Rabs can interact with JIP4 

to initiate tubulation (Bonet-Ponce et al., 2020). It will be interesting to 

determine which Rab substrates can interact with JIP4 by creating other 

phospho-null constructs and testing JIP4 recruitment at the lysosome. 

Additionally, Rab presence on these tubules differed, as endogenous Rab35 

staining was restricted to the lysosomal membrane but was not found on the 

tubules (Bonet-Ponce et al., 2020). This suggests a specific function of Rab10 

on tubules that succeeds JIP4 recruitment. Currently, no other Rab substrates 

have been tested for tubule presence. Thus, it would be interesting to stain for 

other Rabs such as Rab8a and Rab12 in LYSO-LRRK2 expressing cells to 

determine whether these proteins are also on tubules or if they are restricted 

to the mother lysosomal membrane like that of Rab35. Separating these pools 

of Rabs would be important to delineate additional roles in the tubulation 

process after formation.  

 

What phosphatases recognize Rab12 as a substrate? 

Visualization of pS106 Rab12 showed colocalization with most LRRK2-

positive lysosomes in LYSO-LRRK2 expressing cells. Previous work has already 

shown that Rab12 is not a substrate for PPM1H (Berndsen et al., 2019), thus, it 

would be important to determine which phosphatase de-phosphorylates 
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Rab12 via siRNA screen of known phosphatases. Based on the data presented 

in this thesis, I would hypothesize that a Rab12-recognizing phosphatase is not 

very active in vivo and in vitro, thus giving LRRK2 kinase more control over the 

phosphorylation status of Rab12 compared to Rab10.  

 

Is JIP4 able to induce tubulation at other membranes besides lysosomes?  

 Using the FKBP-FRB traps, we have recently shown that JIP4 can also be 

recruited to membranes other than lysosomes, including early and recycling 

endosomes (Kluss et al., 2022a). Thus, it would be interesting to determine if 

JIP4 can initiate tubulation at these membranes as well. These traps can be 

used prior to PPM1H siRNA knockdown to increase the amount of tubulation 

as seen in Chapter 7. This would determine whether LRRK2-driven tubulation 

can be generalized to other membranes, or if LYTL is indeed specific to 

lysosomes only.  

 

Are pRab patterns cell type specific in the human brain? 

 As shown in Figure 3.9 of this thesis, LRRK2 inhibitor treatment affected 

Rab10 phosphorylation most in G2019S KI glial primary murine cells compared 

to neurons. This suggests that LRRK2 influence on Rab10 phosphorylation may 

vary across cell types in the mouse brain. It will be interesting to repeat this 

experiment to include R1441C and wildtype primary cells to distinguish 



                                                                         8 GENERAL DISCUSSION 

 241 

differences in LRRK2-mediated Rab phosphorylation within each genotype, as 

well as to probe for pT71 Rab29 and pS106 Rab12. Furthermore, our lab has 

recently created a series of isogenic IPSC lines with the most common 

mutations and risk variants of LRRK2 (Beylina et al., 2021). Thus, it would be 

useful to confirm whether LRRK2-dependent Rab phosphorylation differs 

across human brain cell types by differentiating these iPSC lines into microglia, 

astrocytes, and neurons. These results will help clarify LRRK2 function through 

Rabs in different brain cells.  
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8.3 Hypothetical model leading to PD pathogenesis 

Based on the key findings presented in this thesis, I would propose the 

following model for LRRK2-driven PD pathogenesis (Figure 8.1): 

 

Figure 8.1. Hypothetical model of LRRK2-mediated cell death via lysosomal stress. 
Signaling of wildtype LRRK2 to damaged lysosomes via cellular stress, aging, or 
infection leads to recruitment and phosphorylation of Rabs that recruit JIP4 to initiate 
lysosomal tubulation (LYTL) (A). This mechanism allows compromised lysosomes to sort 
undegraded materials to healthy lysosomes to maintain cellular homeostasis (B). Under 
conditions of where mutant LRRK2 is present, overactive LYTL causes overburdening of 
healthy lysosomes and induces additional stress (C). Over time, this may cause cell 
death through the lysosomal apoptotic pathway mediated by mitochondria (D).  
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 In this thesis, inducible models of membrane-bound LRRK2 were 

created which revealed that LRRK2 kinase activity is enhanced merely by 

membrane presence, and most likely without any influence of specific 

membrane proteins. Directing LRRK2 to membranes along the endolysosomal 

pathway resulted in increased Rab10 and Rab12 phosphorylation revealing a 

potentially broad mechanism of trafficking mediated by Rab phosphorylation. 

When using a non-targeting LRRK2 construct, the addition of LLOMe resulted 

in LRRK2 translocation from the cytosol to the lysosomal membrane 

suggesting that lysosomal stress signals LRRK2 recruitment and LRRK2-

mediated downstream events for initiation of tubulation. These results lead me 

to propose that LYTL is a stress response (Figure 8.1A).  

 

 Live imaging experiments published previously revealed that JIP4-

positive lysosomal tubules form vesicles via scission events that make contact 

with other, CTSB-positive lysosomes (Bonet-Ponce et al., 2020). This finding 

suggests that the LRRK2-dependent stress response works to redistribute 

either lipids and/or proteins of damaged lysosomes to active ones that can 

then perform degradative turnover of these cargo. When ARL8B and SKIP are 

overexpressed and lysosomes are sequestered to the cell periphery, pRab10 

does not accumulate at LRRK2-positive lysosomal membranes, affecting JIP4 

recruitment and LYTL (Chapter 7). Thus, perinuclear lysosomal positioning is 
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necessary for LYTL to take place efficiently. Studies characterizing lysosomal 

dynamics have demonstrated that lysosomes are the most hydrolase- and 

enzyme-rich when within the perinuclear cloud, as trafficking of new enzymes 

takes place here. Alternatively, lysosomes shuttled into the periphery are 

believed to be pooled as a reserve when needed in situations of cellular stress 

to maintain homeostasis (Pu et al., 2016; Cabukusta and Neefjes, 2018). 

Therefore, the data presented in Chapter 7 of this thesis reveals a LRRK2-

dependent mechanism that requires lysosomal repositioning to the perinuclear 

area as a stress response. The proposed hypothesis is that LYTL is constricted 

to the perinuclear area where tubules containing undegraded proteins and 

lipids from damaged lysosomes can be sorted to healthier, active lysosomes 

efficiently (Figure 8.1B). 

 

 Under conditions of hyperactive LRRK2 kinase mutants, this pathway is 

exaggerated (Figure 8.1C). Data from Chapter 6 showed increases in Rab 

phosphorylation in the presence of mutant LRRK2 where kinase activity is 

enhanced. Biochemical studies have deduced that wildtype and G2019S 

LRRK2 show similar rates of membrane localization compared to the cytosol, 

whereas ROC/COR domain mutants are accumulated at membranes to a 

greater extent¸ (Berger et al., 2010; Nichols et al., 2010).  This is in line with the 

observation that LRRK2-dependent Rab phosphorylation is greatest with 
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ROC/COR domain mutants (Figures 7.4, 7.5) (Steger et al., 2016). Thus, with 

more LRRK2 accumulation, one would expect more pRab accumulation as well. 

The mechanism stabilizing pRabs on the lysosomal membrane is therefore 

increased in both kinase and ROC/COR mutations and promotes increased 

recruitment of JIP4. This recruitment would result in a shift toward earlier 

tubulation and sorting, perhaps even prematurely, although time course 

experiments would need to be performed in order to test this. Increased 

sorting of undegraded materials may then cause stress in otherwise healthy 

lysosomes, perpetuating lysosomal damage that the cell cannot maintain. It 

has been established that cellular stress causes lysosomes to swell and leak 

their contents into the cytosol (Amaral et al., 2018; Hämälistö et al., 2020). 

Once in the cytosol, proteins such as cathepsins set off a signaling cascade, 

cleaving BH3-interacting domain death agonist (BID) to promote an 

oligomorphic complex that is transferred to the outer mitochondrial membrane 

(Zhu et al., 2017). This causes Cytochrome C release into the cytosol that 

initiates caspase-dependent apoptosis (Zhu et al., 2020) (Figure 8.1D). In the 

proteomic data presented in Chapter 5, non-glycosylated LAMP1 was 

significantly increased in G2019S KI mice compared to wildtype. This may 

suggest an upregulation in LAMP1 translation to synthesize more healthy 

lysosomes, as glycosylation of LAMP1 occurs in the rough endoplasmic 

reticulum before reaching the lysosome. Bulk RNA sequencing will be useful in 
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determining whether there is an upregulation of translation of lysosomal 

integrity proteins in G2019S KI mice.  

 

The most recent PD GWA study identified many risk loci with an 

enrichment of lysosomal genes nominated as the most likely hit, including 

TMEM175, GALC, and CTSB (Nalls et al., 2019). Other lysosomal genes have 

already been confirmed as the risk factor or causal gene such as GBA1 and 

ATP13A2, respectively. Thus, it would be reasonable to hypothesize that the 

impact of LRRK2 on PD pathogenesis is also mediated through lysosomal 

dysfunction. Since PD is characterized by a selective loss of dopaminergic 

neurons, it will be critical to evaluate LYTL within striatal and SN regions in 

animals harboring kinase hyperactive mutants to discern how this leads to PD 

pathogenesis. Although the current literature provides conflicting data on 

whether LRRK2 is expressed in dopaminergic neurons, the data presented in 

this thesis showed that LRRK2-dependent Rab10 phosphorylation was 

strongest in glial cultures. Thus, it is possible that the glia cells within the locus 

coeruleus, striatum and SN regions are more effected by a LRRK2 mutation 

and that this contributes to dopaminergic cell loss. Previous studies have 

shown that glial cells play critical roles in maintaining homeostasis in neurons 

(Rasband, 2016; Mederos et al., 2018). One of these ways is by providing 

waste removal from neurons. Thus, I would hypothesize that mutant LRRK2 
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perpetuates lysosomal stress within glia, which can be compounded by 

external neuronal stress from dopaminergic neurons. Dopaminergic neurons 

are already more prone to apoptosis due to the nature of dopamine 

metabolism in aging, thus glia within regions where these neurons are 

enriched may already have a higher load of stress to maintain. Overstressed 

glial cells then would provide less support for the already compromised 

dopaminergic neuron population, lending to the selectivity of these neurons in 

PD pathogenesis.  

 

CONCLUDING REMARKS 

 Taken together, the work presented in this thesis underscores the 

downstream effects of both LRRK2 kinase hyperactivity and inhibition in vivo 

and in vitro, and the differential effects of LRRK2-mediated Rab 

phosphorylation at lysosomes. I additionally identified a novel role of 

lysosomal positioning in the regulation of LRRK2-dependent Rab10 

phosphorylation. As proteomics analysis revealed that kinase inhibition made 

the largest alterations in endolysosomal proteins, it is worth exploring this 

pathway in greater detail both generally and in the context of PD.  
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9 MATERIALS AND METHODS 

 

Animals: All animal procedures were performed in accordance with a protocol 

approved by the Institutional Animal Care and Use Committee of the National 

Institute on Aging, NIH. Wildtype, G2019S LRRK2 KI, and Lrrk2 KO male and 

female mice raised on a C57Bl/6 background were bred in-house on a 12-

hour day/night cycle for the following experiments. All mice were supplied with 

Rodent NIH-07 diet and water ad libitum. Based on our previous data on 

S1292 dephosphorylation in G2019S LRRK2 brain following acute MLi-2 

treatment (Kluss et al., 2018), N = 4 mice was used in this study for dose 

response and time course of acute MLi-2 experiments, as it was estimated at 

90% power to detect a difference of effect size 6 at alpha = 0.05. N = 6 mice 

was used for evaluating the effect of acute LRRK2 kinase inhibition on pRabs 

across brain regions as well as for in-diet MLi-2 chronic treatments. All oral 

gavages needed in the acute treatment experiments were performed by Dr. 

Melissa Conti Mazza. 

 

Dose-response: 28 homozygous G2019S KI C57BL/6 J mice (5–8 months old) 

were randomized for treatment using the sample function in R, followed by 

matching for sex across groups. Mice were given an acute dose of vehicle 
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[40% (w/v) Hydroxypropyl-ß-Cyclodextran] or MLi-2 (at 1, 3, 10, 30, 60, or 

90 mg/kg dissolved in vehicle) via oral gavage and euthanized 1 hour after 

treatment. All tissues removed were flash frozen and stored at -80 degrees 

Celsius prior to homogenization for Western blot.  

 

Time-course: 28 homozygous G2019S KI C57BL/6 J mice (4–7 months old) 

were randomized for treatment using the sample function in R, followed by 

matching for sex across groups. Mice were given an acute dose of vehicle 

[40% (w/v) Hydroxypropyl-ß-Cyclodextran] at time point zero, or MLi-2 

(10 mg/kg dissolved in vehicle) via oral gavage and euthanized after time point 

0.5, 1, 3, 12, 24, or 72 hours post dose. All tissues removed were flash frozen 

and stored at -80 degrees Celsius prior to homogenization for Western blot.  

 

10-day dose-response: Three-month old homozygous G2019S LRRK2 KI mice 

were given customized Rodent NIH-07 chow from Research Diets, either 

untreated or supplemented with various doses of MLi-2 at 10, 30, or 

60 mg/kg/day for 10 days. Untreated wildtype mice were also included to 

determine the appropriate concentration of MLi-2 necessary to reduce the 

hyper kinase activity of G2019S LRRK2 back to wildtype levels, using S1292 

autophosphorylation as a readout of kinase activity. N=3 mice were used per 

treatment group. Mice and chow were weighed daily to assess estimated 
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doses of MLi-2 received each day. No difference was observed in food intake 

between mice receiving MLi-2 treated chow and mice receiving untreated 

chow. All mice were given chow and water ad libitum. After 10 days, mice 

were euthanized 2-3 hours post start of their light cycle. 

 

Ten day (short-term) and 10 week (long-term) chronic cohorts: Three-month old 

littermates from wildtype, homozygous G2019S LRRK2 KI, and homozygous 

LRRK2 KO litters were randomized into short-term (10 days) and long-term 

(10 weeks) chronic treatment groups. Wildtype, G2019S LRRK2 KI, and LRRK2 

KO groups received untreated chow, and an additional G2019S LRRK2 KI 

group received chow supplemented to achieve an approximate dose of 

60 mg/kg of MLi-2 per day. Both male and female mice were represented 

equally in all treatment groups. N=6 mice were used per treatment group. All 

mice were given chow and water ad libitum. After 10 days, or 10 weeks, mice 

were euthanized 2-3 hours post start of their light cycle.  

 

Primary cultures: P0-P2 litters from G2019S KI C57BL/6 J mice were euthanized 

via head decapitation. Brains were extracted and meninges removed. For 

astrocyte and microglia cultures, cortices were triturated in cold DMEM/F12 

(Gibco) with a 5mL pipette. 10µL per brain of trypsin at 2.5mg/ml working 

concentration was added and incubated for 5 minutes at 37 degrees Celsius. 
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4µL per brain of DNase at 0.3mg/ml working concentration was then added, 

mixed, and incubated for 2 minutes at room temperature (RT) prior to 

additional trituration. Brain homogenates were then spun down at 500 x g for 

5 minutes. The supernatants were aspirated and fresh DMEM/F12 

supplemented with 10% Fetal Bovine Serum (Gemini) and 1% 

penicillin/streptomycin (Gibco) was used to resuspend the cell pellets and 

three brains per T175cm2 flask were plated. Media was changed every three 

days. Around 12-14 days, flasks were shaken to separate microglia from 

astrocytes and microglia were replated for experiments into 6-well plates at 

200,000 cells per well. Astrocytes were trypsinized from the remaining 

T175cm3 flasks and plated into 6-well plates at 100,000 cells per well. For 

neuronal cultures, cortices were placed in ice cold HBSS and digested with 

papain for 30 minutes with mixing every 10 minutes. The brain slurry was then 

spun down at 200g for 3 minutes and the supernatant aspirated. 10mL of fresh 

media was added (Basal Medium Eagle (Gibco), 1% glucose (Gibco), 1% 

Glutamax (Gibco), 1% penicillin/streptomycin (Gibco), 1% N-2 (Gibco), 5% B-27 

(Gibco) and pelleted tissue resuspended. DNase was then added and the 

mixture is triturated ~40x with a 5mL pipette and spun down at 200g for 6 

minutes. The supernatant was then aspirated and fresh media added that was 

additionally supplemented with 5% FBS. Cells were counted and plated at 

1.5x106 per well of a 24-well plate. Cycloarabinoside was added the next day 
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(0.005% working concentration). Media was changed once per week for 10 

days until used for biochemical assays.  

 

Cell culture: HEK293FT cells and primary astrocytes were maintained in 

DMEM, or DMEM/F12, respectively, containing 4.5 g/l glucose, 2mM l-

glutamine, 1% Pen/Strep and 10% FBS at 37°C in 5% CO2. For 

immunocytochemistry experiments, cells were seeded on 12mm coverslips 

pre-coated with Matrigel. For Western blot experiments, cells were seeded on 

24-well plastic plates pre-coated with Matrigel.  

 

Cloning: FKBP sequence was cloned into 3xFLAG-pDEST and mScarlet-pDEST 

vectors using IN-FUSION HD cloning technology (Clontech, Takara, cat 

#638920) by Dr. David Hauser and Dr. Luis Bonet-Ponce. LRRK2-Wildtype, 

LRRK2-R1441C, LRRK2-Y1669C, LRRK2-K1906M and LRRK2-G2019S, 

previously cloned into pCRTM8/GW/TOPOTM vectors (ThermoFisher, cat 

#250020) by Dr. Elisa Greggio and Dr. Alexandra Beilina, were transferred into 

the 3xFLAG-FKBP-pDEST and mScarlet-FKBP-pDEST plasmids using Gateway 

technology (ThermoFisher, cat #11791043). CFP-FRB-LAMP1 vector (Willett et 

al., 2017) was a gift from Rosa Puertollano (NIH). EHD1-FRB-GFP was kindly 

provided by Tsukasa Okiyoneda (Kwansei Gakuin University). PM-FRB-CFP 

(Addgene plasmid #67517) (Varnai et al., 2006), iRFP-FRB-RAB7 (Addgene 
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plasmid #51613) and iRFP-FRB-RAB5 plasmids (Addgene plasmid #51612) 

(Hammond et al., 2014) were gifts from Tamas Balla (NIH). FRB-ECFP-Giantin 

was a provided by Dorus Gadella (Addgene plasmid #67903) (van Unen et al., 

2015). LYSO-LRRK2 was created by Dr. Luis Bonet-Ponce by adding the N-

terminal domain of the LAMTOR1 sequence (1-39 amino acids) onto the N-

terminus of the 3xFLAG-LRRK2 plasmid using IN-FUSION HD cloning 

technology (LAMTOR1(1-39)-3xFLAG-LRRK2). FYVE-LRRK2 was created by 

cloning the FYVE-CC2 targeting sequence of HRS into a 3xFLAG pDEST using 

IN-FUSION HD cloning technology. NT-LRRK2, previously cloned into a 

pCRTM8/GW/TOPOTM vector (ThermoFisher, cat #250020) by Dr. Elisa Greggio 

and Dr. Alexandra Beilina, was then transferred into the new 3xFLAG-FYVE-

CC2-pDEST using Gateway technology (ThermoFisher, cat #11791043). The 

mCherry-ARL8B and 2xMyc-SKIP plasmids were a generous gift from Juan S. 

Bonifacino (Keren-Kaplan and Bonifacino, 2021). The EGFP-RILP plasmid 

(Addgene plasmid #110498) (Mainou and Dermody, 2012) was a gift from 

Terence Dermody.  

 

Transfection and siRNA knockdown: Transient transfections of HEK293FT cells 

were performed using Lipofectamine 2000 in Gibco’s Opti-MEM 

(ThermoFisher, cat #31985088) and incubated for 24 hours prior to fixation or 

lysis. For siRNA knockdown experiments, Rab29, JIP4, PPM1H, or non-
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targeting control siRNA (Dharmacon) were transfected using Lipofectamine 

RNAiMAX (ThermoFisher, cat #13778075) and cells were incubated for 48 

hours prior to fixation or lysis. Transfection of primary astrocytes was 

performed using Lipofectamine Stem Reagent (ThermoFisher, cat 

#STEM00015) and incubated for 48 hours before fixation. The siRNA 

sequences are provided below. 

SMARTpool siRNA sequences:  

RAB29 – UCCCAGGACAGCUUCAGCA, ACACUACAAGUCCACGGUG, 

UGCUCUGAAGGUUCUCCAG, GUCUGACUACGAGAUAGUG 

JIP4 – CCAGGAAACUAGAAAUGUA, GCAAACACAUUGAAGUACA, 

GUACAAACAGGUAACCAAU, GGAUAUAAAGGUUCAAGCA 

PPM1H – CGAGAGAGGAGUUCAUAUA, CAGAUGAUCCUCACAGGUA, 

GGAAGAGCACACACAAUGA, GAGGAUGGCGGAUAUCUAA 

 

In vitro reagents and treatments: For comparison between de-phosphorylation 

of pT73 Rab10 across primary brain cells, cultures were treated with MLi-2 

(Tocris, cat #5756) or DMSO for 90 minutes at 1µM concentration prior to lysis. 

For all experiments utilizing the FKBP-FRB complex, rapamycin (Cayman 

Chemicals, cat #13346) was added at 200nM for 15 minutes prior to fixation in 

4% PFA. MLi-2 (Tocris, cat #5756) was used at 1µM in DMSO for 90 min, or 

LLOMe (Sigma-Aldrich, cat #L7393) was added at 1mM in DMSO for 2 hours in 
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HEK293FT cells or 4 hours in astrocytes prior to fixation or lysing cells for 

downstream analyses.  

 

Western blot: Tissues or cells were homogenized at 20% w/v in 1x Cell 

Signaling Lysis Buffer (20mM Tris-HCl (pH 7.5), 150mM NaCl, 1mM Na2EDTA, 

1mM EGTA, 1% Triton, 2.5mM sodium pyrophosphate, 1mM beta-

glycerophosphate, 1mM Na3VO4, 1µg/ml leupeptin) (#9803S) with 1x protease 

and phosphatase inhibitors (Thermofisher; #1861279 and #78427, respectively) 

and left on ice for 30 minutes to lyse. Homogenates were spun at 20,000 g for 

10 minutes at 4 degrees Celsius and pelleted debris was removed. Samples 

were supplemented with NuPage LDS sample buffer 4x (#NP0008), boiled for 

5 minutes at 95 degrees Celsius and 60µg (for tissue) or 20 µg (for cells) was 

loaded per sample and run on a Bio-Rad Criterion™ TGX™ polyacrylamide gel 

(#5671095) at 200 V for 37 minutes. Gels were transferred to nitrocellulose 

(#1704159) on a Bio-Rad Trans-Blot Turbo™ transfer system at 20 V for 

10 minutes. A normalizer sample was added to the end of each blot to account 

for day-to-day variability in protein transfer and antibody incubation. This stock 

was prepared prior to beginning this study and single-use aliquots were 

prepared in loading buffer and stored at -80 degrees Celsius until use to 

ensure no loss of phosphorylation nor protein degradation. The nitrocellulose 

was blocked for 40 minutes in 50% TBS (20 mM Tris, 0.5 M NaCl, pH 7.5), 50% 
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Odyssey blocking buffer (Li-Cor; 927–40,000) and incubated overnight with 

primary antibodies in 50% TBS-T (20 mM Tris, 0.5 M NaCl, pH 7.5, 0.1% Tween 

20), 50% Odyssey blocking buffer at 4 degrees Celsius. All blots were probed 

for Cyclophilin B, used as a housekeeping protein to ensure equal loading of 

samples. All primary antibody concentrations used are provided in Table 9.1. 

Following 3 × 5 minutes washes with TBS-T, the nitrocellulose was incubated at 

RT with secondary antibodies for 1 hour, washed 3 × 5 minutes and scanned at 

the Li-Cor platform. 

 

Immunostaining: HEK293FT cells were fixed with 4% PFA for 10 minutes, 

permeabilized with 0.1% triton in PBS for 10 minutes and blocked with 5% 

Donkey Serum (Sigma, cat #D9663) for 1 hour at RT. Primary antibodies were 

diluted in PBS containing 1% Donkey Serum and 0.1% triton and incubated 

overnight at 4oC. All primary antibody concentrations used are provided in 

Table 9.1. After three 5-minute washes with PBS, secondary fluorescently 

labeled antibodies were diluted in PBS containing 1% Donkey Serum and 

incubated for 1 hour at RT. Coverslips were washed two times with 1x PBS 

followed by an additional wash with dH2O and mounted with ProLong® Gold 

antifade reagent (ThermoFisher, cat #P10144).  
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Table 9.1. Primary antibody information for all chapters. 
Antibody Host Species Catalog # Working dilution 

[stock conc.] 
pS1292 LRRK2 
[MJF-19-7-8]  

Rabbit; 
monoclonal 

Ab203181 (abcam) 1:2000 (WB) 
[1.15mg/ml] 

pS935 LRRK2 
[UDD2 10(12)] 

Rabbit; 
monoclonal 

Ab133450 (abcam) 1:2000 (WB) 
[1.019mg/ml] 

LRRK2 [MJFF2] Rabbit; 
monoclonal 

Ab133474 (abcam) 1:2000 (WB) 
[0.66mg/ml]  

Cyclophilin B Rabbit; 
monoclonal 

Ab16045 (abcam) 1:2000 (WB) 
[1mg/ml]  

pT73 Rab10 [MJF-
R21] 

Rabbit; 
monoclonal 

Ab230261 (abcam) 1:2000 (WB) 
1:100 (ICC) 
[0.54mg/ml] 

Rab10 [MJF-R23] Rabbit; 
monoclonal 

Ab237703 (abcam) 1:2000 (WB) 
1:100 (ICC) 
[0.56mg/ml] 

pS106 Rab12 
[MJF-R25-9] 

Rabbit; 
monoclonal 

Ab256487 (abcam) 1:2000 (WB) 
1:100 (ICC) 
[0.62mg/ml] 

Rab12  Rabbit; polyclonal 18843-1-AP 
(Proteintech) 

1:1000 (WB) 
[51µg/150µl] 

pT71 Rab29 [MJF-
R24-17-1] 

Rabbit; 
monoclonal 

Ab241062 (abcam) 1:1000 (WB) 
[0.54mg/ml] 

Rab29 [MJF-R30-
124] 

Rabbit; 
monoclonal 

Ab256526 (abcam) 0.5 µg/ml (WB) 
[0.68mg/ml] 

GFAP Rabbit; polyclonal Ab7260 (abcam) 1:5000 (WB) 
IBA1 Rabbit; polyclonal 4987481429246 

(Wako) 
1:2000 (WB) 
[0.5mg/ml] 

Beta 3 Tubulin Rabbit; 
monoclonal 

5568S (Cell 
Signaling] 

1:2000 (WB) 

ProSP-C Rabbit; polyclonal Ab90716 (abcam) 1:1000 (WB) 
[0.9mg/ml] 

Legumain Rabbit; 
monoclonal 

93627S (Cell 
Signaling) 

1:1000 (WB) 

JIP4 Rabbit; 
monoclonal 

5519S (Cell 
Signaling) 

1:1000 (WB) 
1:500 (ICC) 
[45µg/150µl] 

Hgs Rabbit; polyclonal 10390-1-AP 
(Proteintech) 

1:1000 (WB) 
[45µg/150µl] 

Sfxn3 Rabbit; polyclonal 15156-1-AP 
(Proteintech) 

1:1000 (WB) 
[105µg/150µl] 

LAMP1 Rabbit; 
monoclonal 

3243S (Cell 
Signaling) 

1:1000 (WB) 
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Atp5mc1 Mouse; 
monoclonal 

Ab119686 (abcam) 1:1000 (WB) 
[1mg/ml] 

Cytochrome C Mouse; 
monoclonal 

Ab13575 (abcam) 1:1000 (WB) 
[1mg/ml] 

pS163 MARCKS Rabbit; 
monoclonal 

11992S (Cell 
Signaling) 

1:1000 (WB) 

Cyp1a1 Rabbit; polyclonal 13241-1-AP 
(Thermofisher) 

1:1000 (WB) 
[500µg/ml] 

FLAG M2 Mouse; 
monoclonal 

F3165 (Sigma-
Aldrich) 

1:500 (ICC) 

FLAG Rat; monoclonal 637302 
(Biolegend) 

1:300 (ICC) 

LAMP1 Mouse; 
monoclonal 

H4A3 (DSHB) 1:100 (ICC) 

GFP Chicken; 
polyclonal 

GFP-1020 
(AvesLab) 

1:1000 (ICC) 

GFP Mouse; 
monoclonal 

11814460001 
(Millipore Sigma) 

1:10000 (WB) 

EEA1 Rabbit; 
monoclonal 

3288S (Cell 
Signaling) 

1:100 (ICC) 

TGN46 Sheep; polyclonal AHP500GT 
(BioRad) 

1:500 (ICC) 

Rab8a Rabbit; 
monoclonal 

6975S (Cell 
Signaling) 

1:500 (ICC) 

LAMTOR4 Rabbit; 
monoclonal 

12284S (Cell 
Signaling) 

1:200 (ICC) 

Alexa FluorTM 647 
Phalloidin (F-actin) 

NA A30107 
(ThermoFisher) 

1:20 (ICC) 

LAMP2 Rat; monoclonal H4B4 (DSHB) 1:100 (ICC) 
LAMP1 Rat; monoclonal 1D4B (DSHB) 1:100 (ICC) 
EEA1 Mouse; 

monoclonal 
610457 (BD 
Laboratories) 

1:100 (ICC) 

JIP4 Rabbit; 
monoclonal 

AHP500GT 
(BioRad) 

1:500 (ICC) 

VPS35 Mouse; 
monoclonal 

856402 
(BioLegend) 

1:500 (ICC) 

Myc Mouse; 
monoclonal 

13-2500 
(ThermoFisher) 

1:500 (ICC) 

Pericentrin Mouse; 
monoclonal 

Ab28144 (abcam) 1:300 (ICC) 
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Secondary antibodies: For Western blot, secondary antibodies were used at 

1:10,000 dilution: IRDyes 800CW Goat anti-Rabbit IgG (LiCor; #926–32,211) 

and 680RD Goat anti-Mouse IgG (LiCor; 926–68,070). All blots presented in 

each figure panel were derived from the same experiment and were processed 

in parallel. Raw densitometric signal was normalized to a common normalizer 

sample that was run on every blot. 

For ICC, all secondary antibodies were purchased from ThermoFisher 

unless indicated otherwise: donkey anti-mouse Alexa-Fluor 568 (cat #A10037, 

1:500), donkey anti-rabbit Alexa-Fluor 488 (cat #A-21206, 1:500), donkey anti-

mouse Alexa-Fluor 488 (cat #A-21202, 1:500), donkey anti-rat Alexa-Fluor 488 

(cat #A-21208, 1:500), donkey anti-goat Alexa-Fluor 488 (cat #A-11055, 1:500), 

donkey anti-rabbit Alexa-Fluor 568 (cat #A10042, 1:500), donkey anti-mouse 

Alexa-Fluor 647 (cat #A-31571, 1:500), goat anti-rat Alexa-Fluor 647 (cat #A-

21247, 1:250-1:500). Donkey anti-chicken Alexa-Fluor 405 (cat #703-475-155, 

1:300) and donkey anti-sheep Alexa-Fluor 647 (cat #713-605-147) were 

obtained from Jackson ImmunoResearch.  

 

Statistics: Data were plotted and statistical tests were performed using Prism 8 

(GraphPad). Statistical analyses of experiments comparing two groups were 

performed using unpaired student’s t test. Statistical analyses of experiments 

with more than two groups were performed using one-way ANOVAs. Two-way 
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ANOVAs were used where there were two factors in the model. Tukey’s post-

hoc test was used to determine statistical significance for individual 

comparisons in those cases where the underlying ANOVA was statistically 

significant and where all groups’ means were compared to every other mean. 

Unless otherwise stated, error bars represent standard deviation (SD) and 

points indicate distribution of individual values. Comparisons were considered 

statistically significant where p< 0.05. *p-value < 0.05; **p-value < 0.01; ***p-

value < 0.001; ****p-value < 0.0001. The statistical test results are displayed in 

the following tables per chapter.  

Table 9.2. Results of statistical tests for Chapter 3. 
Figure Variable Statistical test Test result P-value 
3.8 B  MLi-2 treatment 

and brain region 
2-way ANOVA with 
Šidak’s multiple 
comparison 

F=4.289 0.0147, 
<0.0001 

3.9 B MLi-2 treatment Unpaired t-test t=12.28 0.0003 
3.9 D MLi-2 treatment Unpaired t-test t=4.114 0.0147 
3.9 F MLi-2 treatment Unpaired t-test t=1.687 p=0.1669 

 
In chapter 4, one-way ANOVAs were used per individual tissue type in each 

graph where brain, kidney, and lung tissues are plotted together. F values are 

thus recorded per tissue (brain first, kidney second, and lung third) and p-

values are shown between variables from left to right for each graph. 

Table 9.3. Results of statistical tests for Chapter 4. 
Figure Variable Statistical test Test result P-value 
4.2 B Genotype ± 

treatment 
1-way ANOVA with 
Tukey’s post hoc 

F=11.45, 
F=290.0, 
F=20.79 

Brain: 0.0007, 
0.0122, 0.0379,  
Kidney: <0.0001, 
<0.0001, 0.0041, 
Lung: 0.0003 
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4.2 C Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=56.58 
F=25.75 
F=82.11 

Brain: 0.0018, 
<0.0001, <0.0001, 
<0.0001, Kidney: 
0.0024, 0.0003, 
0.0002, Lung: 
0.0016, <0.0001, 
<0.0001 

4.4 B Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=74.52 
F=232.2 
F=207.3 

Brain: <0.0001, 
<0.0001, Kidney: 
<0.0001, <0.0001, 
Lung: <0.0001, 
<0.0001 

4.4 C Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=178.0 
F=119.2 
F=427.8 

Brain: <0.0001, 
<0.0001, <0.0001, 
Kidney: <0.0001, 
<0.0001, Lung: 
0.0007, <0.0001, 
<0.0001 

4.4 D Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=85.52 
F=50.76 
F=83.6 

Kidney: 0.0006, 
Lung: 0.0424 

4.4 E Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=1.596 
F=3.678 
F=14.20 

Kidney: 0.0006, 
Lung: 0.0001, 
0.0004 

4.4 F Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=44.72 
F=17.99 
F=86.21 

Brain: <0.0001, 
<0.0001, 0.0055, 
Kidney: 0.0023, 
0.0278, 0.0012, 
Lung: 0.0013, 
<0.0001, <0.0001 

4.4 G Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=6.353 
F=7.798 
F=12.47 

Brain: 0.0068, 
0.0287 

4.6 B Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=169.4 
F=166.8 
F=338.4 

Brain: <0.0001, 
<0.0001, Kidney: 
<0.0001, <0.0001, 
Lung: <0.0001, 
<0.0001, <0.0001 

4.6 C Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=342.3 
F=216.3 
F=416.7 

Brain: <0.0001, 
<0.0001, <0.0001, 
Kidney: <0.0001, 
<0.0001, <0.0001, 
Lung: 0.0001, 
<0.0001, <0.0001 
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4.6 D Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=408.4 
F=377.8 
F=212.0 

Brain: 0.0037, 
0.0002, Kidney: 
<0.0001, <0.0001, 
Lung: 0.0002 

4.6 E Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=2.722 
F=6.523 
F=27.88 

Kidney: 0.0109, 
Lung: 0.0271, 
0.0006, <0.0001 

4.6 F Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=72.43 
F=22.94 
F=79.46 

Brain: <0.0001, 
<0.0001, 0.0003, 
Kidney: 0.0056, 
0.0015, 0.0004, 
Lung: 0.009, 
0.0321, <0.0001, 
0.0001 

4.6 G Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=2.292 
F=7.090 
F=8.453 

Lung: 0.0235, 
0.0004 

4.7 B Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=4.185 0.0344 

4.7 D Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=4.027 0.0112 

 

In chapter 5, where proteomic analyses are shown, Fisher’s exact test 

(hypergeometric) with FDR correction was used when gene was the variable, 

and Empirical Bayes test with FDR correction was used when protein was the 

variable (Figures 5.2-5.7). Refer to appendix 1 for detailed statistics.  

Table 9.4. Results of statistical tests for Chapter 5. 
Figure Variable Statistical test Test result P-value 
5.8 B Genotype ± 

treatment 
1-way ANOVA with 
Tukey’s post hoc 

F=13.58 
 
 

WTvGS: 0.0081, 
GSvGS+MLi: 0.0481 

5.8 C Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=13.72 
 

WTvGS: 0.0042, 
GSvGS+MLi:0.0348 

5.8 D Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=9.323 
 

WTvGS: 0.0062, 
GSvGS+MLi:0.0081 

5.8 E Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=13.70 GSvGS+MLi:0.0247, 
WTvGS+MLi:0.0120, 
WTvKO: 0.0001 
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5.8 F Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=61.36 GSvGS+MLi:0.0077,  
WTvGS+MLi:0.0021, 
WTvKO: <0.0001 

5.8 G Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=27.39 WTvGS+MLi:0.0107, 
WTvKO: <0.0001 

5.9 E Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=4.702 0.0367 

5.9 F Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=4.409 0.0271 

5.9 G Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=12.35 0.0069 

5.11 B Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=4.739 GSvGS+MLi:0.0201, 
WTvKO: 0.0136 

5.11 C Genotype ± 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=208.2 GSvGS+MLi:<0.0001, 
WTvGS+MLi:<0.0001 

 
Table 9.5. Results of statistical tests for Chapter 6. 
Figure Variable Statistical test Test result P-value 
6.5 B Treatment Unpaired student t 

test 
t=0.2570 0.8099 

6.5 C Treatment Unpaired student t 
test 

t=1.193 0.2987 

6.5 E Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=79.98 LRRK2+rapvTrap+rap: 
<0.0001, Trap untr v 
rap: <0.0001 

6.5 F Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=42.18 
 

LRRK2+rapvTrap+rap: 
0.0372, Trap untr v 
rap: 0.0006 

6.5 G Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=28.27 
 

LRRK2+rapvTrap+rap: 
0.0148, Trap untr v 
rap: 0.0005 

6.6 B Treatment Unpaired student t 
test 

t=0.2076 
 

0.8457 

6.6 C Treatment Unpaired student t 
test 

t=0.7702 
 

0.4842 

6.6 D Treatment Unpaired student t 
test 

t=0.6531 
 

0.5493 

6.7 C Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=116.4 Untr v Rapa: 0.0017,  
Untr v Rapa+MLi: 
0.0003, Rapa v 
Rapa+MLi: <0.0001 

6.7 D Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=81.12 
 

Untr v Rapa: 0.0045, 
Untr v Rapa+MLi: 
0.0008, Rapa+MLi: 
<0.0001 
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6.7 E Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=376.3 
 

Untr v Rapa: 0.0145, 
Untr v Rapa+MLi: 
<0.0001, Rapa+MLi: 
<0.0001 

6.7 H Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=323.0 
 

Untr v Rapa: <0.0001, 
Untr v Rapa+MLi: 
<0.0001, Rapa+MLi: 
<0.0001 

6.7 I Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=75.25 
 

Untr v Rapa: 0.0020, 
Untr v Rapa+MLi: 
0.0022, Rapa+MLi: 
<0.0001 

6.7 J Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=306.8 
 

Untr v Rapa: 0.0032, 
Untr v Rapa+MLi: 
<0.0001, Rapa+MLi: 
<0.0001 

6.8 C Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=69.67 Untr v Rapa: 0.0087, 
Untr v Rapa+MLi: 
0.0010, Rapa+MLi: 
<0.0001 

6.8 D Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=36.89 Untr v Rapa:0.0053, 
Untr v Rapa+MLi: 
0.0320, Rapa+MLi: 
0.0003 

6.8 E Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=26.02 Untr v Rapa: 0.0250, 
Untr v Rapa+MLi: 
0.0275, Rapa+MLi: 
0.0009 

6.8 H Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=22.40 Untr v Rapa: 0.0361, 
Untr v Rapa+MLi: 
0.0352, Rapa+MLi: 
0.0013 

6.8 I Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=691.5 Untr v Rapa: <0.0001, 
Untr v Rapa+MLi: 
0.0002, Rapa+MLi: 
<0.0001 

6.8 J Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=48.89 Untr v Rapa: 0.0034, 
Untr v Rapa+MLi: 
0.0125, Rapa+MLi: 
0.0002 

6.9 C Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=104.6 Untr v Rapa: 0.0228, 
Untr v Rapa+MLi: 
0.0001, Rapa+MLi: 
<0.0001 
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6.9 D Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=110.5 Untr v Rapa: 0.0006, 
Untr v Rapa+MLi: 
0.0010, Rapa+MLi: 
<0.0001 

6.9 E Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=48.55 Untr v Rapa: 0.0471, 
Untr v Rapa+MLi: 
0.0015, Rapa+MLi: 
0.0002 

6.9 H Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=119.8 Untr v Rapa: 0.0008, 
Untr v Rapa+MLi: 
0.0005, Rapa+MLi: 
<0.0001 

6.9 I Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=154.4 Untr v Rapa: <0.0001, 
Untr v Rapa+MLi: 
0.0032, Rapa+MLi: 
<0.0001 

6.9 J Treatment 1-way ANOVA 
with Tukey’s post 
hoc 

F=277.7 Untr v Rapa: <0.0001, 
Untr v Rapa+MLi: 
0.0002, Rapa+MLi: 
<0.0001 

6.10 B Genotype ± 
treatment 

2-way ANOVA 
with Tukey’s post 
hoc 

Genotype 
F=130.8 
Treatment 
F=208.2 

RC_Rapa v MLi: 
0.0003, YC_Rapa v 
MLi: <0.0001, 
GS_Rapa v MLi: 
<0.0001, WTvYC: 
<0.0001, WTvGS: 
<0.0001 

6.10 C Genotype ± 
treatment  

2-way ANOVA 
with Tukey’s post 
hoc 

Genotype 
F=101.6 
Treatment 
F=234.4 

WT_Rapa v MLi: 
0.0257, RC_ Rapa v 
MLi: 0.004, YC_Rapa 
v MLi: 0.0395, 
GS_Rapa v MLi: 
0.0081, WTvRC: 
0.0002, WTvYC: 
<0.0001 

6.10 D Genotype ± 
treatment 

2-way ANOVA 
with Tukey’s post 
hoc 

Genotype 
F=65.56 
Treatment 
F=150.5 

WT_Rapa v MLi: 
0.0213, WTvRC: 
<0.0001, WTvYC: 
<0.0001, WTvGS: 
0.0013 

6.11 B Genotype ± 
treatment 

2-way ANOVA 
with Tukey’s post 
hoc 

Genotype 
F=81.40 
Treatment 
F=57.26 

RC_Rapa v MLi: 
0.0485, YC_Rapa v 
MLi: 0.0199, GS_Rapa 
v MLi: <0.0001, 
WTvRC: 0.0034, 
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WTvYC: <0.0001, 
WTvGS: <0.0001 

6.11 C Genotype ± 
treatment 

2-way ANOVA 
with Tukey’s post 
hoc 

Genotype 
F=156.0 
Treatment 
F=310.7 

WT_Rapa v MLi: 
0.0296, RC_Rapa v 
MLi: 0.0001, YC_Rapa 
v MLi: 0.0001, 
GS_Rapa v MLi: 
0.0046, WTvRC: 
<0.0001, WTvYC: 
<0.0001, WTvGS: 
0.0256  

6.11 D Genotype ± 
treatment 

2-way ANOVA 
with Tukey’s post 
hoc 

Genotype 
F=112.3 
Treatment 
F=223.4 

WT_Rapa v MLi: 
0.0315, WTvRC: 
<0.0001, WTvYC: 
<0.0001, WTvGS: 
0.0001 

6.12 B siRNA ± 
treatment 

2-way ANOVA 
with Tukey’s post 
hoc 

siRNA 
F=2.485 
Treatment 
F=214.9 

<0.0001 

6.12 C siRNA ± 
treatment 

2-way ANOVA 
with Tukey’s post 
hoc 

siRNA 
F=0.2967 
Treatment 
F=267.3 

<0.0001 

6.12 D siRNA ± 
treatment 

2-way ANOVA 
with Tukey’s post 
hoc 

siRNA 
F=2.901 
Treatment 
F=20.69 

0.0019 

6.12 E siRNA ± 
treatment 

2-way ANOVA 
with Tukey’s post 
hoc 

siRNA 
F=381.9 
Treatment 
F=0.8127 

Untr_NTCvRAB29: 
<0.0001, 
Rapa_NTCvRAB29: 
<0.0001 

 

Table 9.6. Results of statistical tests for Chapter 7. 
Figure Variable Statistical test Test result P-value 
7.2 F Treatment or 

plasmid 
1-way ANOVA with 
Tukey’s post hoc 

F=87.10 Untr v Rapa: 
<0.0001, Untr v 
LYSO: 0.0004, Rapa 
v LYSO: 0.0080 

7.2 G Treatment or 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=65.83 Untr v Rapa: 0.0002, 
Untr v LYSO: 0.0001 

7.2 H Treatment or 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=16.40 Untr v Rapa: 0.0101, 
Untr v LYSO: 0.0042 
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7.3 E Treatment or 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=22.48 Untr v Rapa: 0.0094, 
Untr v EE-LRRK2: 
0.0015 

7.3 F Treatment or 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=142.6 Untr v Rapa: 
<0.0001, Untr v EE-
LRRK2: <0.0001, 
Rapa v EE-LRRK2: 
0.0032 

7.3 G Treatment or 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=32.76 Untr v Rapa: 0.0106, 
Untr v EE-LRRK2: 
0.0005, Rapa v EE-
LRRK2: 0.0245 

7.4 C Plasmid and 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=33.11 NTvLYSO: <0.0001, 
LYSO_+/-MLi: 
<0.0001 

7.4 D Plasmid and 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=34.92 NTvLYSO: 0.0001, 
LYSO_+/-MLi: 
<0.0001 

7.5 C Plasmid and 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=26.67 NTvFYVE: <0.0001, 
FYVE_+/-MLi: 
<0.0001 

7.5 D Plasmid and 
treatment 

1-way ANOVA with 
Tukey’s post hoc 

F=52.73 NTvFYVE: <0.0001, 
FYVE_+/-MLi: 
<0.0001 

7.5 E pRab 2-way ANOVA with 
Tukey’s post hoc 

pRab: 
F=31.73 
Chimera: 
F=24.90 

pRab10_LYSO v 
FYVE: <0.0001, 
LYSO_pRab10 v 
pRab12: <0.0001 

7.7 D Lysosome 
position 

Unpaired student t 
test 

t=13.88 <0.0001 

7.8 B Lysosome 
position 

Unpaired student t 
test 

t=4.186 0.0004 

7.8 C Lysosome 
position 

Unpaired student t 
test 

t=3.036 0.0071 

7.9 B Lysosome 
position 

Unpaired student t 
test 

t=8.109 <0.0001 

7.9 C Lysosome 
position 

Unpaired student t 
test 

t=16.62 <0.0001 

7.10 B Treatment or 
lysosome 
position 

1-way ANOVA with 
Tukey’s post hoc 

F=59.39 Untr v LLOMe: 
0.0018, Untr_+/-
SKIP/ARL8B: 0.0001, 
LLOMe_+/-
SKIP/ARL8B:<0.0001 
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7.10 D Treatment or 
lysosome 
position 

1-way ANOVA with 
Tukey’s post hoc 

F=19.42 0.0016 

7.11 D Treatment or 
lysosome 
position 

1-way ANOVA with 
Tukey’s post hoc 

F=53.61 Untr v LLOMe: 
<0.0001, 
LLOMe_+/-
SKIP/ARL8B: 0.0384, 
SKIP/ARL8B_+/- 
LLOMe: 0.0003 

7.11 F Treatment or 
lysosome 
position 

1-way ANOVA with 
Tukey’s post hoc 

F=131.7 Untr v LLOMe: 
<0.0001, 
LLOMe_+/-
SKIP/ARL8B: 
<0.0001 

7.12 F siRNA Unpaired student t 
test 

t=4.249 0.0132 

7.12 G siRNA Unpaired student t 
test 

t=6.046 0.0038 

7.12 C siRNA Unpaired student t 
test 

t=5.929 <0.0001 

7.13 C RILP OE Unpaired student t 
test 

t=8.761 <0.0001 

7.13 D RILP OE Unpaired student t 
test 

t=5.829 0.001 

7.14 B Treatment and 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=15.91 DMSOvLLOMe: 
<0.0001, 
DMSOvLLOMe 
+SKIP/ARL8B: 
<0.0001 

7.15 B Treatment and 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=141.1 <0.0001 

7.15 D Treatment and 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=49.76 DMSOvLLOMe: 
<0.0001, 
DMSOvLLOMe 
+SKIP/ARL8B: 
<0.0001 

7.15 F Treatment and 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=116.4 <0.0001 

7.16 B Treatment and 
plasmid 

1-way ANOVA with 
Tukey’s post hoc 

F=27.14 DMSOvLLOMe: 
<0.0001, 
DMSOvLLOMe 
+SKIP/ARL8B: 
0.0076, LLOMe_+/-
SKIP/ARL8B: 0.0006 
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7.17 B siRNA Unpaired student t 
test 

t=3.557 0.0013 

7.17 D siRNA Unpaired student t 
test 

t=4.161 0.0141 

7.18 C siRNA Unpaired student t 
test 

t=2.950 0.0055 

7.18 D siRNA Unpaired student t 
test 

t=3.002 0.0038 

 

Confocal microscopy and analyses: Confocal images were taken using a Zeiss 

LSM 880 microscope equipped with a 63X 1.4 NA objective. Super-resolution 

imaging was performed using the Airyscan mode. Raw data were processed 

using Airycan processing in ‘auto strength’ mode with Zen Black software 

version 2.3. Only low plasmid expression cells without obvious OE artifacts 

were imaged. For measuring colocalization, Fiji plugin JACoP was used in 

which Mander’s correlation corrected for threshold was used to quantify 

LRRK2:pRab colocalization (Bolte and Cordelières, 2006). All analyses of 

colocalization were performed on super-resolution confocal microscopy 

images. For measuring signal intensity, integrated density of each cell was 

measured using Fiji with thresholding (ImageJ, NIH). For measuring peripheral 

vs total lysosomal count, the Spot Counter plugin was used in Fiji in which all 

lysosomes within 2μm from the plasma membrane were counted as peripheral. 

For measuring the distance between lysosomes and the nucleus, the surface 

and spot rendering tools were used on the Imaris software version 9.7.2. 
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Tissue preparation for proteomics and phospho-proteomics: One brain 

hemisphere, one half of a kidney, and one whole lung from each mouse from 

the 10-week chronic MLi-2 in-diet dosing experiment were processed and 

submitted for proteomics and phospho-proteomics analysis using TMT 

quantitation without and with TiO2/iMAC enrichment, respectively. Briefly, 

tissues were homogenized in 15% w/v lysis buffer (0.5 mM HEPES, pH 7.4, 

225 mM mannitol, 50 mM sucrose, 1 mM EDTA, 1x protease and phosphatase 

inhibitors (Thermofisher; #1861279 and #78427, respectively), and 2% CHAPS) 

followed by incubation on ice for 30 min, with periodic vortexing, to lyse. The 

homogenates were then spun down at 20,000 g at 4 degrees Celsius for 

10 min to pellet cellular debris. A protein assay was performed on supernatants 

to determine protein concentration, and 270 μg of each sample was submitted 

for mass spectrometry. Additionally, 30 μg of each sample was pooled 

together to allow for normalization between runs during analysis. 

 

Phosphoproteomics and bioinformatics analysis: Proteins were alkylated with 

N-ethylmaleimide (NEM), digested with trypsin and labeled with TMTpro 

reagents. All tissue samples were treated with the same method. Processing 

was done based on tissue type, where 24 brain, kidney, or lung samples and 2 

pooled samples were separated into 2 sets of TMT experiments. Each set 

contained 12 samples and one pooled sample. The pooled sample in each set 
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was labeled with TMTpro-126 reagent, while the distribution and labeling of 12 

experimental samples were randomized (Table 9.7). After the labeling and 

quenching, samples were combined. 95% of the combined sample was used 

for phospho-peptide enrichment using a titanium dioxide method followed by 

immobilized metal affinity chromatography (iMAC) method. 5% of the 

combined sample was fractionated using Pierce high pH reverse phase 

cartridge, and 8 fractions were collected for each set. LC-MS/MS data 

acquisition were performed on a Thermo Scientific Orbitrap Lumos mass 

spectrometer which was coupled to a Thermo Scientific Ultimate 3000 HPLC. 

Peptides were separated on a ES802 nano-column over 136 minutes at a flow 

rate of 300 n/minute. Both MS1 and MS2 scans were performed in orbitrap. 

The resolution for MS1 and MS2 scans was 120 K and 50 K, respectively. 

Peptides were fragmented using the HCD method with collision energy fixed 

at 32%. The precursor isolation window was 1.5 Da. Proteome Discoverer 2.4 

was used for database search and TMT quantitation. 
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Table 9.7. Labeling of samples for TMTpro-16 LC-MS/MS. 
TMT Run1  TMT Run2  
126 Pool-1 126 Pool-2 
127N - 127N 10W-WT4 
127C - 127C 10W-GS4 
128N - 128N 10W-GS+4 
128C 10W-WT1 128C - 
129N 10W-GS1 129N - 
129C 10W-GS+1 129C - 
130N 10W-KO1 130N 10W-KO4 
130C 10W-WT2 130C 10W-WT5 
131N 10W-GS2 131N 10W-GS5 
131C 10W-GS+2 131C 10W-GS+5 
132N 10W-KO2 132N 10W-KO5 
132C 10W-WT3 132C 10W-WT6 
133N 10W-GS3 133N 10W-GS6 
133C 10W-GS+3 133C 10W-GS+6 
134N 10W-KO3 134N 10W-KO6 

Samples with four conditions were given arbitrary number identifications 1-6 
representing the N=6 mice per genotype/treatment. Each run contained 3 samples of 
each genotype/treatment for a total of 12 samples per run. Three probes were thus 
unused per run which were chosen at random. The “GS+” group refers to the MLi-2-
treated G2019S KI group, “WT” = wildtype, “GS” = G2019S KI untreated, and “KO” = 
LRRK2 KO samples.   
 

Proteomic data handling and analyses: Ratios of raw abundance values of each 

sample over the pooled sample were generated and analyzed in R using the 

limma package (version 4.0, empirical Bayes method) (Ritchie et al., 2015). 

Briefly, the proteomics datasets from two MS runs were combined and only 

hits that were detected in at least 4 out of 6 mice were kept, while the missing 

1–2 values were imputed. These phospho-peptide and total protein datasets 

were merged and matched for accession number and the ratio of 

phospho/total abundance was generated for phospho-peptide significant hit 

detection. Principal component analysis was conducted for these datasets 
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which revealed a modest batch effect that was corrected computationally. 

Statistical analyses were conducted, namely moderated t-tests between pairs 

were visualized as volcano plots (Blighe et al., 2020), and z scores were 

calculated for heatmaps. Heatmaps were curated from statistically significant 

hits selected based on relevance to neurodegeneration and reported functions 

on cellular pathways affected in PD. Proteins were considered significant hits 

with an adjusted p-value < 0.05, and for kidneys a fold change > 1.4. 

Functional enrichment analysis of the significant hits was performed using the 

R package gProfiler2 (precision cutoffs of adjusted p-values were < 1e-6 

and < 1e-20 for kidney and brain hits, respectively, and term size < 1000 was 

kept (Reimand et al., 2007). All hits from the lungs did not return any significant 

terms within these parameters. Enrichment term networks were visualized 

using Cytoscape 3.7 (Shannon et al., 2003). 
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LRRK2 links genetic and sporadic
Parkinson’s disease
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The past two decades in research has revealed the importance of leucine-rich repeat
kinase 2 (LRRK2) in both monogenic and sporadic forms of Parkinson’s disease (PD). In
families, mutations in LRRK2 can cause PD with age-dependent but variable penetrance
and genome-wide association studies have found variants of the gene that are risk
factors for sporadic PD. Functional studies have suggested that the common mechanism
that links all disease-associated variants is that they increase LRRK2 kinase activity,
albeit in different ways. Here, we will discuss the roles of LRRK2 in areas of inflammation
and vesicular trafficking in the context of monogenic and sporadic PD. We will also
provide a hypothetical model that links inflammation and vesicular trafficking together in
an effort to outline how these pathways might interact and eventually lead to neuronal
cell death. We will also highlight the translational potential of LRRK2-specific kinase
inhibitors for the treatment of PD.

Introduction
Parkinson’s disease (PD) is a neurodegenerative disorder affecting over 4 million people over the age
of 50 within the world’s top 15 most populated countries, a number that is expected to double by
2030 [1]. Historically, PD had been considered a purely sporadic disorder. It is now understood that
many forms of PD have a genetic component as well as an environmental component of varying
degrees [2–4]. Although ∼90% of PD cases are sporadic (sPD), i.e. having no clearly defined single
cause, the remaining 10% show a clear family history and are thus considered monogenic PD [5].
A central question in PD research is whether genetic PD is distinguishable mechanistically from the

sporadic disease as this has implications for whether treatments for one group of patients might be
useful for the other. Many studies have addressed a possible divergence in the clinical and pathological
characteristics of patients harboring PD-linked mutations compared with sporadic cases. Patients
carrying mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene, one of the most common
genetic contributors of PD [6–8], manifest clinical features which are almost indistinguishable from
the sporadic form. Similar patterns of motor symptoms between both forms, including the hallmark
bradykinesia, tremor, rigidity, and postural instability have been reported. Nonmotor symptoms
which include hallucinations, depression, anxiety, cognitive impairment, and pain also appear in both
familial and sporadic PD [9,10]. Interestingly, LRRK2-PD has been associated with a spectrum of
neuropathological features, including α-synuclein positive Lewy bodies, accumulation of phosphory-
lated tau as well as TDP-43 aggregates [11]. Nonetheless, neuronal loss and gliosis in the substantia
nigra is the common pathological feature amongst all of the LRRK2 mutation cases, with the majority
of G2019S LRRK2-PD cases displaying Lewy body pathology comparable with that of sporadic PD
[11–13]. This suggests that there are convergent pathways that drive neuropathology in genetic and
sporadic disease and close examination of the genes and risk factors involved in the two forms can
highlight common cellular pathways of dysfunction.
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In this review, we outline evidence from genetics and functional data that support a role for LRRK2 in the
pathogenesis of both familial and sporadic forms of PD. This review aims to serve three purposes: first, to high-
light major findings regarding LRRK2 as a common factor between genetic and sporadic PD via genome-wide
association studies (GWAS), as well as new in vitro and in vivo studies that have been published in the last few
years supporting this association. Second, to explore potential implications of LRRK2 genetics and function on
disease etiology through a comprehensive model of cellular pathways. Finally, to investigate LRRK2 as a
druggable target and highlight the current efforts focusing on the development of future therapeutics.

Genetics
LRRK2 mutations cause autosomal dominant PD and can be a risk factor
for sPD
Nearly 16 years ago, the PARK8 locus was identified in a large Japanese family exhibiting autosomal dominant
parkinsonism [14]. Linkage analysis identified 116 genes within the locus located on chromosome 12, and the
specific gene responsible was discovered independently by two other groups [15,16]. The original family was
then shown to have a mutation in the same gene, LRRK2 [17]. Mutations in LRRK2 were subsequently shown
to be a relatively common genetic cause of PD worldwide [18]. To date, out of the ∼100 mutations identified
within this gene [19–21], only six of these have been convincingly segregated as disease-causing: G2019S,
R1441C/G/H, Y1699C, and I2020T [22,23]. The two most common mutations, G2019S and R1441C, are each
responsible for up to ∼30% of inherited PD cases in certain populations, and up to 10 and 2.5% of sporadic
PD cases, respectively [24–27]. The presence of mutations in what appears to be sporadic cases is likely due to
incomplete but age-dependent penetrance. For example, G2019S has an age range of penetrance increasing
from 17% at 50 years old to 85% at 70 years old; additionally, there are some carriers who never develop PD
[28–30]. Similarly, R1441C has been shown to have reduced penetrance, suggesting that although these mono-
genic mutations significantly increase disease risk, they do not always lead to disease [31,32].
The LRRK2 gene is made up of 51 exons and encodes a 2527 amino-acid protein with a predicted molecular

mass of ∼286 kDa. LRRK2 is a multidomain protein where the Ras of complex proteins (Roc), C-terminal of
ROC (COR) and kinase domains constitute a catalytic core that is flanked by protein–protein interaction
domains: N-terminal armadillo, ankyrin, leucine-rich repeats and a C-terminal WD40 domain. Interestingly,
most disease-linked LRRK2 mutations are found within the core enzymatic domains and alter enzyme activity
in vitro [33]. The G2019S mutation is located within the kinase domain and increases Vmax for kinase activity
while R1441C/G/H and Y1699C mutations decrease the GTPase activity of the Roc domain [34–38]. It is
thought that these two events are related to each other in that kinase and GTPase activities being encoded on
the same protein may regulate each other. Supporting this idea, measurements of Rab substrates in cells show
that all mutations support increased phosphorylation [39,40].
In recent years, GWAS have been used to identify risk loci for many disorders, including PD. These genomic

surveys have shown that the LRRK2 locus contains common variation that increases risk of developing sporadic
PD [41,42]. The GWAS signal is explained by non-coding variability, which imparts only a moderate risk for
disease. Additionally, LRRK2 contains some protein-coding changes that increase risk for disease. Sequencing
LRRK2 from the Taiwanese population identified G2385R variant as a common variant among healthy con-
trols, present in ∼5% of people. However, the variant was found to be twice as common in patients with PD
[18]. The two-fold increase in risk was replicated in many other studies, confirming G2385R as a risk factor in
Asian populations [43–49]. Located in the C-terminal WD40 domain, this mutation likely alters the protein
structure and modulates LRRK2 binding to interactors associated with vesicular trafficking [50]. Our laboratory
has shown that the G2385R variant promotes LRRK2 protein turnover by increasing binding affinity to Hsc70
and CHIP resulting in lower steady-state levels [51,52] and recent data suggest that this variant compromises
LRRK2 dimerization [53]. In terms of effects on the kinase activity, purified protein shows decreased autopho-
sphorylation in in vitro kinase assays and can rescue the hyperactivation effect of the G2019S mutation [51]. In
a cellular context, however, G2385R autophosphorylation at S1292 is retained [54]. This highlights how the
context of the assay, in vitro purified protein versus cellular context, is important when assaying LRRK2 func-
tion. As outlined below, LRRK2 is sequestered to the TGN (trans-Golgi network) in co-expression with Rab29
and phosphorylates membrane-bound Rab GTPases, while the R1441C, Y1699C and G2019S mutations
enhance this activation [40,55]. In this assay, the G2385R variant is sequestered to the TGN much like the WT
protein [56]. In co-expression experiments in cells, however, G2385R shows increased kinase activity towards
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Rab10 compared with WT protein similar to what is reported for the other genetic variants [53]. These results
suggest that certain molecular mechanisms that mediate G2385R disease risk may be shared with familial muta-
tions, however, the effects of this variant result in G2385R being a risk factor rather than a penetrant mutation.
Similarly, the rarer R1628P variant has also been found to increase risk of PD two-fold in Asian populations

[57]. This variant has been found to increase LRRK2 kinase activity indirectly and cause cell death in vitro
[58]. Intriguingly, R1398H has been identified as protective against PD in several cohorts by lowering activity
of the protein [59–61]. Rare coding variants in LRRK2 have been associated with an earlier age of onset of
disease [28,62–65].
Collectively, these findings show that both coding and non-coding variants at the LRRK2 locus have a strong

link to PD and influence penetrance, age of onset, and cause both vulnerability towards and protection against
developing PD. Importantly, all of these cases are ‘sporadic’ PD, suggesting that LRRK2 plays a role in this
more common form of the disease. Another way to think about the role of LRRK2 in PD is that because the
various alleles have differing penetrance, some will occur in a recognizable pattern in families while others will
be found in isolated cases without apparent family history.

GWAS suggest modified expression of LRRK2 is associated with sporadic PD
There has been speculation that non-coding LRRK2 variants affect risk of disease through modulation of
LRRK2 protein expression. For example, it has been shown that a common risk variant at the LRRK2 locus is
associated with higher LRRK2 expression in microglia-like cells derived from human monocytes [66]. In 94
healthy participants, 94 genes from loci associated with Alzheimer’s, Parkinson’s, and multiple sclerosis diseases
were examined in both monocytes and their monocyte-derived microglia-like counterparts. Comparing these
data with a GWAS-derived list of disease-associated single nucleotide polymorphisms (SNPs) [67], results
suggest the T allele at rs76904798 LRRK2 increased in expression. This finding suggests that LRRK2 gene
expression can be altered by specific alleles or haplotypes. It also leads to the hypothesis that LRRK2 may have
a specific role within microglia. As microglia are influenced by myriad of conditions (inflammation, neuronal
apoptosis, etc.) this suggests that the role of LRRK2 risk variants may be more prominent under situations
where microglia are stimulated. We speculate that this concept might be related to penetrance of variants in
LRRK2, if there is a requirement for immune stimulation to express disease processes. This will be discussed in
more depth in the next section.

Higher LRRK2 activity is found in both genetic and sporadic
PD patients and is reflected in in vitro and in vivo models
LRRK2 is a large multidomain protein harboring two enzymatic cores that has a large spectrum of interacting
factors linking it to diverse cellular pathways. LRRK2 expression is ubiquitous, with varying degrees of expres-
sion in peripheral tissues as well as the brain [15,68–70]. At the cellular level, LRRK2 expression has been
reported in astrocytes, microglia, neurons, endothelial cells and peripheral immune cells [71–74]. Thus, it is
likely that LRRK2 plays distinct signaling roles in different cell types, specifically involving its kinase activity
and autophosphorylation (Figure 1). In this section, we will discuss recent findings that support the relationship
of LRRK2 in monogenic and sporadic PD to inflammation and vesicular trafficking.

The role of LRRK2 in PD-related inflammation
It is increasingly appreciated that microglia can contribute to disease pathogenesis as they mediate the immune
responses in the central nervous system and inflammation is a key factor in neurodegeneration. Many studies
have nominated LRRK2 as an integral part of inflammatory response downstream of various proinflammatory
signals. Recent studies propose a role of LRRK2 in phagocytosis and highlight how an increase in protein levels
or activity may impair an inflammatory response [75,76]. In vitro studies using mouse cultures report increased
LRRK2 expression in microglia as well as bone marrow-derived macrophages after introducing proinflamma-
tory agents such as lipopolysaccharide. Additionally, LRRK2 knockdown ameliorates this inflammatory signal-
ing, suggesting LRRK2 and inflammation have a complex, modulatory relationship that still needs mechanistic
clarification [72,77]. A similar relationship has been found to occur in peripheral immune cells in sPD patients
[78]. For example, LRRK2 expression is higher in T cells, B cells, and CD16+ monocytes from sporadic PD
patients compared with controls and this is correlated with higher cytokine levels. This supports the idea that
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Figure 1. Physiological pathways of LRRK2 activity. Part 1 of 2

A common function of LRRK2 in genetic and sPD can be modeled on physiological signaling pathways important for neuronal

survival. A generic apoptotic neuron (without dendrites for simplicity) and reactive glial cells are depicted and highlighted

pathways are shown along with downstream effects of increased LRRK2 activity. Blue arrows indicate a gain-of-function

pathway where increased LRRK2 kinase activity may drive dysfunction while green arrows highlight the molecular events of

pharmacological LRRK2 inhibition. (A) LRRK2 has been linked to autophagosome maturation and impaired phagocytosis

nominating these processes as possible culprits in the clearance of aggregated synuclein. (B) LRRK2 is activated in systems of

induced inflammation while higher LRRK2 levels are seen in immune cells from idiopathic PD patients compared with healthy

controls. Accumulation of extracellular synuclein can further induce an inflammatory response and this, in turn, can lead to

LRRK2 activation. (C) LRRK2 interacts with Rab29 and mediates TGN dynamics while Rab29 expression can drive LRRK2
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the increase in LRRK2 expression is relevant to sporadic PD pathology and may contribute to inflammation
associated with PD.
LRRK2 is autophosphorylated at serine 1292 and this is a robust physiological readout of its kinase activity

in different systems [79–81]. In a recent study, a novel approach that allows pS1292 visualization within cells
was developed using proximity-ligation amplification to examine endogenous LRRK2 autophosphorylation
[82]. The authors used in vivo administration of rotenone as a model of reactive oxygen species
(ROS)-induction and PD-related pathology, based on previous research that linked ROS and mitochondrial
impairment to LRRK2 activation in cells [83–86]. They reported an increase in pS1292 LRRK2 in nigrostriatal
neurons of rotenone-treated rats compared with controls, which was ameliorated with LRRK2-specific kinase
inhibitors. In the same study, pS1292 LRRK2 autophosphorylation was six-fold higher in surviving nigrostriatal
neurons from sporadic PD patients compared with healthy controls. There was also a four-fold increase in
phosphorylated Rab10 (pT73), a LRRK2 substrate that is known to play a role in vesicular trafficking. This
study supports a concomitant activation of LRRK2 across familial and sporadic PD and links the oxidative
stress response to LRRK2-mediated pathways of neurodegeneration.
The kinase activity of LRRK2 was found to be increased in microglia in sporadic PD postmortem tissue,

through monitoring its autophosphorylation state and also downstream substrates [82] suggesting that inflam-
mation may be a trigger of LRRK2 activity in PD patients. Microglial inflammation in PD could be triggered
by an interaction of extracellular forms of the neuronal protein α-synuclein with TLR4 receptors [87]. Such
species of α-synuclein could either be actively secreted from neurons or might accumulate due to neuronal cell
death. Such events could then perpetuate neuroinflammation by releasing additional toxic materials such as
ROS [88]. Alpha-synuclein accumulation in neurons can also induce mitophagy, a process linked to LRRK2
activity [89,90], resulting in increased ROS production [91]. Taken together, these data highlight how ROS
accumulation and inflammation may activate wild type LRRK2 in sporadic PD within nigrostriatal dopamine
neurons and microglia, and that amplification of damage by LRRK2 in both glial and neuronal cells is a
plausible mechanism by which disease may progress (Figure 1).

The role of LRRK2 mutations in vesicular trafficking
The above considerations suggest that there are multiple cell types that may mediate the involvement of LRRK2
in monogenic and sporadic PD. However, it is important to also discuss the subcellular events that LRRK2 can
influence and whether these are relevant to neurodegeneration. LRRK2 has been linked to processes of vesicular
trafficking through interactions with multiple proteins associated with cellular membranes [92]. For example,
LRRK2 can phosphorylate a subset of Rab GTPases, including Rab8a and Rab10, both of which play roles in
vesicular trafficking to the plasma membrane [39,93]. Importantly, all pathogenic variants in LRRK2 that cause
disease have been shown to enhance Rab phosphorylation in cells [39,40]. Another Rab upstream of LRRK2 is
Rab29 which has been shown to bind LRRK2 at its ankyrin domain and recruits it to the TGN [55].
Interestingly, Rab29 is found in the PARK16 locus and is reported to be a PD risk factor [94]. Overexpression
of Rab29 results in an increase in pS1292 LRRK2 and pT73 Rab10 in vitro, which were ameliorated followed
by Rab29 knockdown [54]. Similar results were seen in studies that also demonstrated a requirement for Rab29
to be associated with membranes due to prenylation at the C-terminus of the protein [40]. These results are
consistent with prior observations that LRRK2 mutants, which are activated by Rab29 to a greater extent that
the wild type protein, enhance association of LRRK2 with the TGN [55].
Once activated, LRRK2 can affect multiple aspects of vesicular trafficking, one of which is the autophagy/

lysosomal pathway (Figure 1). Autophagy is a maintenance process for degrading damaged organelles and pro-
teins within the cell and is an integral part of the inflammatory response. During the initiation of autophagy,
the protein LC3 is lipidated and associates with the membrane of nascent autophagic vesicles. Inhibition of
LRRK2 kinase activity has been shown to increase the lipidation of LC3 in astrocytes [95]. This may be indica-
tive of either induction of autophagosome formation or inhibition of autophagosome/autolysosome

Figure 1. Physiological pathways of LRRK2 activity. Part 2 of 2

activation. Active LRRK2 phosphorylates Rab GTPases with downstream effects on vesicular trafficking as well as impaired

autophagy/lysosomal pathways (D) that can impair clearance of aggregated proteins. (E) Progressive increase in ROS with

ageing can activate LRRK2 that in turn can affect mitochondrial function and impair mitochondrial clearance through

mitophagy.
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degradation. Expression of GFP-tagged, PD-causing LRRK2 mutants results in an increase in lysosome size
which is dependent on kinase activity and is associated with a reduction in lysosomal pH [96]. In vivo, loss of
LRRK2 led to accumulation of autophagic markers LC3-II and p62 [97]. Interestingly, comparing these
markers in postmortem tissue from G2019S LRRK2 PD and sPD patients showed decreased LC3-II levels in
the basal ganglia of both sporadic and genetic PD forms compared with controls [98]. This suggests LRRK2
plays a crucial role in trafficking within the autophagy/lysosomal pathway and is necessary for normal lyso-
somal function. In turn, autophagy influences inflammation through the transport of degradable material to
the lysosome via phagophores. Thus, although we have not yet identified all the intracellular pathways involved
in LRRK2-related PD, one possibility is that inflammatory reactions and intracellular trafficking that affects the
autophagy–lysosome system are mechanistically related to each other.

Kinase activity: a push towards new LRRK2-targeting drug therapies
The results discussed above strongly indicate that LRRK2 mutations lead to a gain of function of kinase-
dependent activity. Consistent with this idea, rare loss of function LRRK2 alleles can be found within the
human population but are not associated with PD [99]. Furthermore, kinase-dead versions of mutant LRRK2
are less toxic than their kinase active counterparts in many cellular and animal models. Therefore, it is reason-
able to expect that lowering LRRK2 kinase activity would be therapeutically useful. This hypothesis has led to
the development of small molecule LRRK2 kinase inhibitors.
Pharmacological inhibition of LRRK2 has been shown to be neuroprotective in human cell lines and

PD-relevant animal models [100,101]. In parallel to the development of these tools, discovery of robust and
reliable biomarkers of kinase activity has been critical to be able to monitor the effectiveness of such com-
pounds. A recent study from our laboratory found that pS1292 is a reliable readout of LRRK2 kinase activity in
vivo [79] while others have shown the same for downstream Rab proteins [102]. A recent study suggested that
peripheral blood neutrophils may be useful to monitor LRRK2 activity in the clinic as they are abundant,
homogenous and express relatively high levels of LRRK2 and the substrate Rab10 [103].
Therefore, there are potential therapeutic agents and biomarkers of target engagement that would allow the

hypothesis that LRRK2 activity is pathogenic in PD to be tested in a clinical setting. However, it remains
unclear as to which patients would benefit from such a therapy. Importantly, if monogenic and sporadic PD
share not just some clinical features but are also mechanistically linked by LRRK2 kinase activity, then LRRK2
inhibitors may be beneficial not only for mutation carriers but for the broader sporadic PD population.
Recently, one small-molecule LRRK2 inhibitor, DNL201, reached clinical testing in 2017 and showed inhibition
of LRRK2 kinase activity in a healthy volunteer phase I study [104]. Another LRRK2 inhibitor, DNL151, is cur-
rently being assessed in healthy volunteers in the Netherlands in order to select the most promising molecule
to be assessed in patients with PD carrying an LRRK2 mutation.
Although these inhibitors are promising, it is worth mentioning that since normal LRRK2 function is not

fully elucidated, the downstream effects of inhibiting this enzymatic activity in humans are currently unknown.
Polymorphisms around LRRK2 have been identified as risk variants for Chron’s disease and leprosy [105,106]
while LRRK2 phosphorylation and protein levels are modulated in response to different proinflammatory
stimuli [73,107]. In turn, LRRK2 expression enhances transcriptional activation of inflammatory responses [73]
and PD-linked mutations induce cytokine production in activated microglia [108]. Inhibiting LRRK2 pharma-
cologically can impair microglial inflammatory responses [77] and LRRK2 deficiency impairs pathogen clear-
ance in vivo [109].
In the context of vesicular trafficking, LRRK2 has a spectrum of interacting factors and pathways that it is

involved in, therefore nominating possible side effects of targeting its activity is challenging. In vivo models
suggest that LRRK2 deficiency induces lysosomal defects [110] and compromises the ability of lysosomes to
degrade autophagic cargo by impairing trans-Golgi to lysosome trafficking [111]. Compromised lysosomal func-
tion can alter the capacity of lysosomes to degrade phagocytosed material and modulate the inflammatory
response and cytokine production. These studies highlight a role of LRRK2 in lysosomal processing and inflam-
matory signaling and suggest that pharmacological inhibition of its kinase activity may compromise activation of
inflammatory responses. A decline in immune function is an established hallmark of aging, and, in the setting of
chronic LRRK2 kinase inhibition that is relevant to the clinic, it will be important to monitor the integrity of the
patients’ immune system. Studies on the safety implications of targeting LRRK2 kinase activity have reported
macroscopic changes in in vivo model organisms. Morphological changes in lung from nonhuman primates, and
kidney tissue from rats treated with specific LRRK2 inhibitors have been reported [112–114]. The mechanism by

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society656

Biochemical Society Transactions (2019) 47 651–661
https://doi.org/10.1042/BST20180462

D
ow

nloaded from
 http://portlandpress.com

/biochem
soctrans/article-pdf/47/2/651/850736/bst-2018-0462c.pdf by N

ational Institutes of H
ealth (N

IH
) user on 25 M

ay 2022



which the lung and kidney are affected is not completely clear but may be mediated by changes in epithelial
integrity, as the lung phenotype is associated with infiltrating type-II pneumocytes into the alveolar space and
the kidney phenotype is driven in part by accumulation of hemoglobin in the kidney parenchyma. The key ques-
tion for drug development aimed at LRRK2 kinase activity is whether such events induce clinically significant
problems in persons with PD. Reassuringly, effects are reversible after cessation of dosing in animal models, sug-
gesting that there are unlikely to be long-term adverse events, but human safety data will be critical to whether
LRRK2 kinase inhibitors can be tolerated clinically in PD patients.

Perspectives
Convergent results from genetic and functional assays support the idea that LRRK2 is a viable drug target in
both monogenic and sporadic PD. While there are important additional mechanistic data that are required for
a full understanding of LRRK2-associated pathways, current models suggest that intracellular trafficking may be
affected by LRRK2 mutations and that this may be related to events in both neurons and non-neuronal cells
that mediate neuroinflammation. With these events in mind, it can be speculated that the complex role of
LRRK2 within the cell may be one of a master orchestrator, interacting within various cellular pathways in
order to maintain homeostasis. A gain-of-function mutation may shift this delicate balancing act, disrupting
normal degradative processes and eventually leading to PD pathogenesis.
Roughly 1 million people are living with PD in the US alone which is predicted to increase [115]. As of yet,

there continues to be a significant unmet medical need in the field of neurodegeneration for effective, long-
lasting treatments that either halt or slow disease progression. Currently, there are very few options in drug
treatment, all of which target symptoms of the disease rather than cause, for many reasons — insufficient drug
exposure in the brain, failure to provide evidence of target engagement using biomarkers, lack of a causative
candidate that is targetable, etc. — however, this is starting to change. With the improvement of clinically
applicable technologies, laboratory explorations of LRRK2 substrates and functions have identified potential
biomarkers for clinical use in blood and urinary exosomes [81] providing direct assessments of LRRK2-specific
drug inhibitors. These assessments can now provide data that can be used to predict potential areas of concern
for on-target side effects of chronic LRRK2 inhibition. Therefore, while the hypothesis that LRRK2 kinase activ-
ity can be inhibited to benefit people with PD remains untested, the important tools that would be needed to
address this idea are now available.
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Abstract: Mutations in LRRK2 cause familial Parkinson’s disease and common variants increase
disease risk. LRRK2 kinase activity and cellular localization are tightly regulated by phosphorylation
of key residues, primarily Ser1292 and Ser935, which impacts downstream phosphorylation of
its substrates, among which Rab10. A comprehensive characterization of LRRK2 activity and
phosphorylation in brain as a function of age and mutations is missing. Here, we monitored Ser935
and Ser1292 phosphorylation in midbrain, striatum, and cortex of 1, 6, and 12 months-old mice
carrying G2019S and R1441C mutations or murine bacterial artificial chromosome (BAC)-Lrrk2-G2019S.
We observed that G2019S and, at a greater extent, R1441C brains display decreased phospho-Ser935,
while Ser1292 autophosphorylation increased in G2019S but not in R1441C brain, lung, and kidney
compared to wild-type. Further, Rab10 phosphorylation, is elevated in R1441C carrying
mice, indicating that the effect of LRRK2 mutations on substrate phosphorylation is not
generalizable. In BAC-Lrrk2-G2019S striatum and midbrain, Rab10 phosphorylation, but not
Ser1292 autophosphorylation, decreases at 12-months, pointing to autophosphorylation and substrate
phosphorylation as uncoupled events. Taken together, our study provides novel evidence that
LRRK2 phosphorylation in mouse brain is differentially impacted by mutations, brain area, and age,
with important implications as diagnostic markers of disease progression and stratification.

Keywords: LRRK2; phosphorylation; Rab10; mutant mice; striatum; cortex; midbrain; lung;
kidney; age-dependent changes

1. Introduction

Mutations in the gene encoding leucine-rich repeat kinase 2 (LRRK2) cause autosomal dominant
Parkinson’s disease (PD), while common variants in the LRRK2 locus increase the lifetime risk of
disease [1]. LRRK2 is a large signaling protein comprising serine-threonine kinase and ROC-COR
GTPase catalytic domains as well as scaffolding modules [2]. PD-causing mutations are gain of
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function through a direct activating effect on kinase activity (G2019S) or by decreasing GTP hydrolysis
(R1441C/G/H and Y1699C), which affects LRRK2 subcellular access to its substrates, the most validated
being a subset of Rab GTPases [3]. LRRK2 controls its own phosphorylation through a yet unclear
mechanism, likely involving heterologous kinases (CK1α, IKKs, PKA) and phosphatases (PP1)
within a cluster of N-terminus residues, the two major ones being Ser910 and Ser935 (reviewed in [4]).
Phosphorylation of these residues provides the docking sites for the binding of 14-3-3 proteins,
which regulate LRRK2 activity and subcellular localization [5,6]. LRRK2 kinase inhibition results in
LRRK2 dephosphorylation at Ser910/Ser935 and consequent dissociation from 14-3-3 proteins [4–6].
These residues are dephosphorylated also in several LRRK2 PD mutants with hyperactive kinase
activity, raising a question as to whether dephosphorylated LRRK2 is pathogenic, protective or both,
depending on the upstream mechanism that governs the dephosphorylation event.

Autophosphorylation of Ser1292 is a robust readout of LRRK2 kinase activity in cells [7], which was
shown to positively correlate with Thr73 phosphorylation of Rab10, a well-established LRRK2
substrate [3]. As predicted, Ser1292-LRRK2 and Thr73-Rab10 are hyperphosphorylated in the presence
of gain of function LRRK2 mutants in cells and mouse and human peripheral tissues [3,7–9], as well
as in the substantia nigra (SN) dopaminergic neurons of postmortem brain tissue from idiopathic
PD patients [10]. Despite being well-established in cells, Rab10 phosphorylation in the brain has
proven difficult to detect, possibly due to the high levels of PPM1H, a phosphatase selectively
dephosphorylating Rab GTPases [11], or to a lower basal activity of LRRK2 in neuronal cells compared
to peripheral tissues.

To gain insights into the effects of LRRK2 mutations on protein activity and phosphorylation
ex-vivo, we performed a comprehensive survey of LRRK2 and Rab10 phosphorylation in midbrain,
striatum, and cortex, as well as in peripheral tissues of three LRRK2 mutant mice, namely knockin
(KI) Lrrk2-G2019S, KI Lrrk2-R1441C, and BAC overexpressing murine Lrrk2-G2019S. We observed
that KI G2019S animals exhibit elevated pSer1292 in brain and lung/kidney but no increased
pThr73-Rab10 in lung/kidney as compared to wild-type (WT), whilst KI mice carrying the ROC
R1441C mutation display pSer1292 levels surprisingly similar to WT brain/lung/kidney but increased
pT73-Rab10. Phospho-Ser935 is barely detectable in KI R1441C brains, and halved in KI G2019S
compared to WT. In mice overexpressing the murine Lrrk2 locus (BAC-Lrrk2-G2019S), total and
phospho-LRRK2 levels increase in the aging striatum, while phospho-Thr73 Rab10 is decreased at
12 months, indicating that LRRK2 and Rab10 phosphorylations are uncoupled, at least in this model.
Finally, histological evaluation of BAC-G2019S brains confirmed that Lrrk2 expression is considerably
higher in the striatum compared to the cortex and further revealed that aged mice display elevated
GFAP levels, suggestive of enhanced gliosis.

Taken together, our comprehensive ex-vivo study provides evidence that LRRK2 phosphorylation
in murine brain is differentially impacted by mutations and that pSer1292/pSer935-LRRK2 and
pThr73-Rab10 may be diagnostic of G2019S and R1441C-linked diseases, respectively.

2. Materials and Methods

2.1. Animals

C57BL/6 LRRK2 wild-type and mouse LRRK2 G2019S BAC (GS BAC) mice were obtained
from Jackson Laboratory [B6.Cg-Tg(Lrrk2∗G2019S)2Yue/J]. Non-transgenic wild-type (WT) mice were
littermates obtained from the heterozygous breeding. Housing and handling of mice were done in
compliance with national guidelines. All animal procedures were approved by the Ethical Committee
of the University of Padova and the Italian Ministry of Health (#200/2019-PR and 1041/2016-PR).

Homozygous LRRK2 G2019S knock-in (GSKI), R1441C knock-in (RCKI), knockout (KO)
and parental WT mice were housed at the National Institute on Aging, NIH, [12,13] according to a
protocol approved by the Institutional Animal Care and Use Committee of the National Institute on
Aging, NIH (463-LNG-2019).
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Dissections of cortex, midbrain, and striatal regions were performed in 1, 6, and 12 months-old
mice of all genotypes. 4–5 mice/genotype/age were used in all experiments.

2.2. Antibodies

For western blotting the following antibodies were used: total LRRK2 [MJFF2 (c41-2)]
(Abcam, Cambridge, UK, Cat# ab133474, 1:300), phospho-S935 LRRK2 (Abcam, Cambridge, UK, Cat#
ab133450, 1:500), phospho-S1292 LRRK2 (Abcam, Cambridge, UK, Cat# ab203181, 1:300), total Rab10
(Abcam, Cambridge, UK, Cat# ab104859, 1:500), phospho-T73 Rab10 (Abcam, Cambridge, UK,
Cat# ab230261, 1:400), tyrosine hydroxylase (Millipore, Burlington, MA, USA Cat# AB152, 1:10000),
DARPP32 (Millipore, Burlington, MA, USA Cat# AB10518, 1:10000) and β-actin (Sigma-Aldrich,
St. Louis, MO, USA Cat# A2066, 1:10000). For immunofluorescence: β-tubulin-III (Sigma-Aldrich,
St. Louis, MO, USA, Cat# T8578, 1:1000); total LRRK2 [MJFF2 (c41-2)] (Abcam, Cambridge, UK,
Cat# ab133474, 1:200), phospho-S935 LRRK2 [UDD2 10(12)] (Abcam, Cambridge, UK, Cat# ab172382,
1:200), GLT1 (EMD Millipore, Burlington, MA, USA Cat# AB1783, 1:400), GFAP (Dako-Agilent,
Santa Clara, CA, USA, Cat# Z0334, 1:400) CD11b [M1/70] (eBioscience™ from Thermo Fisher Scientific,
Waltham, MA, USA, Cat# 14-0112-82, 1:200).

2.3. Brain Lysis and Western Blotting

Brain regions were mechanically lysed in 25 mM pH = 7.5 Tris-HCl, 150 mM NaCl, 1% (v/v)
NP40, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 2 mM EGTA, 20 mM sodium fluoride, 50 mM
beta glycerophosphate, 50 mM sodium pyrophosphate, 20 mM sodium orthovanadate. 70 µg of
protein samples were resolved on pre-casted 4–20% Tris-glycine polyacrylamide gels (Biorad, Hercules,
CA, USA).

Resolved proteins were transferred to polyvinylidenedifluoride (PVDF) membranes using semidry
Biorad transfer machine (Trans-Blot Turbo Transfer System, Biorad, Hercules, CA, USA). After 1h of
saturation in 0.1% Tween-20 (TBS-T) plus 5% non-fat dry milk, PVDF membranes were incubated
overnight at 4 ◦C with specific primary antibodies. The PVDF sheets were washed in TBS-T (3 × 10 min)
at room temperature (RT) followed by incubation for 1 h at RT with horseradish peroxidase-conjugated
IgG. Immunoreactive proteins were visualized using chemiluminescence (Immobilon ECL western
HRP substrate, Millipore, Burlington, MA, USA). Densitometric analysis was carried out using Image J
software (U. S. National Institutes of Health, Bethesda, MD, USA). Levels of phospho-LRRK2/total
LRRK2, phospho-RAB10/total RAB10 ratios were compared between control and mutant mice at
different ages.

2.4. Immunofluorescence

Animals were terminally anesthetized with xylazine (Rompun®) and ketamine (Zoletil®)
and transcardially perfused with 0.9% saline followed by ice cold 4% paraformaldehyde (PFA).
Brains were dissected and post-fixed in 4% PFA at 4 ◦C overnight, then transferred to a sucrose gradient
in phosphate-buffered saline (PBS) (20% and 30%) at 4 ◦C for cryopreservation. Once saturated
in sucrose, 40 µm thick coronal slices were obtained by sectioning the brains with a vibratome.
Sections were rinsed three times with PBS and then the sample autofluorescence was quenched in
50 nM NH4Cl in PBS. After three more washings, tissue sections were immersed in a solution made of
0.1% Sudan Black B (SBB) and 70% ethanol for 15 min at RT. To remove the excess of SBB the slices
were rinsed three times with PBS and then they were permeabilized and saturated for 2 h in blocking
solution (15% vol/vol goat serum, 2% wt/vol BSA, 0.25% wt/vol gelatin, 0.2% wt/vol glycine in PBS)
containing 0.5% Triton X-100. Incubation with the primary antibodies was carried out overnight at 4 ◦C
in blocking solution. Samples were washed three times with PBS and then sections were incubated
with appropriate secondary antibodies diluted 1:200 in blocking solution. Images were acquired with
Zeiss LSM700 confocal microscope, using 20×/0.8 M27 objective.
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2.5. Statistical Analysis

All quantitative data are expressed as mean ± SEM (standard error of the mean) from at least 4
different mice/genotype/age. Significance of differences between two groups was verified by Student
t-test while comparisons between 3 or more groups were performed by one-way analysis of variance
(ANOVA) with Dunnett’s Multiple comparison test/Bonferroni’s post-hoc test.

3. Results

3.1. LRRK2 Expression in Midbrain, Striatum, and Cortex

To explore LRRK2 phosphorylation in mouse brain, we dissected three brain regions,
namely striatum, cortex, and midbrain (Figure 1a). These areas are relevant in PD pathology [14]
and LRRK2 was previously shown to be highly expressed in striatum and cortex [15,16]. Here we
confirmed that Lrrk2 steady state levels are higher in the cortex and striatum compared to midbrain
(Figure 1b), while the levels of phosphorylated Ser935 are higher in striatum compared to the other regions
(Figure 1c). In addition, the lower Lrrk2 expression in the midbrain appears age-independent (Figure 1c).

Cells 2020, 9, x FOR PEER REVIEW 4 of 18 

 

All quantitative data are expressed as mean ± SEM (standard error of the mean) from at least 4 

different mice/genotype/age. Significance of differences between two groups was verified by Student 

t-test while comparisons between 3 or more groups were performed by one-way analysis of variance 

(ANOVA) with Dunnett’s Multiple comparison test/Bonferroni’s post-hoc test. 

3. Results 

3.1. LRRK2 Expression in Midbrain, Striatum, and Cortex 

To explore LRRK2 phosphorylation in mouse brain, we dissected three brain regions, namely 

striatum, cortex, and midbrain (Figure 1a). These areas are relevant in PD pathology [14] and LRRK2 

was previously shown to be highly expressed in striatum and cortex [15,16]. Here we confirmed that 

Lrrk2 steady state levels are higher in the cortex and striatum compared to midbrain (Figure 1b), while 

the levels of phosphorylated Ser935 are higher in striatum compared to the other regions (Figure 1c). In 

addition, the lower Lrrk2 expression in the midbrain appears age-independent (Figure 1c). 

 

Figure 1. Lrrk2 steady state levels in Parkinson’s disease (PD)-relevant areas. (a) Schematic 

representation of cortex (blue), midbrain (red), and striatum (green) localization in mouse brain. (b) 

Representative western blot showing Lrrk2 steady state and phosphorylation levels in PD-relevant 

areas striatum, cortex, and midbrain of 24 months-old wild-type mice. (c) Lrrk2 steady state and 

phosphorylation levels in striatum, midbrain, and cortex of wild-type mice at different ages (1, 6 and 

12 months-old). 

3.2. Changes in Ser935 and Ser1292 Phosphorylation in G2019S and R1441C Knockin Brains at Different 

Ages 

Phosphorylation levels of Ser935 and Ser1292 are a readout of LRRK2 activity, and pSer935 is 

widely used to assess on-target LRRK2 inhibitor engagement [17]. While pSer935 and pSer1292 have 

been detected in mouse brains [7,18], a systematic comparison across different LRRK2 mutations, 

brain regions and ages has not been performed. To this aim, we dissected the striatum, cortex, and 

midbrain of 9 groups of animals (4–5 mice per group) carrying three genotypes (wild-type (WT), KI 

Lrrk2-G2019S (GSKI), and KI Lrrk2-R1441C (RCKI)) at three different ages (1, 6, and 12 months). To 

highlight possible differences across genotypes, age-matched WT, GSKI, and RCKI lysates were 

loaded on the same gel. After western blotting analysis with phospho-Ser1292, phospho-Ser935, and 

Figure 1. Lrrk2 steady state levels in Parkinson’s disease (PD)-relevant areas. (a) Schematic representation
of cortex (blue), midbrain (red), and striatum (green) localization in mouse brain. (b) Representative western
blot showing Lrrk2 steady state and phosphorylation levels in PD-relevant areas striatum, cortex,
andmidbrain of 24 months-old wild-type mice. (c) Lrrk2 steady state and phosphorylation levels in
striatum, midbrain, and cortex of wild-type mice at different ages (1, 6 and 12 months-old).

3.2. Changes in Ser935 and Ser1292 Phosphorylation in G2019S and R1441C Knockin Brains at Different Ages

Phosphorylation levels of Ser935 and Ser1292 are a readout of LRRK2 activity, and pSer935 is
widely used to assess on-target LRRK2 inhibitor engagement [17]. While pSer935 and pSer1292 have
been detected in mouse brains [7,18], a systematic comparison across different LRRK2 mutations,
brain regions and ages has not been performed. To this aim, we dissected the striatum, cortex,
and midbrain of 9 groups of animals (4–5 mice per group) carrying three genotypes (wild-type (WT),
KI Lrrk2-G2019S (GSKI), and KI Lrrk2-R1441C (RCKI)) at three different ages (1, 6, and 12 months).
To highlight possible differences across genotypes, age-matched WT, GSKI, and RCKI lysates were
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loaded on the same gel. After western blotting analysis with phospho-Ser1292, phospho-Ser935,
and total LRRK2 antibodies (Figure 2a) and subsequent quantification of western blot signals
(Figure 2b–d), we made several interesting observations.

First, the levels of phospho-Ser935 in RCKI brains are ~5 times lower than in the WT in all
brain areas, in 1 and 6 month-old animals (Figure 2b–d). Instead, at 12 months, the effect is blunted
in the cortex, halved in the midbrain but still persistent in the striatum (Figure 2b–d). Second,
the levels of phospho-Ser935 in GSKI striatum, midbrain, and cortex are ~50% lower than in WT,
in 1 month-old animals and in striatum and midbrain of 6 months-old mice (Figure 2b–d). This result
was unexpected given that LRRK2 G2019S from cells display similar Ser935 phosphorylation than
LRRK2 WT [9]. At 12 months, Ser935 phosphorylation in the striatum is dramatically reduced to ~10%
of the WT, reduced in the cortex but stable in the midbrain. Third, we detected autophosphorylation
of Ser1292 only in GSKI, but, quite surprisingly, not in RCKI brains, which behaved as the WT
(Figure 2a). This result is in apparent contrast with what has been reported in different cell models
where LRRK2 R1441C display increased phospho-Ser1292 (Figure 2a) [3,7]. Of note, in 1-month-old
animals phospho-S1292 is detectable only in the striatum, where Lrrk2 expression is higher (Figure 2a).

Last, we observed some differences in Lrrk2 steady state levels across genotypes, but without a
consistent trend in one specific region or at a specific age, with the exception of 6 months mice were
total Lrrk2 levels are lower in GSKI cortex and midbrain (Figure 2a–d).

3.3. Changes in Ser935-Lrrk2, Ser1292-Lrrk2, and Thr73-Rab10 Phosphorylation in G2019S and R1441C
Knockin Lungs and Kidneys

Based on the unexpected finding that R1441C KI brains display undetectable Ser1292
autophosphorylation, we next asked whether this phenotype is restricted to the brain or whether it also
applies to other tissues. Because lungs and kidneys have been previously shown to express high levels
of LRRK2 [19–21] and LRRK2 inhibitors cause morphological changes in type II pneumocytes [22],
we evaluated LRRK2 phosphorylation in these tissues isolated from 12 months-old WT, RCKI, GSKI,
and Lrrk2 KO mice. After western blot analysis, we observed that pSer1292 is ~4 times higher in GSKI
compared to WT, while RCKI lungs and kidneys exhibit similar phospho-Ser1292 levels as the WT
(Figure 3a–c), confirming the previous results in brains (Figure 2).

To understand whether the lack of phospho-Ser1292 activation in RCKI mice reflects a general
inability of this mutation to manifest a similar gain of kinase function observed in cell models [7],
we evaluated Rab10 phosphorylation at Thr73 [3,9,23,24]. Strikingly, Rab10 phosphorylation is
significantly higher in RCKI lungs and kidneys compared to WT (Figure 3a,b). Instead, lung and
kidney from GSKI mice display levels of Rab10 phosphorylation similar to WT, overall suggesting that
autophosphorylation and Rab10 phosphorylation are uncoupled events and may constitute independent
readouts of LRRK2 activation. Of note, we could not convincingly detect Rab10 phosphorylation in
any brain regions under endogenous (WT and KI) Lrrk2 expression. Finally, the degree of Ser935
phosphorylation in GSKI kidneys, and to a lesser extent in lungs, is in between the level of WT and
RCKI conditions, confirming the trend observed in brain (Figure 3a–c).
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Figure 2. Age-related changes in Ser935 and Ser1292 phosphorylation levels in G2019S and R1441C
knockin brain areas. (a) Representative western blots of R1441C knockin (RCKI), wild-type (WT)
and G2019S knockin (GSKI) lysates from midbrain, striatum, and cortex of 1, 6, and 12-month-old
animals (b-d). Quantifications of Ser935 phosphorylation (phospho/total LRRK2) and total Lrrk2 levels
(Lrrk2/β-actin) in midbrain (b), striatum (c), and cortex (d) at 1, 6, and 12-month-old mice. Each dot in
the bar graph represents one animal. Data are shown as mean ± SEM; One-way ANOVA with Dunnett
post-hoc test (ns: not significant; * p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 3. Differences in Ser935-Lrrk2, Ser1292-Lrrk2 and Thr73-Rab10 phosphorylations and total
Lrrk2 between G2019S and R1441C knockin lungs and kidneys. (a) Representative western blots of
WT, RCKI, GSKI, and knockout (KO) lysates from kidney and lung of 12-months-old animals showing
Lrrk2 and Rab10 phosphorylation levels. (b,c) Quantifications of Ser935, Ser1292 phosphorylations
(phospho/total Lrrk2), total Lrrk2 (Lrrk2/β-actin), and Thr73-Rab10 phosphorylation (phospho/total Rab10)
in kidneys and lungs respectively of WT, RCKI, GSKI mice. Each dot in the bar graph represents one
animal. Data are shown as mean± SEM; One-way ANOVA with Dunnett post-hoc test (ns: not significant;
* p < 0.05; ** p < 0.01; *** p < 0.001).
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3.4. Age-Dependent Increase of Lrrk2 Phosphorylation and Steady State Levels in BAC-Lrrk2 G2019S Brains

We next examined the effect of the G2019S mutation in a different mouse model, namely the
hemizygous BAC murine Lrrk2 G2019S (mBAC G2019S) mouse. This model, which was developed by
Zhenyu Yue and collaborators (Mount Sinai, US), displays ~six-fold higher Lrrk2 expression compared
to the endogenous locus [25] and it was shown to develop an age-related decline in striatal dopamine
content [25] and 20% loss of TH neurons at 20 months of age [26]. Due to the large differences
in Lrrk2 expression between WT and mBAC G2019S mice, we did not compare the genotypes but
rather examined Lrrk2 and Rab10 phosphorylation in mBAC G2019S comparing striatum, cortex and
midbrain at different ages (5 mice per age). Of note, while phospho-Thr73 Rab10 could not be robustly
detected in brains with endogenous Lrrk2 expression (data not shown), it is clearly detectable in mBAC
G2019S brains (Figure 4a–c).

In this dataset, we observed that: (i) LRRK2 expression increases upon aging in striatum and cortex;
(ii) pSer935 and pSer1292 increase with aging in the striatum; (iii) Rab10 phosphorylation decreases
at 12 months when Lrrk2 expression peaks, further supporting the notion that autophosphorylation
and Rab10 phosphorylation are uncoupled events, at least in this context (Figure 4a–c). The observed
differences in endogenous Lrrk2 levels across brain regions (Figure 1) are not as pronounced in the BAC
G2019S mouse model (Figure S1), suggesting that Lrrk2 overexpression may blunt these tissue-specific
variations. Finally, we prepared coronal brain slices from 1 and 12-month-old mBAC G2019S mice to
evaluate Lrrk2 expression and phosphorylation at the cellular level with MJFF2(c41-2) and UDD210(12)
antibodies, respectively. As shown in Figure 5a–f and Figure S3, total and phospho-Lrrk2 antibodies
give high and specific signals (Figure S2) in the striatum, while the labeling in the cortex is much
weaker (Figure S4).

We also observed that Lrrk2 (MJFF2) partially colocalizes with β-III-tubulin, a neuronal marker
(Figure 5a,b) and to a lesser extent with GLT-1, a major glutamate transporter mainly expressed
by astrocytes (Figure 5c–d). Instead, no co-localization with the microglial marker CD11b was
observed (Figure 5e,f). Quite interestingly, we further noticed that phospho-Lrrk2 (phospho-Ser935)
colocalizes with β-III-tubulin but no (or very faint) co-localization with GLT1 could be observed
(Figure S3), suggesting that LRRK2 Ser935 phosphorylation is higher in neurons than in astrocytes.
Given the age-dependent increase in expression of Lrrk2 in BAC-G2019S mice (Figure 4), we wondered
whether this is paralleled to an increase in gliosis, a pathological feature reported in mutant
LRRK2-associated PD [27]. To this end, coronal slices from 1 and 12-months-old BAC-G2019S
mice were stained for GFAP, an intermediate cytoskeletal protein whose expression increases during
astrogliosis [28]. As shown in Figure 5g,h, striatal astrocytes from 12-months-old mice exhibit a more
ramified morphology as compared to 1-month-old animals, overall pointing to enhanced gliosis in
aging BAC-G2019S brains. In addition, we observed a more intense CD11b signal as well as the
presence of ramified microglial cells in cortico-striatal slices from 12 month-old BAC-G2019S mice,
overall pointing at an increased inflammatory state in aged BAC-G2019S brains (Figure 5i,j).
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Figure 4. Age-dependent increase of Lrrk2 phosphorylation and steady state levels in BAC-Lrrk2 G2019S
brains. (a) Representative western blots and relative quantifications of Ser935, Ser1292 phosphorylations
(phospho/total Lrrk2), total Lrrk2 (total Lrrk2/β-actin), and Thr73-Rab10 phosphorylation (phospho/total
Rab10) in midbrain, (b) striatum, and (c) cortex of murine BAC-G2019S mice at different ages (1, 6,
and 12-months). Each dot in the bar graph represents one animal. Data are shown as mean ± SEM;
One-way ANOVA with Dunnett post-hoc test (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 5. Immunofluorescent analysis of Lrrk2 distribution and subcellular localization in
mBAC-Lrrk2-G2019S brain. Representative co-immunofluorescent staining of brain slices from
hemizygous transgenic mice overexpressing murine BAC-Lrrk2-G2019S. In detail: (a,b) tot-Lrrk2 (green)
distribution in cortex and striatum and subcellular localization in β-III-tubulin positive neurons (red)
of 1-month-old and 12-months-old mice; (c,d) tot-Lrrk2 (red) distribution in cortex and striatum and
subcellular localization in GLT-1 positive astrocytes (green) of 1-month-old and 12-months-old mice;
(e,f) tot-Lrrk2 (red) distribution in cortex and striatum and subcellular localization in CD11b positive
microglia (green) of 1-month-old and 12-months-old mice. Representative immunofluorescent staining
of (g,h) GFAP and (i,j) CD11b-positive cells highlighting the different shape and activation level of
striatal astrocytes and microglia respectively, at 1 and 12 months of age. n = 3 animals each staining.
Scale bars 200 µm, and 50 µm.
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4. Discussion

Understanding the effects of pathogenic mutations on LRRK2 phosphorylation and cellular
activity is critical to clarify their impact on LRRK2 signaling and to identify mutation-specific effects
important for disease diagnosis. There is general consensus that both kinase and non-kinase mutations
increase LRRK2 activity towards its major substrates, namely LRRK2 itself and a subset of RAB
GTPases [3,7]. However, most of these studies use cell models with protein overexpression or primary
cells isolated from KI mice [3,7]. In contrast, the impact of mutations in a complex environment
such as the brain where different cell types constantly exchange information, is poorly known. Here,
by comparing LRRK2 mouse-models brains and peripheral tissues carrying two major mutations,
namely G2019S in the kinase domain and R1441C in the ROC/GTPase domain, we found that
heterologous phosphorylation (Ser935), autophosphorylation (Ser1292), and substrate phosphorylation
(Rab10) have patterns not strictly predicted by cellular studies. First, we observed that Lrrk2 is
highly expressed in the mouse striatum, while the protein shows significantly lower levels in the
midbrain (Figure 6a).

High levels of LRRK2 in the striatum were previously reported [15,16], as well as specific functions
in striatal medium spiny neurons [29,30]. Of interest, in all the models analyzed we found the
clearest effects in the striatum. GSKI mice exhibit an age-dependent decline in Ser935 phospho-levels
(Figure 6b), while increased levels and phosphorylation of Lrrk2 with aging are found in BAC-G2019S
mice overexpressing the endogenous murine Lrrk2 locus (Figure 6c). In BAC-G2019S mice, the kinase
is expressed in neurons and in some GLT1-positive structures, consistent with the previously reported
expression in astroglia [31,32]. Not all LRRK2 positive cell bodies co-localize with the neuronal specific
marker β-III-tubulin, supporting LRRK2 expression also in non-neuronal cells [31,32].

By comparing LRRK2 and Rab10 phosphorylation in KI G2019S and R1441C brains and lung/kidney,
we made two major observations. First, the G2019S mutation increases autophosphorylation at Ser1292
while the R1441C mutation does not (Figure 6b). Second, R1441C but not G2019S results in increased
phospho-Rab10, at least in kidneys and lungs where detection of phospho-Rab10 was possible
(Figure 6b). The lack of phospho-Rab10 detection in the brain may be explained by the high expression
levels in this tissue of PPM1H, a phosphatase selectively dephosphorylating Rab GTPases [11].
Furthermore, the R1441C mutation dramatically reduces Ser935 phosphorylation (Figure 6b), in line
with cellular studies [5,6], instead the phosphorylation tone of Ser935 in GSKI is in between WT
and RCKI (Figure 6b). The R1441 residue is located in the GTPase/ROC domain and substitution of
the arginine with a cysteine decreases GTP hydrolysis [33] by locking the GTPase in its GTP-bound
monomeric conformation, thereby trapping LRRK2 in an “on” conformation [34,35]. From our analysis,
Ser935 phosphorylation is dramatically reduced in brain, lung, and kidney of RCKI mice, consistent with
cellular studies [5,6]. Phosphorylation of Ser935 and Ser910 is necessary for the binding of 14-3-3
proteins, which results in LRRK2 diffuse cytoplasmic localization, at least under overexpression
conditions [5]. In contrast, dephosphorylation of these residues by the action of LRRK2 phosphatases
or via PAK6 phosphorylation of 14-3-3s, causes LRRK2 to compartmentalize [36,37]. In agreement,
the basal dephosphorylated state of LRRK2 R1441C in Ser935 is coupled to a compartmentalized
phenotype in cells, possibly indicating that the kinase is constitutively localized in its signaling
domains [6,38]. Recent studies showed that membrane-bound RAB29 recruits and activates LRRK2 via
its ankyrin (ANK) region which is near the cluster of serins that contains Ser935 [39–41]. Purlyte et al.
further observed that pathogenic LRRK2 mutants with increased GTP binding (e.g., R1441G and
Y1699C) display higher levels of Ser1292 autophosphorylation than wild-type LRRK2, but that the
already higher levels of basal phospho-RAB10 are not further increased upon RAB29 expression [39],
overall suggesting that ROC mutants may be constitutively recruited at RAB10-positive membranes
domains independently on RAB29. This model would also explain why low Ser935 phosphorylation
in LRRK2 R1441C still guarantees RAB10 phosphorylation, given that phospho-Ser935 is normally
required for RAB29 recruitment of LRRK2 [39]. Further supporting these conclusions, a recent study
also from Alessi’s group [42] reported that Rab29 KO in R1441C KI mice does not reduce the elevated
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Rab10 phosphorylation in MEFs or tissues, again suggesting that endogenous Rab29 is not sufficient to
explain the elevated activity of the R1441C pathogenic mutant. This model fits with another observation
by the same authors showing that RAB29-deficient binding mutants in the ANK domain are devoid of
Ser935 phosphorylation but can still promote LRRK2-mediated RAB10 phosphorylation [39]. It remains
to be explained why the R1441C mutation results in increased Ser1292 autophosphorylation in cells
overexpressing this mutant form of LRRK2 but not in brain and peripheral tissues isolated from mice
(Figure 6b). One obvious difference is that we are comparing overexpression versus endogenous
expression, which should warn on interpreting overexpression studies with caution. Another possibility
is that humans and mice possess different regulatory mechanisms or expression levels of LRRK2 and
its interactors/substrates, which would result in different cellular outcomes.
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Figure 6. The differential impact of LRRK2 mutations on Rab10 phosphorylation in brain.
(a) Schematic representation of LRRK2 protein levels in cortex, midbrain, and striatum. (b) LRRK2 and
Rab10 phosphorylation levels as function of LRRK2 common mutations (G2019S and R1441C)
and (c) as function of ageing in murine BAC-Lrrk2-G2019S mice. (d) Schematic summary of the
possible molecular mechanisms underlying the different levels of Rab10 phosphorylation in presence of
wild-type or mutated LRRK2. In detail, our data suggest that in the presence of the R1441C-LRRK2
mutation, the reduced phosphorylation at Ser935 may lead to a reduction of LRRK2-14-3-3s binding and
thus to an increased access to Rab10.

Taking these and our findings together, we can postulate that GTP-locked LRRK2 R1441C does not
need to undergo autophosphorylation in vivo being “constitutively” localized at RAB10-membranes
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(or other compartments), bypassing RAB29-mediated recruitment and activation (Figure 6d).
The consequence of a chronic RAB10 hyperphosphorylation could result in reduced ciliogenesis,
thus impacting on brain functionality as suggested by recent works [43,44]. Future studies addressing
the precise consequences of R1441C-dependent RAB10 hyperphosphorylation on ciliogenesis, as well
as on lysosomal function [41,45], will better clarify the pathogenic mechanisms of this mutation.

Our study further highlights that LRRK2 mutations located in different domains (i.e., GTPase and
kinase) likely operate through different pathogenic mechanisms. Knock-in mice carrying the G2019S
mutation at the endogenous locus exhibit increased autophosphorylation at Ser1292 but Rab10
phosphorylation levels are similar to wild-type (Figures 2 and 6b–d). In contrast with the R1441C
mutation which does not affect per se the catalytic properties of the kinase, the G2019S mutation located
in the activation loop of the kinase increases activity by doubling the Vmax [46]. Based on the above
considerations, we can predict that the higher autophosphorylation observed is a direct consequence
of a kinase intrinsically more active, an outcome that is also observed in cellular models [3,7,47].
The fact that this hyperactive kinase does not hyper-phosphorylate Rab10 can be explained by the
fact that LRRK2 G2019S requires RAB29 recruitment to RAB10-containing membranes similarly
to wild-type LRRK2, as shown by Purtyle and collaborators [39] (Figure 6d). This implies that
hyper-phosphorylation of other autophosphorylation sites located in the ROC domain [4] does not
result in a GTP-locked protein but rather provide some fine regulation whose effect is not captured
when assessing phospho-Rab10.

Translating these findings into therapeutic implications, kinase inhibitors are predicted to
normalize the intrinsically higher kinase activity of LRRK2 G2019S carriers. While R1441C
carriers may also benefit from a kinase inhibitor-based therapy through “on site” reduction of
substrate hyperphosphorylation (i.e., Rab10), strategies that can correct the lower GTP hydrolysis of
RocCOR mutants may represent an alternative, and possibly more effective, therapeutic approach
for LRRK2-R1441C carriers. Another implication of the different mode of action for these two
mutations is that they may require distinct pharmacodynamic readouts to assess on-target kinase
inhibition: dephosphorylation of Ser935/Ser1292 for G2019S carriers and Rab10 dephosphorylation for
R1441C carriers.

One intriguing observation from our analysis is that phosphorylation of Ser935 in GSKI brain lung
and kidney is reduced by ~half. These results were not observed in cell lines [9] but are in line with two
recent papers where pSer935 was reported to be reduced in peripheral blood mononuclear cells (PBMCs)
of disease-manifesting G2019S carriers compared to idiopathic PD or controls [48,49], overall supporting
the GSKI mouse with endogenous mutant Lrrk2 expression as a valuable pre-symptomatic model of
disease. Since overexpression of RAB29 was observed to reduce Ser935 phosphorylation in both WT
and G2019S LRRK2 [39], one possibility is that the decreased phospho-Ser935 observed in GSKI tissues
is due to increased RAB29-dependent recruitment. If this is true, the lack of increase in phospho-Rab10
may suggest that LRRK2 G2019S is recruited to subcellular membrane compartments that are Rab10
negative (Figure 6d). Further studies comparing in vivo the effect of G2019S and R1441C mutations
against different RAB GTPases may reveal how different mutations impact different cellular processes.

In line with a previous study by Mercatelli and collaborators [50], we also observed reduced
total Lrrk2 levels in cortex and midbrain of GSKI compared to WT in 6 month-old animals (Figure 2).
The reasons for this decline are unclear, although it could be speculated that it represents a neuronal
response to downregulate the excessive kinase activity associated with mutant Lrrk2, a compensatory
mechanism that is lost in aged mice (12 months), consistent with the late onset of PD pathology.
Instead, the R1441C mice show a mild decline in total Lrrk2 levels at 12 months of age (Figure 2),
further evidencing how the two mutations manifest with distinct phenotypes.

Finally, by comparing the effect of aging on Lrrk2 and Rab10 phosphorylation in the
context of BAC-Lrrk2-G2019S overexpressing mice, we collected further evidence that Ser1292
autophosphorylation and Rab10 phosphorylation are uncoupled phenomena. Specifically, while Lrrk2
levels and phosphorylation increase with aging (up to 12 months), phosphorylation of Rab10 decreases
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at 12 months, with the strongest effect observed in the striatum (Figure 6c). The reasons behind this
effect are unclear. One possibility could be that the levels of PPM1H increase with aging to counteract
the parallel increase in Lrrk2 observed. Intriguingly, a recent study found a genetic association between
PPM1H and INFα levels in systemic lupus erythematosus (SLE) patients [51]. As also LRRK2 can
modulate the risk of inflammatory diseases such as SLE [52,53] and neuroinflammation is increased
in 12-month old BAC G2019S mice (Figure 5), future studies should be directed at exploring the
possible link between LRRK2 and PPM1H in PD-related inflammation. While additional investigations
are clearly required, these findings together with the previous observations in KI mice support the
importance of encoding the effects of different LRRK2 mutations in specific tissues and at specific ages.

PD is a multisystemic disorder for which no cure is available. LRRK2 inhibitors are under
clinical development and phase I clinical trials have already proved efficacy and safety [54].
However, LRRK2-PD neuropathology is variable, ranging from typical Lewy bodies pathology, to
pure nigral degeneration, Tau pathology, and progressive supranuclear palsy-like pathology [27],
which may reflect the different mode of action of different mutations in combination with other genetic
and environmental factors. Thus, inhibition of LRRK2 activity with kinase inhibitors may work well
with G2019S patients but may be less effective against mutations impairing GTP hydrolysis. A clear
understanding of the impact of LRRK2 pathogenic mutations on autologous and heterologous LRRK2
phosphorylation in peripheral tissues from patients not only appears valuable as a predictive biomarker
of disease but could also provide the mechanistic knowledge to develop personalized treatments for
different LRRK2-PD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/
9/11/2344/s1, Figure S1: Total LRRK2 steady-state levels in mBAC-G2019S PD-relevant brain areas,
Figure S2: Immunofluorescent staining of brain slices from hemizygous transgenic mice overexpressing murine
BAC-Lrrk2-G2019S and Lrrk2-KO mice, Figure S3: Immunofluorescent staining of brain slices from hemizygous
transgenic mice overexpressing murine BAC-Lrrk2-G2019S mice, Figure S4. Immunofluorescent staining of brain
slices from hemizygous transgenic mice overexpressing murine BAC-Lrrk2-G2019S mice.
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LRRK2 mediates tubulation and vesicle sorting 
from lysosomes
Luis Bonet-Ponce1, Alexandra Beilina1, Chad D. Williamson2, Eric Lindberg3, Jillian H. Kluss1, 
Sara Saez-Atienzar4, Natalie Landeck1, Ravindran Kumaran1, Adamantios Mamais1,  
Christopher K. E. Bleck3, Yan Li5, Mark R. Cookson1*

Genetic variation around the LRRK2 gene affects risk of both familial and sporadic Parkinson’s disease (PD). However, 
the biological functions of LRRK2 remain incompletely understood. Here, we report that LRRK2 is recruited to 
lysosomes after exposure of cells to the lysosome membrane–rupturing agent LLOME. Using an unbiased pro-
teomic screen, we identified the motor adaptor protein JIP4 as an LRRK2 partner at the lysosomal membrane. 
LRRK2 can recruit JIP4 to lysosomes in a kinase-dependent manner via the phosphorylation of RAB35 and RAB10. 
Using super-resolution live-cell imaging microscopy and FIB-SEM, we demonstrate that JIP4 promotes the formation 
of LAMP1-negative tubules that release membranous content from lysosomes. Thus, we describe a new process 
orchestrated by LRRK2, which we name LYTL (LYsosomal Tubulation/sorting driven by LRRK2), by which lysosom-
al tubulation is used to release vesicles from lysosomes. Given the central role of the lysosome in PD, LYTL is likely 
to be disease relevant.

INTRODUCTION
Mutations in LRRK2 are a relatively common cause of familial late- 
onset Parkinson’s disease (PD) (1, 2), and variations at the LRRK2 
locus have also been linked to the more numerous sporadic PD (3, 4). 
LRRK2 encodes leucine-rich repeat kinase 2, a large protein with 
extensive protein scaffolding sequences as well as two enzymatic 
activities. Most of the proven pathogenic mutations are located in 
the ROC (Ras of complex proteins)–COR (C terminus of ROC) bi-
domain or adjacent kinase domain that control guanosine triphos-
phate (GTP) hydrolysis and kinase activity, respectively. The majority 
of evidence suggests that mutations lead to a toxic function of the 
protein (5). At the cellular level, evidence suggests that LRRK2 can 
regulate membrane trafficking events via phosphorylation of a subset 
of RAB GTPases (6–8), although the precise relationship(s) between 
LRRK2 mutations, RAB phosphorylation, and neurodegeneration 
remains uncertain.

Recent data have pointed to the lysosome as a crucial organelle 
in PD. Genetically, mutations in genes encoding for lysosomal pro-
teins have been identified in familial cases of PD (9) and have been 
nominated as risk factors for sporadic PD (3), leading to the sugges-
tion that PD should be considered a lysosomal disease (10). An 
accumulation of lysosomal damage with age in kidneys, which nor-
mally express high levels of LRRK2, has been documented in knock-
out (KO) mice (11). Pathogenic LRRK2 mutations affect lysosomal 
structure and function in cultured astrocytes (12) and other cell types 
(13, 14). However, the mechanistic basis by which LRRK2 affects 
lysosome function is unclear. In addition, because LRRK2 can be 

localized to a wide range of other membrane-bound structures in 
cells (7, 15, 16), whether LRRK2-mediated lysosomal defects are 
primary events or secondary effects driven by toxicity to other cel-
lular components is uncertain.

Here, we describe that LRRK2 translocates to the lysosomal sur-
face in response to lysosomal membrane permeabilization, leading 
to the phosphorylation and recruitment of Ras-related in brain 35 
(RAB35) and RAB10. As a consequence, both RAB proteins promote 
the translocation of the motor adaptor protein c-Jun N-terminal 
kinase (JNK)–interacting protein 4 (JIP4). JIP4 is present in, and 
helps to form, lysosomal associated membrane protein 1 (LAMP1)–
negative tubular structures stemming from lysosomes. Live-cell 
super-resolution microscopy reveals that these tubules bud, extend, 
and release small vesicular structures, suggesting a scenario where 
lysosomes (undergoing membrane permeabilization) sort membra-
nous content that can then interact with other lysosomes. We call 
this newly described process LYsosomal Tubulation/sorting driven 
by LRRK2 (LYTL).

RESULTS
LRRK2, along with the motor adaptor protein JIP4, gets 
recruited to the membrane of a subset of lysosomes
To understand how LRRK2 might affect lysosomal function, we first 
examined the localization of LRRK2 in cells. For these experiments, 
we used mouse primary astrocytes as follows: (i) primary astrocytes 
express LRRK2 endogenously (fig. S1A), (ii) their flattened morphol-
ogy allows us to monitor membrane trafficking events, and (iii) they 
have been proposed to play a role in the pathobiology of PD through 
non–cell-autonomous effects on microglia and neurons (17).

Exogenously expressed LRRK2 has been widely reported in the 
literature to have a diffuse cytosolic distribution (7, 18, 19). However, 
when expressed in mouse primary astrocytes, LRRK2 colocalized 
with a subset of structures positive for the late-endosomal/lysosome 
(LE/LYS) membrane marker LAMP1 in about half of the cells 
examined. Specifically, LRRK2 is present at a subset of LE/LYS 
(2.72 ± 0.41 LRRK2-positive LE/LYS structures per cell) (Fig. 1A) 
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that is also positive for the LE/LYS marker RAB7 and the lysosomal 
marker LAMP2. These structures only occasionally contain the lyso-
somal enzyme cathepsin B (CTSB) and were negative for the early 
endosomal marker EEA1 (Fig. 1B). The combination of the presence 

of multiple LE/LYS markers with variable levels of CTSB suggests 
that LRRK2 is recruited to LYS with a low degradative capacity (20).

We next asked whether LRRK2 enzymatic activity could play a 
role in its recruitment to LYS by expressing the hyperactive and 
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Fig. 1. LRRK2 and JIP4 are localized at the membrane of a subset of lysosomes in primary astrocytes. (A) Representative confocal images of 3xflag-LRRK2 and 
LAMP1 expression in mouse primary astrocytes. (B) Representative confocal images of astrocytes expressing 3xflag-LRRK2 costained with LAMP2, RAB7, EEA1, and CTSB. 
(C) Outline of the APEX2 proteomic approach to detect LRRK2-membrane interactors. (D) Venn diagrams showing the number of common proteins detected in both 
replicates (left) and the number of proteins selected as candidates due to having a twofold enrichment in LRRK2 versus negative control in both replicates (right). 
(E) Scatter plot depicting the 64 LRRK2-interacting candidates from the APEX2 screening. LRRK2 is marked in red, and proteins involved in vesicle-mediated transport are 
marked in green. (F) Gene Ontology (GO) search of the top 5 enriched terms for biological process of the 64 LRRK2 potential interacting partners, with P values adjusted 
using a Bonferroni correction indicated on the horizontal axis. (G) Representative confocal image of an astrocyte expressing 3xflag-LRRK2 and GFP-JIP4 and stained for 
LAMP1. White arrowheads show colocalization, and yellow arrowheads show structures without localization. Scale bar, 20 m.
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pathogenic mutations G2019S (kinase domain) and R1441C (GTPase 
domain), along with the artificial inactive mutations K1906M 
(kinase dead) and T1348N (GTP-binding null) (fig. S1B). An in-
crease in the recruitment of LRRK2 to LYS was observed in both 
hyperactive mutations compared to the wild-type (WT) form, whereas 
a decrease was seen with either inactive mutations (fig. S1, C to E). 
Domain-specific LRRK2 constructs (HEAT, WD40, HEAT, ROC- 
COR-Kinase, and ROC-COR) (fig. S1F) showed much less recruit-
ment to LYS compared to the full-length construct (fig. S1, G to I). 
However, comparing the domains to each other, we detected a higher 
amount of cells with lysosomal LRRK2 for the HEAT and WD40 
domains compared to the other three domains (fig. S1, G and J), 
suggesting that although every domain seems to be important to 
maintain LRRK2 at the lysosomal membrane, recruitment likely 
happens through its N-terminal region.

These results suggest that while not all LRRK2 is lysosomal, it is 
likely to play a role in a small subset of these organelles. To identify 
lysosome-specific functional interactors of LRRK2, we used the 
unbiased proximity-based biotinylation protein-protein interaction 
method ascorbate peroxidase 2 (APEX2) (21), followed by quantitative 
proteomics in human embryonic kidney (HEK) 293FT cells with 
stable isotope–labeled amino acids. As a cytosolic control to exclude 
nonspecific interactions, APEX2 was tagged to a nuclear export 
signal (NES) (Fig. 1C). Both vectors (APEX2-3xflag-LRRK2 and 
APEX2-3xflag-NES) were successfully validated using immuno-
staining and Western blot (fig. S2, A and B). From the mass spec-
trometry hits found in two independent replicates with the LRRK2 
vector but not APEX-NES (table S1), 64 proteins were selected as 
possible candidates for LRRK2 interaction (Fig. 1, D and E; fig. S2C; 
and table S2). Among these candidates, six have already been linked 
to LRRK2 in previous studies (-synuclein, JIP3, JIP4, coronin-1C, 
gephyrin, and PACSIN2) (22–24), suggesting that this method can 
detect authentic LRRK2 interactors. Fifteen of the candidate proteins 
have a role in vesicle-mediated transport (Fig. 1F), and six (BLOS1, 
Muted, JIP3, JIP4, BICD2, and STAM1) have been linked to lyso-
some biogenesis or dynamics in previous studies. To further prioritize 
the lysosomal-related hits, we tested whether they were recruited to 
LRRK2-positive LYS in astrocytes. JIP4 was the only candidate that 
colocalized with LRRK2-positive LYS (Fig. 1G and fig. S2D). We 
were able to validate that there was a physical interaction between 
these two proteins by overexpressing LRRK2 and blotting for 
endogenous JIP4 in cells (fig. S2E). We therefore considered JIP4, 
previously nominated by several independent laboratories using 
different techniques (8, 23), to be a reliable LRRK2 interacting pro-
tein and a candidate for mediating any functional effects of LRRK2 
on the lysosome.

LRRK2 recruitment to lysosomes occurs as a response 
to lysosomal membrane rupture, independent of lysophagy
JIP4 is a cytosolic scaffolding protein, associated with multiple as-
pects of vesicle-mediated transport by acting as an adaptor for both 
dynein and kinesin motor proteins (25). JIP4 has also been linked to 
stress response (26), leading us to speculate that the LRRK2:JIP4 
complex might respond to lysosomal damage. Such a role would be 
consistent with the data above showing that LRRK2-positive LYS 
has low levels of CTSB (Fig. 1B), which is seen when the lysosomal 
membrane is ruptured and the organellar contents leak into the 
cytosol (27). To test the hypothesis that lysosomal membrane damage 
might trigger LRRK2:JIP4 recruitment to LYS, we treated primary 

astrocytes with the lysosomotropic reagent l-leucyl-l-leucine methyl 
ester (LLOME). LLOME enters the cell via endocytosis and is 
transported to the lysosomes where it undergoes condensation by 
cathepsin C, leading to lysosomal membrane rupture (28). Exposure 
of cells to 1 mM LLOME triggered a notable and time-dependent 
increase in LRRK2 recruitment to the lysosomal membrane (Fig. 2A 
and fig. S3A). We confirmed that LRRK2 is recruited to inactive 
putative lysosomes by showing that these structures are negative for 
both LysoTracker and Magic Red CTSB (Fig. 2, B and C), fluores-
cent probes that measure lysosomal pH and activity, respectively.

One widely reported effect of lysosome membrane disruption is 
the induction of lysophagy, a mechanism to clear ruptured lysosomes 
from cells via selective autophagy. Galectin-3 (Gal3) is diffusely dis-
tributed in the cell under normal conditions but is recruited to the 
ruptured membrane and initiates lysophagy after a high degree of 
lysosomal membrane damage (29). In our experimental paradigm, 
Gal3 was recruited to a subset of lysosomes after LLOME treatment 
(Fig. 2, D and E). However, LRRK2-positive LYS was partially positive 
for Gal3 (Fig. 2, D and F), suggesting that LRRK2:JIP4 are recruited 
to a different lysosomal pool than those that will be degraded 
by lysophagy.

To further determine if LRRK2 modifies lysophagy, we pretreated 
cells with the potent LRRK2 kinase inhibitor MLi-2 before adding 
LLOME. MLi-2 was able to completely block endogenous LRRK2 
kinase activity in mouse primary astrocytes as documented by inhi-
bition of both the LRRK2 autophosphorylation site pS1292 and pT73 
on RAB10, a known substrate of LRRK2 (fig. S2F). In contrast, 
LRRK2 kinase inhibition did not affect Gal3 recruitment to the LYS 
in the presence of LLOME (Fig. 2G) and did not modify the auto-
phagic response triggered by LLOME, as measured by LC3 lipida-
tion (Fig. 2H). This was further confirmed in stable HEK293T cells 
inducibly expressing LRRK2 (fig. S3, F and G). Together, our data 
suggest that LRRK2 plays a lysophagy-independent role in response 
to lysosomal membrane permeabilization (Fig. 2I). We therefore 
considered whether LRRK2 recruitment occurs before the lysosomal 
membrane is ruptured enough to recruit Gal3 and trigger lysophagy 
and whether JIP4 might be important in mediating effects of LRRK2 
on lysosomal function.

LRRK2 recruits JIP4 to ruptured lysosomes in a kinase-
dependent manner
As expected, exogenously expressed JIP4 translocates to the mem-
brane of LRRK2-positive LYS in a time-dependent manner (Fig. 3A 
and fig. S4D). However, we noted the presence of several LRRK2- 
positive/JIP4-negative LYS, even after 6 hours of LLOME exposure 
(Fig. 3A). This result raised the possibility that exogenous tagged 
JIP4 may be competing with endogenous JIP4 in mouse astrocytes. 
We were unable to directly address this question in mouse cells as 
the JIP4 antibody did not produce signal above background in pri-
mary astrocytes. However, the same antibody did produce staining 
in human cells, and we therefore instead used inducible HEK293T 
lines. Endogenous JIP4 was observed on LRRK2-positive LYS after 
LLOME treatment in HEK293T cells (fig. S4, B and C), at relatively 
more rapid time points than with exogenous JIP4, being visible at 
2 hours of treatment. We also noted that the addition of LLOME 
did not alter protein levels of endogenous JIP4 (fig. S4A). MLi-2 treat-
ment numerically decreased the lysosomal localization of LRRK2, 
but this effect was not statistically significant (P = 0.09; fig. S3, C to E), 
whereas this treatment completely blocked the recruitment of JIP4 
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Fig. 2. Lysosomal membrane permeabilization enhances LRRK2 recruitment to the lysosomal membrane. (A) Confocal images of astrocytes untreated or treated 
with LLOME expressing 3xflag-LRRK2 and LAMP1. The histogram shows the number of LRRK2-positive lysosomes per cell. Data are mean ± SEM (n = 20 cells per N, N = 5). 
One-way ANOVA with Dunnett’s. (B and C) Live-cell confocal images of astrocytes expressing Emerald-GFP-LRRK2 exposed to LysoTracker Red DND-99 (B) or Magic Red 
CTSB (C) and treated with LLOME. White arrowheads show absence of colocalization between LRRK2 and the two dyes. (D to F) Confocal images of astrocytes expressing 
3xflag-LRRK2, EGFP-Gal3, and LAMP1, untreated or treated with LLOME (D). Yellow arrowheads indicate absence of colocalization, while white arrowheads show colocal-
ization. (E) Histogram shows the number of Gal3-positive lysosomes per cell in cotransfected cells. Data are means ± SEM. One-way ANOVA with Dunnett’s (n = 10 to 20 cells 
per N, N = 4). (F) Colocalization analysis using n = 20 cells from a single experiment. The percentage of LRRK2-positive/Gal-positive lysosomes normalized by the total 
number of LRRK2-positive lysosomes was measured in each cell. Box plot shows the median, and the whiskers show the 10th to 90th percentile. One-way ANOVA with 
Dunnett’s. (G) Confocal images of astrocytes expressing EGFP-Gal3 and LAMP1, pretreated with DMSO or MLi-2 and incubated with LLOME (4 hours). Data are means ± 
SD. Unpaired t test (n = 20 to 39 cells, N = 2). (H) Western blot of astrocytes pretreated with MLi-2 before adding LLOME. Histogram shows normalized LC3-II levels using 
two-way ANOVA with Tukey’s. Data are means ± SEM from n = 3. AU, arbitrary units. (I) Working model suggesting that the function of LRRK2 at ruptured lysosomes is 
independent of lysophagy. Scale bar, 20 m. *P < 0.05; **P < 0.01, ***P < 0.001.
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treated with LLOME. Histogram depicts the number of JIP4-positive lysosomes per cell after LLOME (n = 20 cells per N, N = 3). Data are means ± SEM. One-way ANOVA with 
Dunnett’s post hoc test. (B) Representative confocal images of astrocytes expressing 3xflag-LRRK2, GFP-JIP4, and LAMP1. Cells were pretreated with DMSO or MLi-2 and 
incubated with LLOME (6 hours). (C) Astrocytes expressing GFP-JIP4 and LAMP1 were pretreated with DMSO or MLi-2 before adding LLOME (10 hours). Histogram shows 
the number of JIP4-positive lysosomes per cell (n = 20 to 30 cells per N, from N = 3). Data are means ± SEM using unpaired t test with Welch’s correction. (D) Western blot 
confirming lack of LRRK2 expression in KO astrocytes compared to WT. (E) Images of Lrrk2-WT or Lrrk2-KO astrocytes transfected with GFP-JIP4 and treated with LLOME 
(10 hours). Statistical analysis used an unpaired t test with Welch’s correction (n = 13 cells per condition in a single experiment). (F) Astrocytes expressing GFP-JIP4 were 
cotransfected with 3xflag-LRRK2-WT, 3xflag-LRRK2-G2019S, or 3xflag-LRRK2-R1441C, stained for LAMP1, and treated with LLOME (6 hours). Histogram shows the number 
of JIP4-positive lysosomes per cell. Data are means ± SEM (n = 20 cells per N, from N = 3). One-way ANOVA with Dunnett’s. Yellow arrowheads indicate LRRK2-positive/
JIP4-negative lysosomes. White arrowheads show colocalization. Scale bar, 20 m. *P < 0.05; **P < 0.01,****P < 0.0001.
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to LRRK2-positive LYS (Fig. 3B), demonstrating that LRRK2 kinase 
activity is required for JIP4 translocation to the lysosomal mem-
brane. JIP4 translocation was also seen in experiments where we 
did not transfect cells with LRRK2 (Fig. 3C and fig. S4D), thus 
showing that LRRK2 is able to recruit JIP4 while expressed at en-
dogenous levels. Pharmacological kinase inhibition of endogenous 
LRRK2 was also able to arrest JIP4 lysosomal membrane local-
ization (Fig. 3C). With endogenous LRRK2, the recruitment of JIP4 
to the lysosomal membrane occurs 10 hours after LLOME addition 
(fig. S4D). These results demonstrate that increasing expression of 
LRRK2 accelerates JIP4 recruitment to the LYS surface in a kinase- 
dependent manner.

To confirm that these observations were not due to off-target 
effects of MLi-2, we compared the amount of lysosomal JIP4 in 
Lrrk2-WT and Lrrk2-KO astrocytes in the presence of LLOME. 
Consistent with previous data, cells lacking endogenous LRRK2 did 
not recruit JIP4 to the LYS membrane (Fig. 3, D and E). Conversely, 
cells expressing the G2019S mutation (fig. S3H) show a nearly 
threefold increase in the number of JIP4-positive LYS per cell com-
pared to cells only expressing the WT form of the protein (Fig. 3F). 
These results further confirm that endogenous LRRK2 recruits JIP4 
to damaged lysosomes in a kinase-dependent manner.

LRRK2 phosphorylates RAB10 and RAB35 at the  
lysosomal membrane
Because JIP4 recruitment to the lysosomal membrane is slower than 
LRRK2, we speculated that LRRK2 might require intermediate 
partners to recruit JIP4 after lysosomal membrane damage. LLOME 
addition was able to trigger LRRK2-lysosomal localization in 
HEK293FT cells tagged with APEX2 (fig. S5A), so we repeated the 
APEX2 proteomic analysis in these cells in the presence or absence 
of LLOME (Fig. 4A). From this screen, we found several endolyso-
somal markers, including LAMP2, LAMTOR2, PSAP, RAB25, and 
GABARAPL1/2, confirming by proteomics the enrichment of LRRK2 
in the endolysosomal system after LLOME treatment (Fig. 4B and 
table S3). Two known substrates of LRRK2, RAB35 and RAB10, 
were also enriched by LLOME treatment (Fig. 4B). By staining for 
endogenous RAB35 in primary astrocytes, we observed a LLOME- 
driven recruitment of RAB35 to LRRK2-positive LYS (Fig. 4C), 
with similar results for a GFP-tagged version of RAB10 (Fig. 4D). 
We therefore asked whether lysosomal membrane permeabilization 
triggers an LRRK2-dependent phosphorylation of both RAB proteins. 
LLOME addition induces a strong increase in phospho-RAB10 
(pT73) that is not seen in cells expressing the kinase-dead (K1906M) 
mutant LRRK2 or in cells treated with MLi-2 (Fig. 4E). Because 
there are no commercially available antibodies for phospho-RAB35, 
we used Phos-tag gels that allow the recognition of phosphorylated 
forms of proteins due to altered motility in acrylamide gels. Cells 
treated with LLOME show a nearly threefold increase in phospho- 
RAB35 levels (Fig. 4F), which was blocked by coincubation with 
MLi-2. The LRRK2 autophosphorylation site pS1292 was not sensi-
tive to the addition of LLOME. To ensure that LRRK2-mediated 
RAB phosphorylation occurs at the lysosomal membrane, we exog-
enously expressed LRRK2 and RAB10 in the presence of LLOME 
and stained for phospho-RAB10 using the RAB10-pT73 antibody. 
As expected, the RAB10-pT73 signal colocalizes with LRRK2 in the 
lysosomal surface (Fig. 4G and fig. S5B). Collectively, these results 
show that lysosomal membrane damage triggers increased kinase 
activity toward RAB substrates.

LRRK2 recruitment of JIP4 occurs through RAB35 and RAB10 
phosphorylation
We next asked whether LRRK2 could also recruit RAB35 and RAB10 
to the lysosomal membrane in a kinase-dependent manner, similar 
to JIP4. LRRK2 pharmacological kinase inhibition completely pre-
vented RAB35 and RAB10 recruitment to LRRK2-positive LYS 
(Fig. 4, H and I). In astrocytes expressing LRRK2 at endogenous 
levels, both RAB35 and RAB10 were recruited to the lysosomal 
membrane after LLOME treatment (fig. S5, C and D), and this was 
also blocked by MLi-2 (fig. S5, E and F). These results show that 
endogenous LRRK2 is able to relocalize both RAB proteins to LYS 
in a kinase-dependent manner. As both RAB35 and RAB10 are re-
cruited to the LYS in a similar fashion to LRRK2, we wanted to de-
termine if RAB35 or RAB10 was important to maintain LRRK2 at 
the lysosomal membrane. However, depletion of RAB35 and RAB10 
expression (fig. S5, G and H) did not alter the ability of LRRK2 
to translocate to lysosomes (fig. S5I). Together, our data indicate 
that LRRK2 precedes and mediates the recruitment of RAB35 and 
RAB10 to LYS in a kinase-dependent fashion.

In astrocytes transiently transfected with tagged versions of 
LRRK2, JIP4, and RAB35 and stained for endogenous RAB10, all 
four proteins are present in the same structures (fig. S6A), suggest-
ing a possible link between the two RAB proteins and JIP4. JIP4 has 
been previously shown to require several RAB GTPases to ensure its 
presence in the recycling endosomal membrane (30), so we hypothe-
sized that LRRK2 is able to recruit JIP4 to ruptured LYS via phos-
phorylation of RAB35 and RAB10. First, we examined the response 
of RAB35/RAB10 mutants that cannot be phosphorylated by 
LRRK2 (T72/73A) to LLOME compared to their WT counterparts. 
Both RAB phospho-null mutants had a significantly lower lysosomal 
localization after LLOME treatment and were instead found dif-
fusely distributed in the cytosol (fig. S6, B and C). Next, we asked 
whether the phospho-null version of RAB GTPases affects the re-
cruitment of JIP4 to LYS. For both RAB35 and RAB10, cells ex-
pressing the phospho-null mutation were unable to recruit JIP4 to 
the lysosomal membrane, even in those cells where RAB35-T72A 
and RAB10-T73A had a lysosomal localization (Fig. 4, J and K). 
Furthermore, cells knocked down for RAB10 showed significantly 
lower JIP4 presence on lysosomes (fig. S6D) after LLOME addition, 
while the effect of RAB35 depletion did not reach statistical signifi-
cance (P = 0.09). Using coimmunoprecipitation in cells treated with 
LLOME, we were able to see endogenous JIP4 physically interacting 
with RAB10-WT but not RAB10-T73A (Fig. 4L). Under the same 
conditions, we failed to detect a physical interaction between JIP4 
and RAB35. Together, our data show that LRRK2 recruits JIP4 through 
the phosphorylated form of RAB10, and JIP4 is a RAB downstream 
interactor in the context of lysosomal membrane damage.

JIP4 enhances the formation of tubular structures 
emanating from lysosomes
To further investigate the JIP4 in the lysosomal membrane, we im-
aged primary astrocytes transfected with LRRK2 and JIP4 using an 
Airyscan detector. The improved resolution of this approach allowed 
us to observe the presence of JIP4-positive/LRRK2-negative/LAMP1- 
negative tubular structures that stem from LYS in LLOME-treated 
astrocytes (Fig. 5, A and B, and movie S1). Consistent with the ob-
servation that the G2019S mutation leads to higher recruitment of 
JIP4 to the LYS, this mutation was also associated with a higher 
number of tubules in the cell (Fig. 5C). JIP4-positive lysosomal tubules 
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incubated with LLOME. (J and K) Astrocytes were transfected with GFP-JIP4 and 2xmyc-RAB35-(WT/T72A) (J) or 2xmyc-RAB10-(WT/T73A) (K) and treated with 
LLOME. JIP4-positive lysosomes per cell were quantified (n = 20 cells per N, N = 3). Unpaired t test with Welch’s. Data are means ± SEM. (L) HEK293FT cells transfected with 
3xflag-LRRK2 along with 2xmyc-RAB10-(WT/T73A) or 2xmyc-RAB35-(WT/T72A) were treated with LLOME, and lysates were subjected to immunoprecipitation with anti-myc 
antibodies. White arrowheads indicate colocalization. Scale bar, 20 m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. JIP4 promotes the formation of LAMP1-negative lysosomal tubular structures. (A) Representative Airyscan image of a LLOME-treated astrocyte (6 hours) express-
ing GFP-JIP4, 3xflag-LRRK2, and LAMP1. (B) Three-dimensional (3D) surface reconstruction was done in astrocytes treated with LLOME (6 hours) and previously transfected 
with 3xflag-LRRK2, mNeonGreen-JIP4, and LAMP1-HaloTag. (C) Super-resolution images comparing the number of JIP4-positives tubules in cells expressing LRRK2-WT and 
G2019S after LLOME treatment (6 hours). (D) FIB-SEM image of a tubule stemming from a lysosome in a 3xflag-LRRK2-G2019S–transfected astrocyte. Top panel shows the 
Airyscan image of two LAMP1-HaloTag/mNeonGreen-JIP4–labeled lysosomes. Bottom panel shows the correlated EM image, and right panel shows a lysosome with a tubule 
in different z planes. (E) 3D surface reconstruction of (D) showing a microtubule and the endoplasmic reticulum (ER) in contact with the lysosome. (F) Super-resolution image 
of an astrocyte expressing 3xflag-LRRK2-G2019S, GFP-JIP4, and -tubulin. (G) Representative super-resolution images of astrocytes expressing 3xflag-LRRK2-G2019S, GFP-JIP4, 
and LAMP1 and treated with LLOME (6 hours). Cells were treated with DMSO or nocodazole (Noc). JIP4 tubulation index was measured using an unpaired t test with Welch’s 
correction (n = 36 to 38 cells pooled from three experiments). Box plot shows the median, and the whiskers show the 10th to 90th percentile. (H) Confocal super-resolution 
images of astrocytes expressing 3xflag-LRRK2-G2019S, RAB10, and LAMP1 and incubated with LLOME (10 hours). RAB10 tubulation index was measured using an unpaired t 
test with Welch’s correction (n = 41 cells pooled from two experiments). Box plot shows the median, and the whiskers show the 10th to 90th percentile. White and red (FIB-SEM 
picture) arrowheads indicate lysosomal tubular structures, and blue arrowheads indicate microtubules. Scale bar, 5 m or 2 m (B and D). *P < 0.05, **P < 0.01, ****P < 0.0001.
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were also negative for LAMP1 when imaging living cells (fig. S6E). 
Furthermore, these tubules were negative for LIMP2, another typical 
lysosomal membrane marker (fig. S6F), and for the lysosomal luminal 
marker Dextran-555 (fig. S6G).

Next, we analyzed the tubular structures using focused ion beam 
scanning electron microscopy (FIB-SEM) on astrocytes incubated 
with LLOME. We first observed that the JIP4/LAMP1-positive com-
partments contained electron-dense structures (Fig. 5D, fig. S7A, 
and movie S2), consistent with their lysosomal nature. Typically, the 
parent lysosomes contained what appear to be partially degraded 
content, confirming our previous assumption that these are enzy-
matically inactive lysosomes. By analyzing the JIP4-positive tubules 
at the structural level, we were able to confirm that the tubular mem-
brane originates from the lysosomal membrane (red arrowheads in 
Fig. 5D and fig. S7, A and B). We also noted that JIP4-positive lyso-
somal tubules display variable morphologies, particularly in relation 
to overall length and thickness (Fig. 5D; fig. S7, A and B; and movie S2), 
suggesting a dynamic process of their generation and resolution.

We detected microtubules connecting with JIP4-positive tubules 
(Fig. 5D, blue arrowheads). It has been shown that JIP4, through its 
interaction with motor proteins and microtubules, is required for the 
formation of endosomal sorting tubules (31). Consistent with the 
FIB-SEM observations, we saw JIP4-positive tubules that colocalized 
with -tubulin (Fig. 5E) and disruption of microtubules with noco-
dazole was associated with a prevention of tubule formation (Fig. 5F), 
indicating that these structures are dependent on microtubules. 
Endogenous RAB10, but not RAB35, was present in a subset of 
JIP4-positive tubules (fig. S7, C and D), consistent with the coim-
munoprecipitation results obtained in Fig. 4L. This observation 
allowed us to use RAB10 as a marker protein to determine whether 
JIP4 was necessary for tubule formation. Overexpression of JIP4 
leads to an increase in the number of RAB10-labeled tubules (fig. 
S7F), and cells knocked down for JIP4 (fig. S7E) showed fewer 
RAB10-positive tubules (Fig. 5G) in LLOME-exposed astrocytes. 
Therefore, JIP4 is required for the extension of lysosomal mem-
branes into tubules, likely via an interaction with microtubules.

JIP4-positive tubules release vesicular structures that 
interact with other lysosomes
We next used super-resolution imaging to observe tubular dynamics 
in living cells, without fixation after LLOME treatment. JIP4-positive 
tubules bud, extend, and release from lysosomes to form vesicular 
structures that were released into the cytosol (Fig. 6, A and E, and 
movies S3 and S4). JIP4-positive vesicles were observed to have sev-
eral different behaviors, in that the scission can occur at the base of 
the tubule or from the tip (Fig. 6A and movie S3). Alternatively, 
tubules can retract into a vesicle that is ejected to the cytosol 
(Fig. 6, A to E, and movies S3 and S4). The absence of SNX1, SNX3, 
and SNX27 at the tubule suggests a different sorting mechanism than 
that previously described (32) to recycle cargo such as CI-M6PR from 
endosomes to the TGN (fig. S7, G to I). Although JIP4-positive ves-
icles are motile in the cytosol, we often detected stationary vesicles 
in contact with other lysosomes (Fig. 6B). We could also identify 
moving vesicles that stop to interact with a lysosome transiently 
that are then released to move elsewhere (movie S5). Furthermore, 
using FIB-SEM, we were able to find a JIP4-positive vesicle contact-
ing a lysosome (red arrowhead in Fig. 6C). The recipient lysosomes 
appear to be active, as the interactions occur at Magic Red CTSB–
positive lysosomes for period of time up to 4 min (white arrowhead 

in Fig. 6D and movie S6). Last, we occasionally observed a resolved 
tubule forming a vesicle that is then able to interact with other lyso-
somes (Fig. 6E and movie S4). Together, our data identify that 
LLOME-treated LYS forms JIP4-positive tubules to release vesicular 
structures that can then contact other lysosomes.

Our overall model is that LRRK2 is recruited to LYS that is not 
sufficiently damaged to trigger lysophagy. At the lysosomal mem-
brane, LRRK2 is able to phosphorylate RAB35 and RAB10, leading 
to their retention in the membrane. This event is required to bring 
the motor adaptor protein JIP4 to the lysosomal membrane where 
it helps to form tubular structures along microtubules that can 
secondarily generate vesicles that can interact with other lysosomes 
(Fig. 6F). We call this newly described process LYsosomal Tubulation/
sorting driven by LRRK2, or LYTL.

DISCUSSION
Although a genetic link between LRRK2 and PD was first reported 
in 2004 (1, 33), the role of this kinase in the cell remains uncertain. 
The localization of LRRK2 to intracellular membranes (34–36) and 
the observation that RAB GTPases are kinase substrates for LRRK2 
(6, 7, 37) suggest that LRRK2 might be involved in vesicle-mediated 
transport (38). However, the major phenotype seen in LRRK2 KO 
animals or in animals treated with LRRK2 kinase inhibitors is accu-
mulation of lysosomal damage (11, 22, 39). This suggests that a major 
role for endogenous LRRK2 is related to lysosomal function, but a 
specific mechanism that might explain this observation has not been 
identified to date. Here, we propose that mechanism is LYTL and 
that LRRK2 controls dynamic generation of vesicles from damaged 
lysosomes.

We speculate that LRRK2 may be recruited to lysosomes at a stage 
of membrane damage that is temporally before the presentation of 
Gal3 on the surface of the organelles but have not formally proven 
this conjecture at the present time. A deeper understanding of why 
LRRK2 is recruited to lysosomes, and what differentiates LRRK2 
from Gal3 recruitment, will need to be addressed in the future. A 
notable feature of LYTL is the activation of LRRK2 kinase activity. 
This is reminiscent of activation at other membranes, including at 
the trans-Golgi network (TGN) (7, 40). However, activation of the 
TGN requires strong overexpression of RAB29, whereas LYTL re-
quires only modest lysosomal membrane permeabilization, at levels 
less than those required to trigger lysophagy. Consequentially to 
activation, LRRK2 phosphorylates RAB35 and RAB10, leading 
to their retention in the lysosomal membrane, likely, in turn, due to 
diminished binding of p-RABs to GDI1/2 (15). At the same time, 
p-RABs are able to recruit JIP4 to the lysosomal surface, consistent 
with previous data showing enhanced binding of p-RABs to this motor 
adaptor protein (8). Previous literature suggests that phosphorylation- 
deficient RABs, including RAB8A (6) and RAB10 (16), retain their 
ability to interact with their respective guanine nucleotide exchange 
factors (GEFs), and we infer that is also likely to be true for RAB35. 
We therefore favor the hypothesis that the lack of ability of T72/73A 
versions of RAB10/RAB35 to be enriched on lysosomes is driven by 
diminished LRRK2-dependent phosphorylation rather than a lack 
of GEF-dependent activation. Our data suggest that RAB10 is the 
primary driver in the recruitment of JIP4; it is therefore possible 
that RAB35 plays a secondary role in bringing JIP4 to the lysosomal 
membrane and/or plays a different role once recruited by LRRK2. It 
is also plausible that the link between the RAB proteins and JIP4 
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Fig. 6. JIP4-positive tubules are resolved in vesicular structures that contact with other lysosomes. (A) Time-lapse fast Airyscan confocal images of a LLOME-treated 
(6 hours) astrocyte expressing 3xflag-LRRK2-G2019S and mNeonGreen-JIP4 showing a group of JIP4-positive lysosomes for over 2 min, where the different tubular 
dynamics were under display (15 slices per frame were taken at 1 frame per second). (B and C) Astrocytes expressing 3xflag-LRRK2-G2019S, mNeonGreen-JIP4, and 
LAMP1-HaloTag and treated with LLOME (6 hours) were analyzed with a SoRa spinning disk super-resolution microscope. (B) A single frame of an astrocyte, where several 
JIP4-positive vesicles (white arrowhead) are in close proximity to other lysosomes (blue arrowhead). (C) Time-lapse confocal images of a resolved tubule that, after ejection 
to the cytosol, contacts other lysosomes (15 slices per frame, 1 frame per second). (D) FIB-SEM image of a JIP4-positive vesicle associated with a lysosome in a 3xflag-
LRRK2-G2019S–transfected astrocyte after LLOME treatment (6 hours). Top panel shows the Airyscan image of a group of lysosomes (LAMP1) and a vesicle labeled with 
JIP4 (white arrow). Bottom panel shows the correlated EM image, with a red arrowhead pointing to the vesicle. (E) LLOME-treated astrocytes (6 hours) expressing 3xflag-
LRRK2-G2019S and mNeonGreen-JIP4 and stained with Magic Red CTSB were analyzed with a fast Airyscan confocal microscope for almost 4 min, at 6.05 s per frame. 
(F) Schematic representation of our working model. White arrowhead marks a JIP4-positive vesicle associated with an active lysosome (red). White arrowheads indicate 
JIP4-positive lysosomal tubules, and yellow arrowheads show resolved tubules (vesicular structures and scissioned tubules) (A to C). Scale bars, 2 m (D), 2.5 m (A, C, and E), 
and 5 m (B).
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requires other steps or proteins beyond the phosphorylation by 
LRRK2. Thus, JIP4 acts as a RAB downstream interactor in the 
lysosomal membrane, similar to the role previously described for 
JIP4 in recycling endosomes (30).

Recently, Eguchi et al. (16) observed LRRK2 relocalization to LE/
LYS in cells treated with chloroquine, a different lysosomotropic 
reagent that increases pH in lysosomes and late endosomes. Eguchi et al. 
proposed a scenario where LRRK2 promotes lysosomal exocytosis 
to release nondegraded cargo to the extracellular space. Our model 
is distinct in that JIP4-positive lysosomes failed to show a net move-
ment toward the plasma membrane using live-cell imaging. The 
difference in lysosomal behavior may be related to the use of dif-
ferent cellular models (mouse primary astrocytes versus cancer 
cells) or the compound used to damage the lysosome (LLOME versus 
chloroquine). Exploration of the differences between different lyso-
somal damaging agents in different cell types may be mechanistically 
informative in future studies.

Sorting at other cellular compartments such as endosomes occurs 
through the formation of tubular structures that bud and extend 
from organelles. Tubular structures are then severed to produce 
vesicles that travel to the plasma membrane or the TGN (41). Our 
data show that JIP4 promotes the formation of tubular structures at 
the lysosome, which are to our knowledge described here for the 
first time, but may be similar to structures at other organelles includ-
ing endosomes (31). It is likely that JIP4 mediates tubule dynamics 
by recruiting motor proteins (25), because we have demonstrated 
that tubule extension requires microtubules. JIP4-positive tubules 
undergo scission to generate smaller vesicular structures that travel 
through the cytosol and interact with other lysosomes and possibly 
other cellular organelles. Membrane contact sites have been shown 
to have different functions, such as the interchange of lipids, calcium, 
or other metabolites from one compartment to another (42). Nei-
ther the tubules nor the resolved material is positive for lysosomal 
membrane markers (LAMP1 or LIMP2), and the JIP4-positive 
tubules were resistant to paraformaldehyde (PFA) fixation. These 
observations argue against LYTL being involved in proto-lysosome 
formation through lysosomal reformation (LR), because LR tubules 
are amenable to PFA fixation (43) and positive for LAMP1 (44). 
LRRK2 has been associated (along with RAB2A) with the sorting 
of lysozyme from dense core vesicles (DCVs) in the gut (45). As 
astrocytes are considered a highly secretory cell in the central ner-
vous system (46), LYTL could be used as an alternative sorting 
process beyond exosomes, DCVs, or secretory lysosomes, among 
others. Thus, the function of LYTL, including why lysosomes release 
membranous content and the overall effect of this sorting process in 
the cell, will require additional future investigations.

We view the activation of LRRK2 by lysosomal membrane per-
meabilization as an analogous process to the activation of another 
PD-associated kinase, PINK1, by mitochondrial damage (47). Spe-
cifically, one of the proposed functions of the PINK1/Parkin system 
during mitochondrial stress is the release of mitochondria-derived 
vesicles to lysosomes (48). These considerations may not directly 
suggest functional convergence of mitochondrial and lysosomal 
pathways but do indicate that there are multiple kinase-dependent 
events that can control function of organelles relevant to PD. How-
ever, indirectly, the ability of LRRK2 mutants to cause retention of 
RAB10 at the lysosomal membrane could prevent RAB10 from 
being recruited to depolarized mitochondria and, as a consequence, 
limit mitophagy (49).

Overall, we have identified a newly described cellular process that 
promotes lysosomal sorting material from lysosomes after induction 
of lysosomal membrane permeabilization. LYTL is controlled by 
LRRK2 kinase activity because the recruitment of all the downstream 
components is completely blocked by MLi-2. Conversely, the G2019S 
mutation in LRRK2 that is pathogenic for PD increases both the 
lysosomal localization of LRRK2 and JIP4 recruitment and tubula-
tion. Considering the proposed centrality of lysosome biology in PD 
pathogenesis, it is possible that LYTL is involved in disease mechanisms. 
As increased lysosomal membrane damage has been associated with 
aging (50, 51), and aggregates or fibrils taken up by endocytosis can 
trigger lysosomal membrane permeabilization (52), it is possible 
that LYTL could be more active during aging and further enhanced 
in patients carrying LRRK2 pathogenic mutations, potentially con-
tributing to neurodegeneration.

METHODS
Cell culture
All procedures with animals followed the guidelines approved by 
the Institutional Animal Care and Use Committee of the National 
Institute on Aging. Astrocyte cultures were prepared from C57BL/6J 
newborn (postnatal day 0) pups. Dissected mouse cortices were in-
cubated in 1 ml/cortex Basal Medium Eagle (BME) (Sigma-Aldrich), 
containing 5 U of papain/(Worthington) for 30 min at 37°C. Five 
micrograms of deoxyribonuclease I was added to each cortex prepa-
ration, and brain tissue was dissociated into a cellular suspension 
that was washed twice with 10 volumes of BME and counted. Astro-
cyte cultures were plated in Dulbecco’s modified Eagle’s medium 
(DMEM) (Thermo Fisher Scientific), supplemented with 10% fetal 
bovine serum (FBS) (Lonza) into 75-cm2 tissue culture flasks. For 
the preparation of purified astrocyte cultures, 7- to 10-day primary 
cultures were vigorously shaken to detach microglia and oligodendro-
cytes. Culture purity was assessed with GFAP for astrocytes, and 
OLIG2 and IBA1 to exclude oligodendrocytes and microglia. Cul-
tures had >90% of astrocytes in all experiments. Astrocytes were used 
from passage 2 to passage 3.

HEK293FT cells were maintained in DMEM containing glucose 
(4.5 g/liter), 2 mM l-glutamine, and 10% FBS at 37°C in 5% CO2. 
The HEK293T-inducible GFP-LRRK2-WT cell line was obtained 
from D. Alessi (University of Dundee), and expression was induced 
by addition of doxycycline (53). HEK293FT cells, HEK293T GFP- 
LRRK2 doxycycline-induced cells, and primary astrocytes were seeded 
on 12-mm coverslips precoated with Matrigel.

Reagents
LLOME (Sigma-Aldrich, L7393) was diluted in dimethyl sulfoxide 
(DMSO) and added at 1 mM for the indicated times. Nocodazole 
(Sigma-Aldrich, M1404) was diluted in DMSO and added at 10 M 
2 hours before fixation. Fixable Dextran–Alexa Fluor 555, 10 kDa 
(Thermo Fisher Scientific, D34679) was incubated for 6 hours 
(2.5 mg/ml). Cells were then washed three times with phosphate- 
buffered saline (PBS), and fresh medium was added to chase Dextran 
overnight (18 to 24 hours) before treating astrocytes with LLOME. 
MLi-2 (Tocris, 5756) was used at 1 M, 90 min before LLOME 
addition. Magic Red CTSB was obtained from ImmunoChemistry 
Technologies (938) and incubated with cells at a dilution of 1:250 in 
medium for 30 min. Then, cells were washed three times with PBS 
before imaging. LysoTracker Red DND-99 (Thermo Fisher Scientific, 
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L7528) was added at 1 M for 30 min before cells were washed three times 
with PBS and analyzed them using confocal microscopy. LAMP1- 
HaloTag–transfected cells were incubated with the JF646 peptide 
(Promega, GA1121) at 200 nM for 15 min, and cells were then washed 
three times and incubated with fresh medium before treated with LLOME.

Antibodies
The following primary antibodies were used: mouse anti-FLAG M2 
[Sigma-Aldrich, F3165; 1:500 for immunocytochemistry (ICC) and 
1:10,000 for western-blot (WB)], rabbit anti-JIP4 (Cell Signaling 
Technology; 5519, 1:1000 for WB and 1:100 for ICC), rat anti- 
LAMP1 [Developmental Studies Hybridoma Bank (DSHB), 1D4B; 
1:100 for ICC], rat anti- LAMP2 (DSHB, 1:100 for ICC), mouse anti- 
LAMP2 (DSHB, H4B4; 1:100 for ICC), rat anti-FLAG (BioLegend, 
637302; 1:100 for ICC), rabbit anti-RAB7A (Abcam, ab137029; 1:200 
for ICC), rat anti-myc (Chromotek, 9e1-100; 1:500 for ICC), chicken 
anti-GFP (Aves Lab, GFP-1020; 1:500 to 1:1000 for ICC), mouse 
anti-GFP (Roche, 11814460001; 1:10,000 for WB), goat anti-CTSB 
(R&D Systems, AF965; 1:500 for ICC), mouse anti–-tubulin (Cell 
Signaling Technology, 3873; 1:350 for ICC and 1:15,000 for WB), 
rabbit anti-RAB35 (Proteintech, 11329-2-AP; 1:100 for ICC and 
1:1000 for WB), rabbit anti-RAB10 (Abcam, ab237703; 1:100 for ICC 
and 1:1000 for WB), rabbit anti-RAB10 (phospho-T73) (Abcam, 
ab241060; 1:100 for ICC and 1:1000 for WB), rabbit anti-LRRK2 
(Abcam, ab133474; 1:1000 for WB), rabbit anti-LRRK2 (phospho- S1292) 
(Abcam, ab203181; 1:1000 for WB), rabbit anti-EEA1 (Cell Signaling 
Technology, 3288; 1:100 for ICC), mouse anti–-actin (Sigma-Aldrich, 
A5441; 1:15,000 for WB), rabbit anti-LC3B (Cell Signaling Technology, 
2775; 1:1000 for WB), and rabbit anti–cyclophilin B (Abcam, ab16045; 
1:15,000 for WB).

For ICC, unless otherwise stated, the secondary antibodies were 
purchased from Thermo Fisher Scientific. The following secondary 
antibodies were used: donkey anti-mouse Alexa Fluor 568 (A10037, 
1:500), donkey anti-rabbit Alexa Fluor 488 (A-21206, 1:500), donkey 
anti-mouse Alexa Fluor 568 (A-21202, 1:500), donkey anti-rat Alexa 
Fluor 488 (A-21208, 1:500), donkey anti-goat Alexa Fluor 488 (A-
11055, 1:500), donkey anti-rabbit Alexa Fluor 568 (A10042, 1:500), 
donkey anti-mouse Alexa Fluor 647 (A-31571, 1:500), and goat 
anti-rat Alexa Fluor 647 (A-21247, 1:250 to 1:500). Donkey anti- 
chicken Alexa Fluor 488 (703-545-155, 1:500) and donkey anti-rat 
Alexa Fluor 405 (712-475-153, 1:100) were obtained from Jackson 
ImmunoResearch.

Cloning
Constructs for 3xflag-tagged LRRK2 WT/full length and domains, 
and GUS have been described previously (7, 54). JIP3, JIP4, and BICD2 
Gateway PLUS shuttle clones were obtained from GeneCopoeia. 
BLOS1, MUTED, and STAM1 complementary DNA (cDNA) were 
obtained from Dharmacon. RAB35, RAB10, and APEX-NES cDNA 
were acquired from Addgene (Addgene, #49552, #49472, and #49386) 
(55–57). cDNAs were amplified with polymerase chain reaction (PCR) 
and cloned into pCR8/GW/TOPO vector (Thermo Fisher Scientific). 
Each was then subcloned into pDEST vectors using Gateway tech-
nology (Thermo Fisher Scientific). Full-length LRRK2 was subcloned 
into the pDEST-Emerald GFP and p3xflag-APEX2-DEST vectors; 
JIP3, STAM1, BICD2, BLOS1, and MUTED were subcloned into 
pDEST-53; JIP4 was also subcloned into pDEST-NeonGreen; RAB35 
was subcloned into pDEST-53 and the pCMV-2xmyc-DEST vectors; 
and RAB10 was subcloned into pCMV-2xmyc-DEST plasmid. 

2xmyc-RAB10-T73A and 2xmyc-RAB35-T72A were generated by directed 
mutagenesis from the WT vectors using the QuikChange Lightning Kit 
(Agilent). EGFP-RAB10 (Addgene, #49472) (56), EGFP- Gal3 (Addgene, 
#73080) (29), and LAMP1-RFP (Addgene, #1817) (58) were purchased 
from Addgene. The LAMP1-HaloTag construct was provided by the 
Bonifacino laboratory, and the LIMP2-myc vector was a gift from 
M. Schwake (59). All primers used for cloning are in table S5, and the 
expression constructs used in this study are summarized in table S4.

Transfection
Transient transfections of HEK293FT cells and astrocytes were per-
formed using Lipofectamine 2000 and Stem reagents, respectively 
(Thermo Fisher Scientific). HEK293FT cells were transfected for 
24 hours, and mouse primary astrocytes were transfected for 48 hours. 
For small interfering RNAs (siRNAs), cells were transfected with the 
SMARTpool ON-TARGET (Dharmacon) plus scramble or Rab35, 
Rab10, or Jip4 siRNAs using Lipofectamine RNAiMAX (Thermo Fisher 
Scientific) transfection reagent for astrocytes. Astrocytes were incu-
bated with siRNA for a total of 4 days before fixation or lysis.

APEX2 reaction
HEK293FT cells were plated in 150-cm2 flasks previously coated with 
Matrigel and transfected with the appropriate vectors. Twenty-four 
hours later, 500 M biotin-phenol was preincubated with cells for 
30 min at 37°C. H2O2 (1 mM) was added for 1 min while gently 
mixing, and the cells were subsequently washed twice with quench-
ing buffer [tris-buffered saline (TBS) supplemented with 1 mM CaCl2, 
10 mM sodium ascorbate, 1 mM sodium azide, and 1 mM Trolox], 
once with PBS, and twice with quenching buffer for 1 min per wash. 
Cells were collected in 10 ml of quenching buffer and centrifuged at 
3000g for 10 min. Cells were lysed in radioimmunoprecipitation 
assay (RIPA) buffer (Pierce) supplemented with 10 mM sodium 
ascorbate, 1 mM sodium azide, 1 mM Trolox, 1 mM dithiothreitol, 
and protease inhibitors (Roche Complete). Samples were briefly 
sonicated and pelleted at 10,000g for 10 min, and then equal amounts 
of proteins were applied to streptavidin magnetic beads (Thermo 
Fisher Scientific) and incubated for 1 hour at room temperature (RT) 
on a rotator. Cells were then washed sequentially with KCl (1 M), 
Na2CO3 (0.1 M), and urea (2 M) in 0.1 M tris buffer followed by two 
final washes with RIPA buffer. Beads were eluted by boiling in 45 l 
of 2× protein loading buffer supplemented with 2 mM biotin and 
-mercaptoethanol for 10 min. Protein lysates were loaded on an 
acrylamide gel and run for 1 hour at 150 V. The gel was then stained 
with GelCode Blue stain (Thermo Fisher Scientific) for 30 min and 
washed with dH2O overnight.

Mass spectrometry analysis
Protein was quantified, and the lysates were mixed in a 1:1 ratio 
(light:heavy), with a final number of two to three replicates. Lysates 
were separated on a 4% to 20% polyacrylamide gel (Bio-Rad). Eight 
bands were cut from each replicate. Gel bands were reduced with 
tris(2-carboxyethyl)phosphine, alkylated with N-ethylmaleimide (NEM), 
and digested with trypsin. The system used for data acquisition is an 
Orbitrap Lumos mass spectrometer (Thermo Fisher Scientific) cou-
pled with an UltiMate 3000 high-pressure liquid chromatography 
instrument (Thermo Fisher Scientific). Extracted peptides were 
desalted and then separated on an ES803 column (Thermo Fisher 
Scientific) using a gradient with mobile phase B (MP B) increasing 
from 5 to 27% over 60 min. The composition of MP A and MP B is 
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0.1% formic acid in 100% high-performance liquid chromatography 
(HPLC) acetonitrile. The liquid chromatography–tandem mass spec-
trometry (LC-MS/MS) data were acquired in data-dependent mode. 
The survey scan was performed in Orbitrap with the following 
parameters: mass range, 350 to 1500 mass/charge ratio (m/z); reso-
lution, 120,000 at m/z 400; automatic gain control (AGC) target, 
4 × 105 ions. The product scan was performed in ion trap with the 
following parameters: collision-induced dissociation on as many 
precursor ions as allowed in 3 s; isolation window, 1.6 Da. Database 
search and ratio calculation were performed using Proteome Discoverer 
2.2 software. Conditions used in the database are listed below. Database: 
Sprot Human database; modifications: 13C(6) (R), 13C(6) (K), oxi-
dation (M), NEM(C). Heavy/Light (H/L) ratios are calculated for 
each sample with (Fig. 4) or without (Fig. 1) normalization.

Phos-tag gels
HEK293FT cells were transfected with 3xflag-LRRK2 and GFP-
RAB35 plasmids and, 24 hours later, treated with LLOME or DMSO 
for 2 hours. Cells were then lysed in 10× cell lysis buffer (Cell Signaling 
Technology) supplemented with EDTA-free protease inhibitor (Roche) 
and 1× Halt phosphatase inhibitor. Lysates were cleared by centrif-
ugation at 20,000g. Phos-tag SDS–polyacrylamide gel electrophoresis 
(PAGE) was performed following the vendor’s instructions (Wako). 
Briefly, gels for Phos-tag SDS-PAGE consisted of a stacking gel 
[4.5% acrylamide, 350 mM bis-tris/HCl, tetramethylethylenediamine 
(TEMED), and 0.05% ammonium persulfate (APS)] and a separating 
gel (12% acrylamide, 350 mM bis-tris/HCl, 50 M Phos-tag solution, 
100 M ZnCl2, TEMED, and 0.05% APS). Lysates were electrophoresed 
at 80 V for the stacking gel and at 150 V for the separating gel. After 
SDS-PAGE, the gels were washed twice (20 min each) with transfer 
buffer containing 10 mM EDTA. Gels were transferred to membranes 
by a semidry Trans-Blot Turbo transfer system (Bio-Rad).

Confocal microscopy
Confocal images were taken using a Zeiss LSM 880 microscope 
equipped with a 63× 1.4 numerical aperture (NA) objective. Super- 
resolution imaging was performed using the Airyscan mode. Raw 
data were processed using Airyscan processing in “autostrength” 
mode with Zen Black software version 2.3. Live-cell super-resolution 
imaging was performed in Fast Airyscan mode on an inverted Zeiss 
LSM 880 Fast Airyscan microscope equipped with a 63× 1.4 NA 
objective, and environmental chamber to maintain cells at 37°C with 
humidified 5% CO2 gas during imaging. Immersion oil for 37°C was 
used during imaging.

For spinning disk super-resolution microscopy, we used a W1- 
SoRa super-resolution spinning disk microscope (Nikon) with a 60× 
1.49 NA oil immersion objective and a ×2.8 intermediate magnifi-
cation (×168 combined), with an offset micro-lensed SoRa disk and 
environmental chamber to maintain cells at 37°C with humidified 
5% CO2 gas during imaging. For deconvolution, we used 10 itera-
tions of the Landweber algorithm. Images from two channels were 
acquired simultaneously using a Cairn twin-cam emission splitter 
and two Photometrics prime 95b sCMOS cameras, a 565LP DM, 
and appropriate emission cleanup filters. Unless otherwise stated, 
pictures are maximum intensity projection from Z stacks.

Tubular ratio measurements
Astrocytes were transfected with the 3xflag-LRRK2-G2019S plasmid 
and cotransfected or not with the GFP-JIP4 vector. After fixation 

and staining, cells were imaged with a confocal microscope using the 
Airyscan module to enhance resolution. The tubular ratio in each 
cell was measured as follows: Ratio = #JIP4 + tubules/#JIP4 + lyso-
somes. A similar approach was used for endogenous RAB10. For 
each independent replicate, the ratio was normalized by the average 
value of the control group (i.e., DMSO, NTC, and MOCK). Data 
were generated from cells pooled across at least two independent 
experiments. Only cells with 10 or more JIP4 or RAB10-positive 
lysosomes per cell were imaged.

Coimmunoprecipitation
HEK293FT cells transfected with 3xflag-LRRK2, 2xmyc-RAB10, 
2xmycRAB10-T73A, 2xmyc-RAB35, and 2xmyc-RAB35-T72A plas-
mids were lysed in IP buffer [20 mM tris-HCl (pH 7.5), 300 mM 
NaCl, 1 mM EDTA, 0.3% Triton X-100, 10% glycerol, 1× Halt phos-
phatase inhibitor cocktail (Thermo Fisher Scientific), and protease 
inhibitor cocktail (Roche)] for 30 min on ice. Lysates were centri-
fuged at 4°C for 10 min at 20,000g, and the supernatant was further 
cleared by incubation with EZview™ protein G agarose beads 
(Sigma-Aldrich) for 30 min at 4°C (only for FLAG IP). After agarose 
bead removal by centrifugation, lysates were incubated with anti-flag 
M2 agarose beads (Sigma-Aldrich) or myc-Trap agarose beads 
(Chromotek) for 1 hour at 4°C on a rotator. Beads were washed six 
times with IP wash buffer [20 mM tris-HCl (pH 7.5), 300 mM NaCl, 
1 mM EDTA, 0.1% Triton X-100, 10% glycerol] and eluted in 1× 
kinase buffer (Cell Signaling Technology) containing 150 mM NaCl, 
0.02% Triton X-100, and 3xflag peptide (150 ng/l) (Sigma-Aldrich) 
by shaking for 30 min at 4°C (for FLAG IP) or by boiling samples in 
2× loading buffer with -mercaptoethanol for 5 min (for MYC IP).

Immunostaining
Primary cultures of astrocytes or HEK293FT cells were fixed with 
4% PFA for 10 min, permeabilized with PBS/0.1% Triton X-100 for 
10 min, and blocked with 5% donkey serum for 1 hour at RT. Pri-
mary antibodies were diluted in blocking buffer (1% donkey serum) 
and incubated overnight at 4°C. After three 5-min washes with 
PBS/0.1% Triton X-100, secondary fluorescently labeled antibodies 
were diluted in blocking buffer (1% donkey serum) and incubated 
for 1 hour at RT. Coverslips were washed twice with 1× PBS and an 
additional two times with dH2O and mounted with ProLong Gold 
antifade reagent (Thermo Fisher Scientific).

SDS-PAGE and Western blotting
Proteins were resolved on 4 to 20% Criterion TGX precast gels (Bio-
Rad) and transferred to membranes by a semi-dry Trans-Blot Turbo 
transfer system (Bio-Rad). The membranes were blocked with 
Odyssey Blocking Buffer (LI-COR, catalog no. 927-40000) and then 
incubated for 1 hour at RT or overnight at 4°C with the indicated 
primary antibody. The membranes were washed in TBS-Triton (TBS-T) 
(3 × 5 min) followed by incubation for 1 hour at RT with fluores-
cently conjugated goat anti-mouse, rat, or rabbit IRDye 680 or 800 
antibodies (LI-COR). The blots were washed in TBST (3 × 5 min) 
and scanned on an Odyssey CLx (LI-COR). Quantitation of West-
ern blots was performed using Image Studio (LI-COR).

Sample preparation for FIB-SEM
Following Airyscan microscopy, cells were fixed and processed largely 
as previously described (60) with small modifications. After dehydra-
tion, the MatTek glass coverslip was removed from the plastic using 
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propylene oxide. The removed glass coverslip was then rinsed in 
100% ethanol followed by immersion in mixtures of Durcupan ACM 
and ethanol with the following ratios: 25:75 for 1.5 hours, 50:50 for 
1.5 hours, 75:25 overnight. The sample was then immersed in 100% 
Durcupan ACM for 4 to 5 hours with replacement of fresh Durcupan 
every hour. The glass coverslip was then removed, and excess 
Durcupan was removed using filter paper. The coverslip was then 
placed in an oven at 60°C for 10 min, after which the sample was 
placed vertically in a 50-ml Falcon tube in folded filter papers and 
centrifuged for 15 min at 37°C and 750 relative centrifugal force 
(RCF). The glass coverslip was then placed in an oven at 60°C under 
vacuum and left to polymerize over 2 days. The sample was then 
sputter-coated with 50-nm gold and painted with silver paint, fol-
lowed by drying under vacuum. The samples were imaged inside a 
Zeiss Crossbeam 540 FIB-SEM microscope. Platinum and carbon 
were deposited over the region of interest, and the run was set up 
and controlled by Atlas software (Fibics) SEM settings: 1.5 kV; 2.0 nA; 
milling probe: 300 pA. The slice thickness and the voxel size were 
set to 6 nm. The total volume acquired per tissue sample (XYZ) was 
44.21 m × 4.22 m × 27.38 m.

Statistical analysis
Analyses based on cell counts were performed by an investigator 
blinded to treatment/transfection status. Statistical analysis for 
experiments with two treatment groups used Student’s t tests with 
Welsh’s correction for unequal variance. For more than two groups, 
we used one-way analysis of variance (ANOVA) or two-way ANOVA 
where there were two factors in the model. Tukey’s post hoc test was 
used to determine statistical significance for individual comparisons 
in those cases where the underlying ANOVA was statistically signif-
icant and where all groups were compared; Dunnett’s multiple 
comparison test was used where all groups were compared back to 
a single control group. Individual points in histograms represent the 
mean of each independent replicate (N). Unless otherwise stated, 
graphed data are presented as means ± SEM. Comparisons consid-
ered statistically significant are indicated: *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabb2454/DC1

View/request a protocol for this paper from Bio-protocol.
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Preclinical modeling of chronic inhibition of
the Parkinson’s disease associated kinase
LRRK2 reveals altered function of the
endolysosomal system in vivo
Jillian H. Kluss1,2, Melissa Conti Mazza1, Yan Li3, Claudia Manzoni2,4, Patrick A. Lewis2,5,6, Mark R. Cookson1* and
Adamantios Mamais7

Abstract

The most common mutation in the Leucine-rich repeat kinase 2 gene (LRRK2), G2019S, causes familial Parkinson’s
Disease (PD) and renders the encoded protein kinase hyperactive. While targeting LRRK2 activity is currently being
tested in clinical trials as a therapeutic avenue for PD, to date, the molecular effects of chronic LRRK2 inhibition
have not yet been examined in vivo. We evaluated the utility of newly available phospho-antibodies for Rab
substrates and LRRK2 autophosphorylation to examine the pharmacodynamic response to treatment with the
potent and specific LRRK2 inhibitor, MLi-2, in brain and peripheral tissue in G2019S LRRK2 knock-in mice. We report
higher sensitivity of LRRK2 autophosphorylation to MLi-2 treatment and slower recovery in washout conditions
compared to Rab GTPases phosphorylation, and we identify pS106 Rab12 as a robust readout of downstream
LRRK2 activity across tissues. The downstream effects of long-term chronic LRRK2 inhibition in vivo were evaluated
in G2019S LRRK2 knock-in mice by phospho- and total proteomic analyses following an in-diet administration of
MLi-2 for 10 weeks. We observed significant alterations in endolysosomal and trafficking pathways in the kidney
that were sensitive to MLi-2 treatment and were validated biochemically. Furthermore, a subtle but distinct
biochemical signature affecting mitochondrial proteins was observed in brain tissue in the same animals that, again,
was reverted by kinase inhibition. Proteomic analysis in the lung did not detect any major pathway of dysregulation
that would be indicative of pulmonary impairment. This is the first study to examine the molecular underpinnings
of chronic LRRK2 inhibition in a preclinical in vivo PD model and highlights cellular processes that may be
influenced by therapeutic strategies aimed at restoring LRRK2 physiological activity in PD patients.

Background
Mutations in leucine-rich repeat kinase 2 (LRRK2) are a
known genetic cause of familial Parkinson’s disease (PD)
[1–3];. Non-coding variation at the LRRK2 locus has also
been identified as a risk factor for sporadic PD, suggest-
ing that both disease forms share common pathological

mechanisms [4, 5]. The G2019S mutation, which lies
within the kinase domain of LRRK2, is the most com-
mon mutation found in familial PD cases, as well as in
1–5% of apparently sporadic PD patients [6]. This muta-
tion directly increases kinase activity while other muta-
tions likely have convergent cellular effects, albeit
through varying mechanisms [4]. Therefore, it is thought
that targeting LRRK2 therapeutically may be advanta-
geous in both familial and sporadic PD [7, 8].
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A number of pharmacological tools that inhibit LRRK2
kinase activity in the CNS have been developed and
characterized [9]. Some kinase inhibitors have been
shown to reduce cytotoxicity associated with LRRK2
mutations in PD-relevant cell and animal models [10–
12], supporting the hypothesis that LRRK2 inhibition
may be efficacious for PD. One such LRRK2-specific in-
hibitor, MLi-2, has been found to be ~300x more select-
ive for LRRK2 over other kinases and can readily cross
the blood-brain barrier [13] demonstrating that it is pos-
sible to generate tool compounds that have clinical po-
tential for therapeutic intervention in PD. However, as
LRRK2 is expressed endogenously in many tissues and
kinase inhibition is predicted to affect both mutant and
wild-type LRRK2, whether such inhibitors would be safe
to use clinically is uncertain. Preclinical studies have re-
ported macroscopic changes in vivo that include mor-
phological changes in lung from nonhuman primates,
and kidney tissue from rats treated with specific LRRK2
inhibitors that are reversible after termination of treat-
ment [14–16]. Importantly, some of these effects overlap
with those seen in Lrrk2 knockout mice [17] demon-
strating that they result from on-target effects of inhibi-
tors on LRRK2 itself rather than resulting from
inhibition of other kinases.
Here, we aimed to mimic a likely clinical use of

LRRK2 inhibitor to understand the relationship between
level of inhibition and effects on biochemistry of target
tissues including brain and peripheral organs that ex-
press high levels of LRRK2. We first evaluated the utility
of measuring autophosphorylation of LRRK2 vs down-
stream substrate Rab proteins as readouts of LRRK2 kin-
ase activity in vivo across a series of acute and chronic
dosing paradigms in kinase hyperactive G2019S LRRK2
knock-in mouse model. Secondly, we explore the mo-
lecular effects of long-term chronic LRRK2 inhibition by
unbiased total and phospho-proteomics on brain, kidney,
and lung tissue from G2019S LRRK2 mice following 60
mg/kg/day in-diet dosing of MLi-2 for 10 weeks. Based
on these data, we report molecular pathways that are af-
fected by chronic inhibition of LRRK2 in a clinically
relevant paradigm. Importantly, we show that the effects
of LRRK2 inhibition vary across tissues, which may be
particularly relevant to selection of biomarkers for clin-
ical trials where brain target engagement is inferred from
peripheral tissue events.

Methods
Animals
All animal procedures were performed in accordance
with a protocol approved by the Institutional Animal
Care and Use Committee of the National Institute on
Aging, NIH.

Wildtype, G2019S LRRK2 knock-in (KI), and LRRK2
knockout (KO) male and female mice raised on a C57Bl/
6 background (3–8 months in age) were bred in-house
on a 12-h day/night cycle for the following experiments.
All mice were supplied with Rodent NIH-07 diet and
water ad libitum.

Acute MLi-2 dosing
Dose response: 28 homozygous G2019S KI C57BL/6 J
mice (5–8 months old) were randomized for treatment
using the sample function in R, followed by matching
for sex across groups. Mice were given an acute dose of
vehicle [40% (w/v) Hydroxypropyl-β-Cyclodextran] or
MLi-2 (at 1, 3, 10, 30, 60, or 90 mg/kg dissolved in ve-
hicle) via oral gavage and euthanized 1 h after treatment.
Based on our previous data on S1292 dephosphorylation
in G2019S LRRK2 brain following acute MLi-2 treat-
ment [18], N = 4 was used in this study for all acute
MLi-2 experiments, as it was estimated at 90% power to
detect a difference of effect size 6 at alpha = 0.05.
Time course: 28 homozygous G2019S KI C57BL/6 J

mice (4–7 months old) were randomized for treatment
using the sample function in R, followed by matching
for sex across groups. Mice were given an acute dose of
vehicle [40% (w/v) Hydroxypropyl-β-Cyclodextran] at
time point zero, or MLi-2 (10 mg/kg dissolved in ve-
hicle) via oral gavage and euthanized after time point
0.5, 1, 3, 12, 24, or 72 h post dose.

Chronic in-diet dosing
To determine the appropriate concentration of MLi-2
necessary to achieve S1292 phosphorylation levels that
are comparable to the brain tissue levels in a wildtype
animal, homozygous G2019S KI mice were given cus-
tomized Rodent NIH-07 chow from Research Diets, ei-
ther untreated or supplemented with various doses of
MLi-2 (10, 30, or 60 mg/kg/day) for 10 days along with
an untreated wildtype group, and S1292 phosphorylation
signal was measured via Western blot (N = 3 mice were
used per treatment group). Mice and chow were
weighed daily to assess estimated doses of MLi-2 re-
ceived each day. No difference was observed in food in-
take between mice receiving MLi-2 treated chow and
mice receiving untreated chow. All mice were given
chow and water ad libitum. After 10 days, mice were eu-
thanized 2-3 h post start of their light cycle.
Ten day (short-term) and 10 week (long-term) chronic

cohorts: Three-month old littermates from wildtype,
homozygous G2019S KI, and homozygous LRRK2 KO
litters were randomized into short-term (10 days) and
long-term (10 weeks) chronic treatment groups: wild-
type, G2019S KI, and LRRK2 KO groups received un-
treated chow, and a G2019S KI group received chow
supplemented with 60mg/kg of MLi-2 per day. Both

Kluss et al. Molecular Neurodegeneration           (2021) 16:17 Page 2 of 19



male and female mice were represented equally in all
treatment groups (N = 6 mice were used per treatment
group). All mice were given chow and water ad libitum.
After 10 days, or 10 weeks, mice were euthanized 2-3 h
post start of their light cycle.

Statistical analyses
Statistical analyses for each experiment can be found
within each respective figure legend. Briefly, one-way
ANOVA or two-way ANOVA with Tukey’s post hoc-
test were used which were performed in GraphPad
Prism v8.2.0 (GraphPad Software, San Diego, CA). If not
otherwise stated, comparisons were considered statisti-
cally significant where p < 0.05. *, p < 0.05; **, p < 0.01;
***, p < 0.001; ****, p < 0.0001.

Immunoblotting
Tissues were homogenized at 20% w/v in 1x Cell Signal-
ing Lysis Buffer (#9803S) with 1x protease and phos-
phatase inhibitors (Thermofisher; #1861279 and #78427,
respectively) and left on ice for 30 min to lyse. Homoge-
nates were spun at 20,000 g for 10 min at 4 degrees Cel-
sius and pelleted debris were removed. Samples were
supplemented with NuPage LDS sample buffer 4x
(#NP0008), boiled for 5 min at 95 degrees Celsius and
run on a Bio-Rad Criterion™ TGX™ polyacrylamide gel
(#5671095) at 200 V for 37 min. Gels were transferred to
nitrocellulose (#1704159) on a Bio-Rad Trans-Blot
Turbo™ transfer system at 20 V for 10 min. A normalizer
sample was added to the end of each blot to account for
day-to-day variability in protein transfer and antibody
incubation. This stock was prepared prior to beginning
this study and single-use aliquots were prepared in load-
ing buffer and stored at -80C until use to ensure no loss
of phosphorylation nor protein degradation. The nitro-
cellulose was blocked for 1 h in 50% TBS (20 mM Tris,
0.5M NaCl, pH 7.5), 50% Odyssey blocking buffer (Li-
Cor; 927–40,000) and incubated overnight with primary
antibodies in 50% TBS-T (20 mM Tris, 0.5M NaCl, pH
7.5, 0.1% Tween 20), 50% Odyssey blocking buffer at 4
degrees Celsius. All antibody concentrations used in this
study can be found in Table S1. Following 3 × 5min
washes with TBS-T, the nitrocellulose was incubated at
RT with secondary antibodies for 1 h, washed 3 × 5min
and scanned at the Li-Cor platform.
All primary antibodies and working dilutions can be

found in Table S1. Secondary antibodies were used at 1:
10,000 dilution: IRDyes 800CW Goat anti-Rabbit IgG
(LiCor; #926–32,211) and 680RD Goat anti-Mouse IgG
(LiCor; 926–68,070). All blots presented in each figure
panel were derived from the same experiment and were
processed in parallel. Raw densitometric signal was nor-
malized to a common normalizer sample that was run
on every blot.

Tissue preparation for proteomics and
phosphoproteomics
One brain hemisphere, one half of a kidney, and one
whole lung from each mouse in the short-term and
long-term chronic experiments were processed and sub-
mitted for proteomics and phosphoproteomics analysis
using TMT quantitation without and with TiO2/iMAC
enrichment. Briefly, tissues were homogenized in 15%
w/v lysis buffer (0.5 mM HEPES, pH 7.4, 225 mM man-
nitol, 50 mM sucrose, 1 mM EDTA, 1x protease and
phosphatase inhibitors (Thermofisher; #1861279 and
#78427, respectively), and 2% CHAPS) followed by incu-
bation on ice for 30 min, with periodic vortexing, to lyse.
The homogenates were then spun down at 20,000 g at 4
degrees Celsius for 10 min to pellet cellular debris. A
protein assay was performed on supernatants to deter-
mine protein concentration, and 270 μg of each sample
were submitted for mass spectrometry. Additionally,
30 μg of each sample were pooled together to allow for
normalization between runs during analysis.

Phosphoproteomics and bioinformatics analysis
Proteins were alkylated with NEM, digested with trypsin
and labeled with TMTpro reagents. The brain and kid-
ney samples were treated with the same method. Forty
eight brain/kidney samples and 4 pooled samples were
separated into 4 sets of TMT experiments. Each set con-
tains 12 samples and one pooled sample. Twenty-four
whole lung samples and 2 pooled samples were sepa-
rated into 2 sets of TMT experiments. Each set contains
12 samples and one pooled sample. The pooled sample
in each set was labeled with TMTpro-126 reagent, while
the distribution and labeling of 12 samples were ran-
domized (Data File S1). After the labeling and quench-
ing, samples were combined together. 95% of the
combined sample was used for phosphopeptide enrich-
ment using TiO2 method followed by iMAC method.
5% of the combined sample was fractionated using
Pierce high pH reverse phase cartridge, and 8 fractions
were collected for each set. LC-MS/MS data acquisition
were performed on a Thermo Scientific Orbitrap Lumos
mass spectrometer which was coupled to a Thermo Sci-
entific Ultimate 3000 HPLC. Peptides were separated on
an ES802 nano-column over 136 min at a flow rate of
300 n/min. TMT MS2 method was used. Both MS1 and
MS2 scans were performed in orbitrap. The resolution
for MS1 and MS2 scans were 120 K and 50 K, respect-
ively. Peptides were fragmented using the HCD method
with collision energy fixed at 32%. The precursor isola-
tion window is 1.5 Da.
Proteome Discoverer 2.4 was used for database search

and TMT quantitation. Ratios of raw abundance values
of each sample over the pooled sample were generated
and analyzed in R using the limma package (version 4.0,
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empirical Bayes method) [19]. Briefly, the proteomics
datasets from four MS runs (or two for the lung sam-
ples) were combined and only hits that were detected in
at least 4 out of 6 mice were kept, while the missing 1–2
values were imputed. These phospho-peptide and total
protein datasets were merged and matched for accession
number and the ratio of phospho/total abundance was
generated for phosphopeptide significant hit detection.
Principal component analysis was conducted for these
datasets which revealed a modest batch effect that was
corrected computationally. Statistical analyses were con-
ducted, namely moderated t-tests between pairs were vi-
sualized as volcano plots [20], and z scores were
calculated for heatmaps. Heatmaps were curated from
statistically significant hits selected based on relevance
to neurodegeneration and reported functions on cellular
pathways affected in Parkinson’s Disease. Proteins were
considered significant hits with an adjusted p-value <
0.05, and for kidneys a fold change > 1.4. Functional en-
richment analysis of the significant hits was performed
using the R package gProfiler2 (precision cutoffs of ad-
justed p-values were < 1e-6 and < 1e-20 for kidney and
brain hits, respectively, and term size < 1000 was kept
[21]. All hits from the lungs did not return any signifi-
cant terms within these parameters. Enrichment term
networks were visualized using Cytoscape 3.7 [22].
Additionally, we generated a human interactome of

LRRK2 and compared it with the significant hits found
in kidney total and phospho- proteomics (Fig. S7) using
the PINOT searching tool (http://www.reading.ac.uk/
bioinf/PINOT/PINOT_form.html) which collates pub-
lished, experimentally validated protein-protein inter-
action (PPI) data from 7 different databases (bhf-ucl,
BioGRID, InnateDB, IntAct, MBInfo, MINT and Uni-
Prot), merged the annotations and performed quality
control providing a final score indicative of reproducibil-
ity [23]. The PPIs of LRRK2 with a final score > 2 were
kept as first layer interactors (i.e. reported in literature
as able to directly bind to LRRK2). The first layer inter-
actors of LRRK2 (220 proteins) were used as input in
PINOT to download PPIs able to bind directly to the
first layer (i.e. second layer interactors). The second layer
interactors are proteins that are able to connect to
LRRK2 via their direct connection with a protein within
the first layer (Data File S2). Scripts were run in R (3.6.2)
and networks were drawn using Cytoscape 3.5, mouse to
human protein ID conversion was performed using g:
Profiler [21].

Results
Relative sensitivity of LRRK2 autophosphorylation and
Rab GTPase phosphorylation to MLi-2 inhibition in vivo
Our aim in this series of studies was to mimic a likely
clinical scenario where mutant LRRK2 is inhibited to

levels similar to that seen with wild type protein, thus
nullifying the potential toxic effects of enhanced patho-
genic kinase activity. In order to be able to model this
situation, we first needed to identify reliable markers of
LRRK2 activity in vivo and understand the relationship
between peripheral organ and brain target engagement.
To this end, we compared the response of phosphoryl-
ation of LRRK2 itself and downstream Rab substrates to
MLi-2 in vivo using two acute treatment paradigms.
First, we investigated the dose responsiveness of

LRRK2 autophosphorylation and phosphorylation of Rab
GTPases to acute kinase inhibition in vivo. G2019S KI
mice were given an acute dose of MLi-2 at 1, 3, 10, 30,
60, or 90 mg/kg or vehicle via oral gavage and sacrificed
1 h post dose. We observed significant pS1292 dephos-
phorylation starting at the lowest dose of 1 mg/kg in kid-
ney and lung (Fig. 1a, b). Maximal dephosphorylation
was achieved in the brain, kidney and lung at 10 mg/kg
for both pS1292 and pS935 (Fig. 1a, b, c). Maximal
S1292 dephosphorylation in the brain did not exceed
60% signal decrease with increasing MLi-2 concentra-
tions, suggesting that maximal inhibition was achieved.
The S935 phospho-site had lower IC50 compared to
pS1292 in the brain, suggesting that this marker is more
sensitive to LRRK2 inhibition in vivo.
Phosphorylated Rab GTPases showed more variable

responses to MLi-2 across tissues. The T73 Rab10
phospho-site responded significantly to MLi-2 treatment
in peripheral tissues but not in the brain (Fig. 1a, d).
Phospho- S106 Rab12 showed a robust response to MLi-
2 in both brain and peripheral tissues with maximal de-
phosphorylation at 30-60 mg/kg (Fig. 1a, e; antibody val-
idation experiments are shown in Figs. S2 and S3). The
T71 Rab29 phospho-site responded with treatment in all
tissues but with higher variability compared to Rab12,
especially at lower doses (Fig. 1a, f). At 10 mg/kg, we
saw ~ 50% decrease in Rab10, Rab12 and Rab29 phos-
phorylation in the periphery while higher doses retained
~ 30% residual phosphorylation signal. These results
demonstrate that 10 mg/kg of MLi-2 is adequate to
acutely inhibit LRRK2 autophosphorylation in brain and
peripheral tissues. Based on these results, we selected a
dose of 10 mg/kg MLi-2 for subsequent time course ana-
lyses and washout experiments.

Time course of acute MLi-2 administration reveals that
phosphorylation of Rab GTPases recovers faster than
LRRK2 phosphorylation
To further discriminate how LRRK2 and Rab phosphor-
ylation events vary between brain and peripheral tissues,
we compared time courses and recovery after washout
of inhibitor application. An acute dose of MLi-2 at 10
mg/kg was administered via oral gavage to G2019S KI
mice and sacrificed at 0.5, 1, 3, 12, 24, or 72 h post dose.
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A time point of 0 h was included where animals were
given an equivalent dose of vehicle and euthanized im-
mediately thereafter to measure baseline
phosphorylation.
Phospho- S1292 and S935 LRRK2 showed rapid de-

phosphorylation at 0.5 h, with maximal dephosphoryla-
tion achieved at 1 h post dose across all tissues (Fig. 2a -
c). The dephosphorylation patterns of both phospho-
sites tightly correlated between brain, kidney, and lung
tissues. Interestingly, maximal dephosphorylation for all
pRabs was seen at 1 h in all tissues. However, these sites
recovered more rapidly than pLRRK2 (~ 12 h versus 24
h; Fig. 2a, d - f). Measures of T73 Rab10 signal in brain
tissue did not show MLi-2-dependent dephosphorylation
compared to peripheral tissues (Fig. 2a, d). Dephosphor-
ylation of T71 Rab29 was achieved in all three tissues to
varying degrees, with kidneys showing the strongest re-
sponse to MLi-2, reaching ~ 75% dephosphorylation
compared to 20–30% seen in brain and lung tissue (Fig.

2a, f). pS106 Rab12 mimicked pLRRK2 most closely in
that all tissues showed similar dephosphorylation pat-
terns over time and reached a maximum of 60% dephos-
phorylation (Fig. 2a, e). It was also noted that Rab12
phosphorylation showed the least variability across mice
compared to Rab10 and Rab29. These data suggest that
Rab GTPases are dephosphorylated within the first hour
after LRRK2 inhibition in a similar fashion to LRRK2 de-
phosphorylation, with Rab12 performing similarly to
pLRRK2 in the brain and periphery. In contrast, the kin-
etics of Rab GTPase re-phosphorylation show a quicker
recovery (~ 12 h) compared to LRRK2 (~ 24 h).

In-diet MLi-2 administration can diminish G2019S-
dependent hyperphosphorylation to wild type levels
To evaluate the molecular effects of chronic LRRK2 in-
hibition, we first conducted a dose response experiment
of MLi-2 in diet. With clinical relevance in mind, our
aim was not to fully inactivate LRRK2, as inferred from

Fig. 1 Dose response of acute MLi-2 across brain and peripheral tissues. G2019S LRRK2 knock-in mice were given a single MLi-2 dose via oral
gavage and sacrificed 1 h later. Brain, kidney, and lung homogenates were analyzed by western blot (N = 4 per group; 60 μg of protein were
loaded per well). a, b, c Maximal LRRK2 inhibition was achieved at 10 mg/kg MLi-2 and plateaued with increasing MLi-2 amounts as seen in
S1292 and S935 phosphorylation readouts across all tissues. d pT73 Rab10 showed variability in brain but significant dephosphorylation in
peripheral tissues with treatment. e pS106 Rab12 showed a robust dose-dependent dephosphorylation across all tissues. f pT71 Rab29 showed
variability but a trend of decrease across all tissues with treatment that reached maximal inhibition at the 30-60 mg/kg points. All dose response
curves of the phospho-sites are shown in b-f and represent percentage over vehicle controls of phospho-levels normalized to total protein levels.
IC50 values of Rab GTPases are generally higher and more variable across tissues compared to LRRK2 phosphorylation (IC50s were not reported
when 50% reduction was not reached within the dose-response tested)
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a complete dephosphorylation of S1292, but to amelior-
ate the hyperphosphorylation to a range observed in
wildtype animals.
G2019S KI mice were fed a customized rodent chow

supplemented with MLi-2 to achieve 10, 30, or 60 mg/
kg/day dosing. For reference, we included wildtype and
G2019S KI mice that were fed control chow for 10 days.
In the treated animals, we observed that 60 mg/kg/day
diminished S1292 phosphorylation to wildtype levels in
brain and kidney, whereas a 10 mg/kg/day dose was suf-
ficient to decrease phosphorylation to wildtype levels in
lung tissue (Fig. 3a, b). This suggests some peripheral
tissues with enrichment of LRRK2 may be more sensitive
to drug-induced inhibition. Increasing doses of MLi-2
show a dose response in pS935 LRRK2 (Fig. 3a, c). These
results confirm a dose of 60 mg/kg/day is sufficient to
inhibit G2019S LRRK2 to wild type levels in vivo across
tissues.

Chronic MLi-2 treatment in G2019S KI mice results in
sustained LRRK2 and Rab12 dephosphorylation
To extend these results into a chronic timescale, G2019S
KI mice were given customized chow supplemented with
MLi-2 to reach a 60mg/kg/day dose for 10 days or 10
weeks. Control groups of wildtype, G2019S KI, and
LRRK2 KO mice receiving untreated chow were in-
cluded for reference of baseline phosphorylation pat-
terns. For the purpose of this experiment, we refer to
the 10-day cohort as ‘short-term’ and the 10-week co-
hort as ‘long-term’ treatment groups. The schematic in
Fig. 4a depicts the design of this experiment, in which
brain, kidney, and lung tissues were collected and proc-
essed for Western blot analyses and additionally prepped
for total and phospho-proteomics. Body weight and esti-
mated food intake for each mouse was recorded daily to
determine the daily dose of MLi-2 each mouse received
(Fig. 4b - g). Both short- and long-term cohorts received

Fig. 2 Time-course of target inhibition and rephosphorylation of LRRK2 and Rab GTPase substrates across brain and peripheral tissues. G2019S
LRRK2 knock-in mice were given a single 10mg/kg MLi-2 dose via oral gavage and sacrificed at various time points. Brain, kidney, and lung
homogenates were analyzed by western blot (n = 4 per group; 60 μg of protein were loaded per well) a. Maximal LRRK2 inhibition was achieved
at 1 h post dose as shown by S1292 and S935 dephosphorylation while complete rephosphorylation was achieved by 24 h b, c. Rab10 was
dephosphorylated by 1 h post-dosing in kidney and lung but not in the brain that showed variability in phosphorylated levels and did not
respond to treatment a, d. Rab12 showed robust dephosphorylation by 1 h in brain and periphery a, e. Rab29 responded with maximal
dephosphorylation in brain and lung by 1 h while kidney showed a slower but more significant response a, f. All three Rab GTPases recovered
their phosphorylation levels by 12 h post-dose. These results demonstrate that Rab GTpases are dephosphorylated within the first hour following
LRRK2 inhibition and rephosphorylate quicker than LRRK2 autophosphorylation recovery following wash-out conditions (~ 12 h vs ~ 24 h)
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the appropriate dose of MLi-2 and had comparable
chow intake of ~ 4 g, while weight increase was observed
only in the 10-week cohort, particularly in the LRRK2
KO animals.
In both short-term and long-term cohorts, pS1292

levels of G2019S KI mice treated with MLi-2 were sig-
nificantly decreased to levels comparable to wildtype
mice (Fig. 5a - c). In the long-term cohort, mice treated
with MLi-2 showed further dephosphorylation compared
to wildtype levels in lung (Fig. 5c). S106 Rab12 showed
significant dephosphorylation consistent throughout tis-
sues, similar to the response of LRRK2 dephosphoryla-
tion (Fig. 5a, h - i), proving pRab12 is a reliable readout
of LRRK2 activity and inhibition in this model. Add-
itionally, phosphorylation of S935 LRRK2 was signifi-
cantly reduced in all tissues compared to both G2019S
and wildtype untreated animals in both cohorts as ex-
pected (Fig. 5a, d - e). In contrast, and similar to the tis-
sue and dose-specific responses to acute inhibition,
Rab10 and Rab29 did not respond consistently to LRRK2
inhibition in either 10-day or 10-week groups (Fig. S4 A-
F). To test for covariates of Rab10 phosphorylation, we
ran Pearson’s correlation coefficient on all dosing

experiments in this study, testing for batch of tissue pro-
cessing, gender, dose, age, treatment, and timepoints and
found no contributing factor for the variation in phos-
phorylation (Fig. S4G). Furthermore, total LRRK2 levels
in the 10-day MLi-2 cohort were comparable to their
untreated G2019S counterparts in all tissues, whereas in
the 10-week groups, there was a significant decrease in
LRRK2 levels in kidney with treatment (Fig. 5a, f - g).
This suggests chronic inactivation of LRRK2 leads to ac-
celerated protein degradation, consistent with previous
in vivo and in vitro studies using MLi-2 and other
LRRK2 inhibitors [13, 24].

Unbiased proteomics reveal both therapeutic and
dysregulatory effects in endolysosomal, trafficking, and
mitochondrial pathways with chronic LRRK2 inhibition in
mice
The above studies identified a chronic dosing regimen in
which amelioration of the hyperphosphorylation of the
S1292 autophosphorylation LRRK2 site and pS106
Rab12 in G2019S KI mice can be achieved to levels seen
with wildtype LRRK2 at the endogenous level in vivo.
We next used a series of proteomics approaches to

Fig. 3 Assessment of MLi-2 in-diet dosing and LRRK2 inhibition. G2019S LRRK2 knock-in mice were fed chow containing different concentrations
of MLi-2 to reach 10, 30, or 60 mg/kg/day dosing compared to G2019S knock-in and WT LRRK2 cohorts that were fed control chow. After 10-
days, animals were sacrificed 2–3 h post start of their light cycle. Western blots of brain, kidney and lung tissue samples are shown. a, b Across all
tissues, a significant increase in S1292 phosphorylation is seen in G2019S mice compared to WT animals which is ameliorated with increasing
MLi-2 doses reaching WT levels at 60 mg/kg/day. c A dose-response was seen in S935 dephosphorylation that plateaued at 30 mg/kg/day.
Quantitation of phosphorylation levels is calculated as S1292 and S935 levels over total LRRK2 (b and c: one-way ANOVA with Tukey’s post hoc,
****P < 0.0001, ***P < 0.0002, **P < 0.0021, *P < 0.0332; n = 3; SD bars shown; b F (14, 30) = 52.27, c F (14, 30) = 56.58)
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determine, in an unbiased manner, what the conse-
quences of this treatment might be to tissue proteome.
Proteomic analysis revealed 115 total proteins and 34

phospho-proteins that were differentially expressed in
the kidney between chronic MLi-2-treated and untreated
G2019S LRRK2 mice (false-discovery rate (FDR) ad-
justed p < 0.05; fold change (FC) > 1.4); (Fig. 6a, b).
Among the top differentially abundant proteins, there
was a strong enrichment for endolysosomal, trafficking
and mitochondrial proteins (Fig. 6a, b). Multiple lyso-
somal proteins showed differential abundance, including
cathepsin B (Ctsb), legumain (Lgmn), galactosidase beta
1 (Glb1), Lysosomal-associated membrane protein 1
(Lamp1), and N-acetylglucosamine-6-sulfatase (Gns). In
addition, a number of proteins involved in vesicular traf-
ficking, lipid metabolism, iron uptake and mitochondrial
function were also significantly altered in kidneys of
chronically treated animals. Hierarchical clustering of
differential proteins in the G2019S MLi-2 treated group
showed most similarity to the LRRK2 KO animals (Fig.
6c), suggesting that chronic inhibition of LRRK2 may
mimic features of an absence of LRRK2 in the periphery.
Among the significant phosphoprotein hits, additional

trafficking and mitochondrial proteins were identified,
including sorting nexin 1 (pS188 Snx1) and vacuolar
sorting protein 4b (pS102 Vps4b) (Fig. 6d). Analysis
using Gene Ontology databases of significant hits from
total and phospho-proteins showed enrichment of the
endolysosomal system as well as mitochondrial mem-
brane (Fig. 6e, f).
Additionally, we analyzed the human homologs of

total and phospho-protein hits in silico to identify a
LRRK2 protein-protein interactome using PINOT [23].
We converted the 115 total proteins and 34 phospho-
proteins that were differentially expressed in the kidney
between chronic MLi-2-treated and untreated G2019S
LRRK2 mice to their human orthologues and identified
76 matches within the LRRK2 interactome. Five of the
matching proteins (AHCYL1, EEF2, HSP90AA1,
HSP90AB1 and RANBP2) were present in the first layer
while 71 in the second layer of LRRK2 interactions. The
difference between the average random result from 100,
000 simulated experiments (40 matches) and the real re-
sult (76 matches) was highly significant (p = 2.78*10− 11).
The matching proteins were extracted from the LRRK2
interactome and their connectivity with LRRK2

Fig. 4 Experimental design and dosing paradigm of the chronic in vivo MLi-2 proteomics experiment. a Schematic of experimental design for
the chronic MLi-2 proteomics experiment. b 10-Day cohort animals observed no weight changes (male and female body weight trends are
shown separated within genotypes as square and circle points, respectively) and consumed ~ 4 g of chow per day c. Daily dose of MLi-2 was
calculated by body weight and food intake and showed that animals on average received ~ 65 mg/kg/day of drug d. e 10-Week cohort animals
grew 3-8 g in body weight over the course of 10 weeks (shown as % weight change), with an average food intake of 4 g f and hit the 60mg/kg/
day mark each week g
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visualized (Fig. S7). This high degree of connectivity sug-
gests that these proteins are in fact related to LRRK2
biology rather than an effect of MLi-2 treatment itself.
Proteomic analysis of brain tissue of 10-week MLi-2-

treated mice revealed a number of mitochondrial pro-
teins that showed statistically significant p-value (ad-
justed p < 0.05) compared to untreated G2019S KI
controls, albeit with modest fold differences between
treatment groups (Fig. 7a, b). These include Cytochrome
C, NADH:Ubiquinone Oxidoreductase Subunit V3
(Nduvf3), the mitochondrial ATP synthase Atp5g1 and
Voltage Dependent Anion Channel 2 (Vdac2) (Fig. 7a,
b). Phospho-proteomics analysis revealed a decrease in
S58 phosphorylation of the ion transporter Fxyd7 and
increase in S109 phosphorylation of the PP2A inhibitor
Ensa (Fig. 7b). Gene Ontology analyses revealed enrich-
ment for proteins residing in different mitochondrial
compartments as well synaptic proteins (Fig. 7c, d).
These data suggest that even though the brain is more
resilient in terms of potential endolysosomal defects that
may be associated with LRRK2 inhibition, there are
small changes in mitochondrial function resulting from
chronic LRRK2 inhibition. Volcano plots comparing un-
treated groups of G2019S KI and wildtype mice showed
that a number of proteins had the opposite trend to that
seen in the chronic MLi-2 cohort (Fig. S5). For example,
the transmembrane ion transporters Sfxn2 and Sfxn3,
showed a modest upregulation in kidneys of G2019S
LRRK2 compared to wildtype mice and this was rescued
in the chronic MLi-2 G2019S LRRK2 cohort (Figs. S5A
and Fig. 6a). For some mitochondrial proteins identified
in our brain proteomics screen, Cytochrome C, Vdac1,
Ndufs3, and Ndufv2 were downregulated in G2019S
LRRK2 brain compared to wildtype and this was re-
versed in the chronic MLi-2 G2019S LRRK2 cohort
(Figs. S5B and 7A). This suggests that treatment can sig-
nificantly alter the expression of mitochondrial proteins
in G2019S KI mice in a direction consistent with thera-
peutic potential.
Finally, 441 total proteins and 189 phosphopeptides

were identified in whole lung homogenates as significant
with an adjusted p-value of < 0.05, of which 14 phospho-
peptides and 6 total proteins passed the fold change cut-
off of 1.4x in the G2019S MLi-2 treated versus untreated
mice (Fig. 7e-f). Of the significant proteins identified, we

attempted to validated Myristoylated alanine-rich C-
kinase substrate.
(Marcks) due to potential relevance to known LRRK2

pathways. Phosphorylation of Marcks within its ED do-
main localizes the protein to the plasma membrane of
cells, as unphosphorylated protein is released into the
cytosol and can bind GTP-bound Rab10 [25], a LRRK2
substrate. Marcks may also be relevant to lung inflam-
mation [26, 27], where LRRK2 has also been implicated
[28]. Marcks phosphorylated at S163 was significantly
decreased in the MLi-2 treated group and was validated
via Western blot (Fig. S6C-D). Additionally, Cyp1a1, a
monooxygenase widely distributed via the bloodstream
responsible for metabolizing various classes of drugs and
carcinogens [29], was upregulated in the lungs of
G2019S KI mice treated with MLi-2, which we also vali-
dated (Fig. S6C-D). Although these results confirm valid-
ity of the lung proteomics results, we did not recover
any significant Gene Ontology categories, presumably
due to the relative sparsity of significant changes in the
lung proteome.

Validation of endolysosomal, trafficking, and
mitochondrial proteins in chronically LRRK2 inhibited
mice reveal both a rescue of mutant-driven effects and
dysregulatory patterns in vivo
We next wanted to validate protein hits observed from
our proteomics screens in kidney tissue. Through west-
ern blot analyses, we found two distinct patterns of ef-
fects, one we characterized as beneficial, based on a
reverse in protein expression from G2019S KI animal
levels back to wildtype levels and the other dysregula-
tory, based on a mimicking effect comparable to LRRK2
KO animals (Fig. 8a). In the former category, the non-
glycosylated form of Lamp1, the ESCRT-0 protein Hgs,
and the iron and serine mitochondrial transporter Sfxn3
were all shown to be significantly increased in protein
levels in untreated G2019S KI mice compared to wild-
type animals. These levels were ameliorated back to
wildtype levels after MLi-2 treatment for 10 weeks (Fig.
8b). Conversely, the glycosylated form of Lamp1 and the
lysosomal hydrolase Legumain were both significantly
increased in the same animals, patterns of which have
been previously characterized in LRRK2 KO animals,
and is recapitulated here in our LRRK2 KO mice in this

(See figure on previous page.)
Fig. 5 LRRK2 and S106 Rab12 phosphorylation following chronic MLi-2 treatment. WT, G2019S LRRK2 KI, and LRRK2 KO mice were fed vehicle or
MLi-2-containing chow over the course of 10 days or 10 weeks a. LRRK2 inhibition is maintained between the short-term (10-day) and long-term
(10-week) chronic treatment as shown by decrease in pS935 levels d, e and S1292 LRRK2 dephosphorylation b, c to levels comparable to WT
controls. A decrease in total LRRK2 levels is observed in peripheral tissues with chronic treatment in by 10 days f and is exacerbated in the 10-
week treatment g. S106 Rab12 phosphorylation levels show a significant decrease with treatment to levels comparable to WT tissue h, i. One-way
ANOVA with Tukey’s post hoc; n = 6; ****P < 0.0001, ***P < 0.0002, **P < 0.005, *P < 0.05; b F (11, 60) = 146.8, c F (11, 60) = 178.7, d F (11, 60) =
158.0, e F (11, 60) = 265.9, f F (11, 60) = 75.97, g F (11, 60) = 271.5, h F = (11, 60) = 65.78, i F (11, 60) = 59.67
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cohort [30]. In addition, we also discovered that the
motor adaptor protein Jip4 was significantly reduced in
LRRK2 KO mice, and this was also seen in G2019S KI
mice treated with MLi-2 (Fig. 8c). Jip4 has recently been
discovered, by our lab and others, to bind to LRRK2-
dependent phosphorylated Rab8a, Rab10, and Rab35 and
can be recruited to damaged lysosomal membranes [31,
32]. In the current study, all of these phenotypes are
kidney-specific, as no significant difference of these pro-
teins was observed in brain or lung tissues (Fig. S6 A-D).
Additionally, these differences were not seen in mice
that were treated with MLi-2 for only 10 days (Fig. S6
G-I), suggesting that chronic inhibition of LRRK2 is ne-
cessary to see these effects.

Discussion
In the present study, we have evaluated various markers
of LRRK2 inhibition in vivo and demonstrated their util-
ity across brain and peripheral tissues. In both acute and
chronic treatment paradigms, we focused on a treatment
paradigm that might reasonably mimic clinical applica-
tions where the hyperactive mutant of LRRK2, G2019S,
expressed at the endogenous level is chronically de-
pressed to that of wildtype animals. We performed pro-
teomics to examine the molecular effects of chronic
LRRK2 inhibition and identified changes to the endoly-
sosomal, trafficking, and mitochondrial systems in kid-
neys at the total protein level as well as phosphorylation
events. In addition, we noted a modest but statistically
significant change in mitochondrial proteins, most not-
ably enriched within the mitochondrial electron trans-
port chain, in the brains of MLi-2 treated G2019S mice.
In our studies in mouse tissue, measuring LRRK2

phosphorylation, particularly the pS1292 autophospho-
rylation site, provides the most reliable marker of both
G2019S-induced hyperactivity and MLi-2 dependent in-
hibition. Whether this can be extrapolated to human
clinical samples is unclear as current tools have not
yet allowed for robust detection of pS1292 LRRK2 in
peripheral blood, although some studies have

demonstrated its efficacy in urinary and CSF exosomes
[33, 34]. Using the commercially available pRab anti-
bodies, we found that S106 Rab12 phosphorylation pat-
tern resembled that of pS1292 LRRK2 most closely
across experiments, in that G2019S KI mice displayed
hyperphosphorylation that was ameliorated with MLi-2
treatment. This is in contrast to the hyperphosphoryla-
tion pattern of other Rab substrates, which have been
demonstrated in mutations within the GTPase domain
but not for G2019S [35, 36]. Thus, for G2019S-carriers
and potentially other PD cases, detection of pRab12 has
potential as a biomarker for LRRK2 activity and
inhibition.
With regard to pRab10 and pRab29, we show that

their levels do not correlate with MLi-2 treatment
in vivo, particularly within the chronic in-diet treatment
paradigm. We hypothesize a few reasons for this. Firstly,
Vieweg et al. reported a PINK1-dependent S111
phospho-site conserved across multiple Rab substrates
that can negatively regulate subsequent LRRK2-
dependent phosphorylation by preventing Switch-II
binding with its GEF, as demonstrated with pT72 Rab8a
in vitro [37]. It is possible that Rab10 and Rab29
LRRK2-dependent phosphorylation could be regulated
through a similar unknown mechanism and thus no
change to basal levels of phosphorylation are observed
with LRRK2 inhibition. Additionally, other unknown ki-
nases that phosphorylate these Rabs on the same residue
as LRRK2 and normally compete with LRRK2 for bind-
ing may be able to phosphorylate these proteins more
readily under conditions of LRRK2 inhibition. Lastly, we
recently reported differing localization patterns between
pS106 Rab12 and pT73 Rab10 when artificially trapping
LRRK2 to different cellular membranes. Independent of
which membrane LRRK2 was directed to intracellularly,
pRab12 was found to colocalize with LRRK2, whereas
pRab10 was primarily detected at perinuclear lysosomes
and Golgi after directing LRRK2 to these membranes
[38]. This falls in line with the idea that a more complex
mechanism surrounds the Rab10:LRRK2 interaction and

(See figure on previous page.)
Fig. 6 Proteomic analysis of changes in kidney between G2019S LRRK2 MLi-2 and G2019S vehicle 10-week treated mouse cohorts. a
Volcano plot showing changes in protein levels following chronic treatment, depicted as log2 fold changes (x-axis) versus the −log10 of adjusted
p-values (y-axis) for each protein. A number of endolysosomal proteins were upregulated, including legumain and other lysosomal proteases in
kidneys of G2019S LRRK2 KI mice that received chronic MLi-2 treatment for 10 weeks, compared to vehicle G2019S KI controls. b Heat maps of
selected significant hits across the WT, G2019S KI and LRRK2 KO vehicle cohorts as well as the G2019S KI chronic MLi-2 cohort, highlighting
proteins involved in vesicular trafficking, lipid metabolism, transferrin recycling and mitochondrial homeostasis. Z score is used for scaling. Using
unsupervised hierarchical clustering we show that the G2019S MLi-2 and LRRK2 KO mice cluster together, suggesting that chronic LRRK2
inhibition mimics a LRRK2 KO effect in kidney. c Bubble plot showing GO:CC term enrichment in the significant total protein hits highlights
enrichment for endolysosomal processes and compartments. d Volcano plot showing changes in phospho-proteins in G2019S MLi-2 treated vs
G2019S untreated mice, highlighting dysregulation of proteins involved in trafficking, glucose transport and metabolism, and the TCA cycle e. f
Bubble plot showing GO:CC term enrichment in the significant phospho-peptide hits highlights enrichment for endolysosomal processes as well
as kidney-specific functional processes. Volcano plots key: grey = non-significant, blue = < 0.05 p-value, green = > 1.4x log fold change, red = <
0.05 p-value and > 1.4x log fold change
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Fig. 7 Proteomic analysis of changes in brain and lung between G2019S LRRK2 MLi-2 and G2019S vehicle 10-week treated mouse cohorts. A
volcano plot from total proteomics of whole brain tissue comparing the G2019S chronic MLi-2 cohort versus G2019S KI vehicle controls a.
Modest upregulation was observed in mitochondrial proteins with treatment, specifically proteins of the electron transport chain a. Heatmap
visualizes changes in phosphopeptides with treatment highlighted proteins involved in vesicular trafficking and postsynaptic regulation on a z
score scale b. GO:CC term enrichment bubble plots were generated from the significant hits of the total and phospho-proteomics showing high
enrichment for mitochondrial compartments, as well as proteins associated with postsynaptic function, respectively c-d. Volcano plots from total
and phospho-proteomics of whole lung homogenates comparing treated versus untreated G2019S KI mice e-f. Volcano plots key: grey = non-
significant, blue = < 0.05 p-value, green = > 1.4x log fold change, red = < 0.05 p-value and > 1.4x log fold change
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thus any influence LRRK2 has on Rab10 is more condi-
tional compared to Rab12. These hypotheses could ex-
plain the lack of dephosphorylation of T73 Rab10 in the
presence of MLi-2, and further exploration of other ki-
nases and phosphatases that regulate Rab GTPase phos-
phorylation, such as PPM1H [39], will be necessary to
elucidate the functional dynamics between Rab10 and
LRRK2 across different organelles.
Using these two validated biomarkers, pS1292 LRRK2

and pS106 Rab12, a 60 mg/kg/day dosing of MLi-2 in
G2019S KI mice via in-diet dosing for 10 days or 10
weeks was shown to be sufficient to revert the hyper-
active mutation approximately to wild type levels. Such
an approach could be helpful in identifying similar dos-
ing regimens in humans. Importantly, we show that
measurements in some peripheral tissues, particularly
kidney, reflect events in the brain, the target organ for
any PD clinical trial. However, we observed that after
long-term chronic MLi-2 in-diet dosing, S1292 LRRK2
and S106 Rab12 phosphorylation was significantly lower
than wildtype levels in lung. It is possible that lung tissue
is more sensitive to LRRK2 inhibition than other tissues
considered here and has also been suggested in a recent
study investigating the toxicological and morphological
effects of LRRK2 inhibition on nonhuman primate lungs,
in which high doses of three structurally distinct
LRRK2-specific inhibitors, including MLi-2, induced vac-
uolated cytoplasm in type II pneumocytes, however no
pulmonary deficits were observed and the phenotype
was quickly reversed after cessation of treatment [16].
These data were recently recapitulated in mice by Bryce
and colleagues. In this study the authors treated wildtype
mice with in-diet MLi-2 for six months and showed that
the levels of prosurfactant protein C were increased early
on in a 60 mg/kg/day dosing regimen and decreased
back to control levels after 90 days [40]. These reports
suggest that there is a lung-specific LRRK2-dependent
mechanism that is affected by chronic LRRK2 inhibition.
Based on these data, we probed our 10-day and 10-week
treatment cohorts for proSP-C in lung tissue via West-
ern blot. We found no changes at either timepoints in
G2019S KI mice treated with MLi-2, although a slight

but significant elevation of proSP-C was observed in the
Lrrk2 KO animals (Fig. S6C-F). This would imply that
the absence of LRRK2 has an effect of proSP-C levels
and MLi-2 treatment would have a more dramatic effect
on wildtype mouse lung tissue than in a G2019S KI. A
60mg/kg-dosing inhibition on wildtype activity could
potentially mimic LRRK2 deficiency and this is not reca-
pitulated in our regimen where we aimed to lower
G2019S LRRK2 activity to wildtype levels. Another im-
portant aspect to note is the potential limitation in de-
tecting surfactant changes by western blot, due to their
~ 90% lipid/10% composition and further lipid analysis
would be more informative in comparing wildtype and
G2019S hyperactive kinase inhibition for possible differ-
ences. Overall, these data suggest that while LRRK2 in-
hibitors can be used to diminish hyperactive kinase to
wild type levels of activity, there are tissue-specific dif-
ferences in activity and stability of the protein that may
be important to consider when using peripheral engage-
ment to infer brain inhibition.
Unbiased proteomic screens revealed significant differ-

ences in endolysosomal, trafficking, and mitochondrial
proteins in the kidneys of treated compared to untreated
G2019S KI animals. We identified two subsets of pro-
teins, those that suggest a therapeutic effect and those
that are dysregulatory, with long-term chronic LRRK2
inhibition in vivo. Strikingly, all differential changes were
specific to our 10-week treatment cohort compared to
our 10-day cohort. This suggests that these molecular
changes are specific to the length of LRRK2 inhibition.
Thus, future preclinical efforts are needed that include
long-term inhibitor treatment in order to understand
what may happen in human disease. Proteins altered to-
wards a therapeutic effect included non-glycosylated
Lamp1, Hgs, and Sfxn3, whereas glycosylated Lamp1,
leguman, and Jip4 showed likeness to LRRK2 KO ex-
pression levels. Based off of these proteins, we
hypothesize a mechanism for the endolysosomal traffick-
ing pathway in the context of both LRRK2 kinase hyper-
activity and chronic inhibition, in which both
dysfunctional LRRK2 kinase states converge on the same
pathway through different means depicted in Fig. 8d.

(See figure on previous page.)
Fig. 8 Validation of proteomic hits reveal both rescue of mutant-driven effects and dysregulatory patterns in long-term MLi-2 treated mice.
Follow-up validation of proteomics hits in Western blot confirmed differential changes to endolysosomal, trafficking, and mitochondrial proteins.
Within these proteins, we observed divergent patterns of therapeutic and dysregulatory effects in the kidneys of 10-week, MLi-2 treated G2019S
KI mice a. Therapeutic trends were observed in non-glycosylated Lamp1, Hgs, and Sfxn3, in which high expression of these proteins in untreated
G2019S KI mice were ameliorated down to wildtype levels with LRRK2 inhibition b. We also observed significant increases in glycosylated Lamp1
and Legumain towards levels observed and previously characterized in Lrrk2 KO mice. Additionally, we have shown a significant decrease in Jip4
within the treated mice that were also exacerbated in Lrrk2 KO mice c. Based on these discoveries, we have hypothesized divergent mechanisms
for LRRK2 hyperactivity and chronic inhibition d. The proteins in maroon reflect the proteins identified in our proteomics screens (italicized) and
validation on WB (not italicized). The grey dashed arrows depict unknown mechanism/relationship with LRRK2 kinase activity. One-way ANOVA
with Tukey’s post hoc; n = 6; ****P < 0.0001, **P < 0.005, *P < 0.05; b non-glycosylated Lamp1: F (3, 19)= 13.58, Hgs: F (3, 19)= 13.72, Sfxn3: F (3,
19)= 9.323, c glycosylated Lamp1: F (3, 19)= 13.70, Legumain: F (3, 20)= 61.36, Jip4: F (3, 20)= 27.39
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In recent years, the role of LRRK2 at the lysosome
has been a focus of research that explores how muta-
tions in this gene cause disease. Multiple labs have
now reported lysosomal dysfunction in both LRRK2
KO and G2019S mutant models, LRRK2 recruitment
to lysosomes under stress as well as alpha-synuclein
accumulation in Lrrk2 deficient models [10, 17, 32,
41]. We show here that increased non-glycosylated
Lamp1 found in G2019S KI mice was ameliorated
back to wildtype levels after 10-week MLi-2 treat-
ment. Glycosylation of Lamp1 is an important feature
in maintaining lysosomal stability and protein trans-
port across its membrane [42]. Glycosylation is initi-
ated in the rough endoplasmic reticulum and moves
through the Golgi before reaching lysosomes. Thus,
an increase in the non-glycosylated form suggests ei-
ther that there has been an incomplete maturation of
Lamp1 before reaching the lysosomes or an upregula-
tion in Lamp1 translation due to increased lysophagy
in the kidneys of G2019S KI mice. Premature lyso-
phagy and redirection of proteins for degradation to
the remaining active lysosomes may then overwhelm
the system and lead to lysosomal stress. In contrast,
an increase in glycosylated Lamp1 has been previously
characterized in Lrrk2 KO mice and in the postmor-
tem brains of sporadic PD patients [30, 43] and is
shown here in G2019S KI mice treated with MLi-2
and LRRK2 KO mice. This suggests that there can be
lysosomal buildup and protein accumulation in the
absence of active LRRK2. Both alterations of Lamp1
suggest LRRK2 kinase activity plays a role in the in-
tegrity of lysosomes, and chronic inhibition of LRRK2
may restore healthy levels of the non-glycosylated
form, while perpetuating a shift that mimics a loss of
function effect in its glycosylated form. This suggests
that treatment with LRRK2 kinase inhibitors may re-
quire careful consideration of both premature lyso-
phagy and lysosomal protein accumulation.
In brain tissue, chronic MLi-2 treatment in G2019S

KI mice showed a modest but significant upregulation
of mitochondrial proteins compared to their untreated
counterparts (Fig. 7a). Production of reactive oxygen
species (ROS), mitochondrial elongation, decreased
ATP production and mitochondrial DNA damage
have been reported in G2019S PD patient-derived
skin biopsies and G2019S-LRRK2 in vitro models
[44–48]. In brain tissue, the majority of mitochondrial
proteins found in our screens were associated with
the respiratory chain Complex I and III. Further stud-
ies are needed in order to elucidate the effects of
LRRK2 on the respiratory chain system. However,
these results do not suggest a potential concern for
LRRK2 kinase inhibition affecting mitochondrial func-
tion as in general they respond in the opposite

direction of effect to the pathogenic G2019S muta-
tion, i.e. are in the therapeutic direction. A limitation
of this study is that whole brain homogenate was
used for the proteomics analysis which may have lim-
ited our ability to determine regional- and cell type-
dependent LRRK2 mechanisms. Further studies fo-
cused on regional and cell-specific parameters can
shed a deeper mechanistic insight into the molecular
consequences of LRRK2 inhibition in the brain.

Conclusion
The aim of the present study was twofold: to assess the
suitability of new antibodies of known LRRK2 substrates
as biomarkers for LRRK2 kinase inhibition and to evalu-
ate what molecular effects are observed when LRRK2 is
chronically inhibited. We found that pRab12 is a reliable
readout of LRRK2 activity and inhibition, and that phos-
phorylation patterns seen in the periphery reflect events
in the brain. Additionally, our study highlights the mo-
lecular effects of chronic inhibition that remain to be ex-
plored and warrant further investigation in the light of
the ongoing clinical trials. What remains to be deter-
mined is which of these effects are truly protective or
damaging, and how relevant they are to what happens in
human disease.
As of yet, there continues to be a significant unmet

medical need in the field of neurodegeneration for ef-
fective, long lasting treatments that either halt or slow
disease progression. Existing drug treatments for PD
target the symptoms of the disease rather than cause,
and do not modify disease course. Clinical trials are
currently underway to assess the safety and efficacy of
LRRK2-specific kinase inhibition in PD patients [49].
In parallel with these trials, future work will need to
elucidate the underlying disease mechanisms that
cause PD and how LRRK2 mutations ultimately lead
to neurodegeneration. Understanding the pathobiolo-
gical role of LRRK2 kinase activity will greatly aid in
the development and optimization of therapeutic
strategies.
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Additional file 1 Table S1: Table of antibody summary. All antibodies
used in this study are listed with catalog numbers, and working
concentrations used. IgG concentrations are supplied in brackets.

Additional file 2 S2. Characterization of pT73 Rab10 [MJF-R21 and MJF-
R21–22-5] antibodies. (A, B) HEK293FT cells transiently expressing LRRK2 mu-
tant constructs were analyzed for endogenous Rab10 phosphorylation
[MJF-R21]. The LRRK2 genetic variants R1441G, Y1699C and I2020T invoked
the highest increase in Rab10 phosphorylation compared to WT LRRK2,
while the kinase-dead K1906M LRRK2 construct conferred a significantly
lower pRab10 levels compared to WT. (C, D) HEK293FT cells transiently ex-
pressing LRRK2 genetic variants following Rab10 siRNA knock-down were
probed for Rab10. Rab10 levels revealed successful knock-down of en-
dogenous Rab10 compared to non-targeting controls. The pT73 Rab10
[MJF-R21] antibody detected a band at ~ 24 kDa, which was not detected in
the Rab10 siRNA groups, suggesting specificity for Rab10. (E, F) In a similar
experiment to (C), Rab10 expression was knocked-down in primary astro-
cytes from WT and homozygous G2019S LRRK2 knock-in mice. Rab10
knock-down was followed by a significant decrease in pT73 Rab10 signal
using the MJF-R21 antibody (E, F). (G, H) Primary astrocytes treated with
1 μM of MLi-2 for 90min showed that both pT73 Rab10 antibodies (MJF-
R21 and MJF-R21–22-5) show significantly decreased levels of phosphoryl-
ation compared to control cells. Quantitation of phosphorylation levels in D
and F are presented as raw pT73 intensity normalized to loading while B
and H represent T73 phosphorylation signal over total Rab10 levels (B: one-
way ANOVA with Tukey’s post hoc, ****P < 0.0001, ***P < 0.0002, n = 3, F (8,
18)= 45.45. D: two-way ANOVA with Sidak’s multiple comparisons test;
LRRK2 construct, p < 0.0001, F (2, 12)=30.73; siRNA, p < 0.0001, F (1, 16)=
550.0, n = 3. F: two-way ANOVA with Sidak’s multiple comparisons test;
LRRK2 construct, p = 0.7361, F (1, 8)=0.1218; siRNA, p < 0.0001, F (1, 8)=56.29,
n = 3. H: one-way ANOVA with Tukey’s post hoc, ****P < 0.0001, n = 3; F (3,
15)= 160.3). S3. Characterization of pS106 Rab12 [MJF-25-9] and pT71 Rab29
[MJF-R24–17-1] antibodies. (A) HEK293FT cells transiently expressing LRRK2
genetic variants following siRNA knock-down of Rab12 were analyzed for
Rab12 phosphorylation. The pS106 Rab12 antibody showed a strong band
at ~ 25 kDa with LRRK2 transfection, which was significantly decreased by
Rab12 siRNA compared to non-targeting control (A, B). (C, D) HEK293FT cells
transiently expressing LRRK2 mutant constructs were analyzed for endogen-
ous pT71 Rab29. Endogenous Rab29 was found hyperphosphorylated in
R1441C, R1441G, Y1699C, G2019S and I2020T LRRK2 expressing cells, com-
pared to WT LRRK2. (E, F) siRNA Rab29 knockdown resulted in a significant
decrease in pT71 Rab29 signal in HEK293FT cells over-expressing LRRK2 mu-
tants compared to non-targeting controls. (G) The T71 Rab29 antibody
tested did not detect a band in cells expressing the T71A Rab29 phospho-
null variant while a strong band was observed in cells expressing WT Rab29
construct, in co-expression with LRRK2 constructs. (H) Lung tissue collected
from Rab29 KO mice tissue showed no pT71 Rab29 signal, whereas G2019S
Lrrk2 knock-in mice showed increase in Rab29 phosphorylation, compared
to WT mice. Quantitation of phosphorylation levels is presented as S106 nor-
malized to loading (cyclophilin B levels; in B), T71 over total Rab29 (in D) or
normalized to loading (F). (B: two-way ANOVA with Sidak’s multiple compar-
isons test; LRRK2 construct, p = 0.0083, F (2, 12)=7.329; siRNA, p < 0.0001, F (1,
16)=367.8, n = 3. D: one-way ANOVA with Tukey’s post hoc, ****P < 0.0001,
***P < 0.0002, ** < 0.004, F (8, 18)= 528.0, n = 3. F: two-way ANOVA with
Sidak’s multiple comparisons test; LRRK2 construct, p < 0.0001 F (2, 12)=
31.83; siRNA, p < 0.0001, F (1, 16)=191.1, n = 3. Mean values with SD bars
shown). S4. pT73 Rab10 and pT71 Rab29 phosphorylation following chronic
MLi-2 treatment. Full blots from the 10-day and 10-week chronic studies are
shown to account for animal-to-animal variability (A, B). pT73 Rab10 across
tissues and treatment groups show large variability with no discernable
trend after LRRK2 inhibition (C, E). Rab29 T71 phosphorylation levels do not
respond to treatment across tissues and time points, with exception to brain
tissue of the short-term cohort (D, F). (G) Pearson’s correlation coefficients
were conducted to test confounding variables within the acute and chronic
paradigms of this study with regard to pT73 Rab10 variability, of which rela-
tionships with dose of MLi-2, length of experiment, age of mice, gender,
and batch of tissue processing were not found. One-way ANOVA with

Tukey’s post hoc; n = 6; ****P < 0.0001, ***P < 0.0002, **P < 0.005, *P < 0.05;
(C) F (11, 60) = 28.56, (D) F (11, 60) = 43.20, (E) F (11, 59) = 24.70, (F) F (11,
60) = 8.279. S5. Proteomic analysis of changes in brain, kidney, and lung be-
tween untreated G2019S LRRK2 and wildtype mouse cohorts. Volcano plots
depicting differences in levels of total proteins in kidney (A), brain (B), and
lung (C) between untreated G2019S KI and wildtype mice. A number of pro-
teins show subtle changes involved in iron transport and mitochondrial
homeostasis are highlighted. Lung hits were not preferentially enriched for
any particular cellular component. Volcano plots key: grey = non-significant,
blue = < 0.05 p-value, green = > 1.4x log fold change, red = < 0.05 p-value
and > 1.4x log fold change. S6. Kidney hits are tissue-specific with proteins
identified in the 10-week cohort and do not show differential change in the
10-day cohort. Proteins identified in the kidney proteomics and validated
via Western blot were also investigated in the brain and lung tissues of the
10-week cohort animals. We found that these proteins (Jip4, Lamp1, HGS/
Vps27, Sfxn3 and legumain) were not statistically altered in the G2019S KI
animals, neither MLi-2 treated nor untreated, in brain and lung (A-D). This
implies a kidney-specific phenotype of these altered lysosomal and other
membrane proteins. Additionally, we explored two of the mitochondrial
proteins found in the brain total proteomics, Atp5mc1 and Cytochrome C.
No difference was observed in G2019S MLi-2 treated mice compared to any
other group (C-D). Additionally, proteins Cyp1a1 and pS163 Marcks identi-
fied in the lung proteomics were validated via Western blot analysis (C-D).
Prosurfactant C was measured in both 10-week (C) and 10-day (E) cohorts in
lung tissue of which Lrrk2 KO animals showed a significant elevation while
G2019S KI animals receiving MLi-2 treatment were not affected in either co-
hort (C-F). Proteins identified as statistically significant in the 10-week cohort
were also investigated in the 10-day cohort in order to determine if the ef-
fects observed occur after continued use of LRRK2 inhibitor long-term as
opposed to more immediate effects (after 10 days). Western blot analysis
confirmed that both therapeutic and dysregulatory effects were not ob-
served in the 10-day cohort of treated animals (G-I). This suggests that the
endolysosomal, trafficking, and mitochondrial changes we observed in our
proteomics screen are effects of long-term treatment with MLi-2 in G2019S
KI mice. Interestingly, the increase in protein expression in our untreated
G2019S KI that was observed in our 10-week cohort, specifically non-
glycosylated Lamp1, Hgs, and Sfxn3 was not seen in our 10-day cohort (H).
Our current hypothesis is that these changes in protein expression are age-
dependent in the context of the G2019S mutation in the mouse model, as
the 10-week animals are double the age of the 10-day cohort at time of sac-
rifice. One-way ANOVA with Tukey’s post hoc; n = 6; ****P < 0.0001, ***P <
0.0002, **P < 0.005, *P < 0.05; (B) Jip4: F (3, 20)= 0.8688, glycosylated Lamp1:
F (3, 20)= 0.4520, HGS: F (3, 20)= 0.1410, Legumain: F (3, 20)= 0.2312,
Atp5mc1: F (3, 20)= 1.953, Sfxn3: F (3, 20)= 0.2285, Cytochrome C: F (3, 20)=
1.698, (D) F (3, 20)= Jip4: F (3, 20)= 1.772, HGS: F (3, 20)= 0.1636, Legumain: F
(3, 20)= 0.1724, Sfxn3: F (3, 20)= 1.156, pS163 Marcks: F (3, 20)= 4.739,
Cyp1a1: F (3, 20)= 208.2, ProSP-C: F (3, 20)= 4.495, (F) ProSP-C: F (3, 20)=
4.185, (H) non-glycosylated Lamp1: F (3, 20)= 2.802, Hgs: F (3, 20)= 5.173,
Sfxn3: F (3, 20)= 3.002, (I) glycosylated Lamp1: 4.702, Legumain: F (3, 20)=
4.409, Jip4: F (3, 20)= 12.35. S7. LRRK2 protein interactome from long-term
chronic kidney proteomics. The 149 mouse kidney protein hits from chron-
ically treated G2019S KI mice were converted to their human orthologues
for LRRK2 interactome analyses using PINOT online tool. Seventy-six
matches were identified within the LRRK2 interactome. Five of the matching
proteins (AHCYL1, EEF2, HSP90AA1, HSP90AB1 and RANBP2) were present in
the first layer while 71 in the second layer of LRRK2 interactions (one step
from direct LRRK2 interactors). Two visualizations are shown: (A) highlights
the proteins from total or phospho-proteomics runs, (B) depicts primary and
secondary interactome layers.
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Abstract

Mutations in leucine-rich repeat kinase 2 (LRRK2) cause autosomal dominant Parkinson dis-

ease (PD), while polymorphic LRRK2 variants are associated with sporadic PD. PD-linked

mutations increase LRRK2 kinase activity and induce neurotoxicity in vitro and in vivo. The

small GTPase Rab8a is a LRRK2 kinase substrate and is involved in receptor-mediated recy-

cling and endocytic trafficking of transferrin, but the effect of PD-linked LRRK2 mutations on

the function of Rab8a is poorly understood. Here, we show that gain-of-function mutations in

LRRK2 induce sequestration of endogenous Rab8a to lysosomes in overexpression cell mod-

els, while pharmacological inhibition of LRRK2 kinase activity reverses this phenotype. Fur-

thermore, we show that LRRK2 mutations drive association of endocytosed transferrin with

Rab8a-positive lysosomes. LRRK2 has been nominated as an integral part of cellular

responses downstream of proinflammatory signals and is activated in microglia in postmortem

PD tissue. Here, we show that iPSC-derived microglia from patients carrying the most com-

mon LRRK2 mutation, G2019S, mistraffic transferrin to lysosomes proximal to the nucleus in

proinflammatory conditions. Furthermore, G2019S knock-in mice show a significant increase

in iron deposition in microglia following intrastriatal LPS injection compared to wild-type mice,

accompanied by striatal accumulation of ferritin. Our data support a role of LRRK2 in modulat-

ing iron uptake and storage in response to proinflammatory stimuli in microglia.
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Introduction

Missense mutations on the leucine-rich repeat kinase 2 (LRRK2) gene cause autosomal domi-

nant Parkinson disease (PD), while common genetic variants identified by genome-wide asso-

ciation studies have been linked to idiopathic PD and inflammatory diseases [1–3]. LRRK2 is a

multidomain enzyme, and PD-linked mutations are localized to its enzymatic domains,

namely the kinase domain and Ras of complex proteins and C-terminal of ROC (ROC-COR)

domains. LRRK2 has been linked to a number of cellular pathways including autophagy, lyso-

somal processing, inflammation, and vesicular trafficking [4]. LRRK2 is expressed in immune

cells, and prior observations suggest a role of LRRK2 in microglial activation and an effect of

PD-linked mutations on cytokine release and inflammation [5–7]. The kinase activity of

LRRK2 is thought to drive disease pathology and thus is being targeted pharmacologically as a

possible PD therapy [4].

A specific role of LRRK2 in vesicular trafficking has been nominated in recent years, and a

number of studies have highlighted how downstream signaling pathways are affected by PD-

linked mutations. LRRK2 can phosphorylate a subset of Rab GTPases, including Rab8a,

Rab10, and Rab29, at a conserved motif, and this phosphorylation regulates Rab activity and

association with effector molecules [8,9]. Rab GTPases control the spatiotemporal regulation

of vesicle traffic and are involved in vesicle sorting, motility, and fusion [10]. Different Rab

GTPases exhibit selectivity for different cellular compartments, thus conferring membrane

identity that governs secretory and endocytic pathways [11]. For example, LRRK2 associates

with Rab29, a Rab GTPase that is involved in vesicular transport and protein sorting [12,13]

and a candidate risk gene for sporadic PD [14]. Rab29 can mediate recruitment of LRRK2 to

the trans-Golgi network, inducing LRRK2 activity and membrane association at least under

conditions of overexpression [12,15,16]. LRRK2 can phosphorylate Rab8a and Rab10, which

may have downstream effects on the endolysosomal system. We, and others, have reported

phosphorylation-dependent recruitment of Rab10 onto damaged lysosomes by LRRK2, in a

process that orchestrates lysosomal homeostasis [17–19].

Rab8a is involved in a number of cellular functions including cell morphogenesis, neuronal

differentiation, ciliogenesis, and membrane trafficking [20–22]. Rab8a regulates recycling of

internalized receptors and membrane trafficking to the endocytic recycling compartment

(ERC) [21,23]. Rab8a has been shown to interact directly with the transferrin receptor (TfR)

and regulate polarized TfR recycling to cell protrusions [24] and transfer between cells through

tunneling nanotubes [25]. Furthermore, Rab8a-depleted cells fail to deliver internalized TfR to

the ERC [24]. Rab8a activity is controlled by its association with Rabin8, a guanine exchange

factor [26]. Phosphorylation of Rab8a by LRRK2 inhibits its association with Rabin8 and

thereby modulates Rab8a activity [8]. The G2019S LRRK2 mutation enhances Rab8a phos-

phorylation, mediating defects on EGFR recycling and endolysosomal transport [27]. Recently,

mutations in LRRK2 were shown to mediate centrosomal deficits through Rab8a signaling

[28–30], while ciliogenesis has been placed downstream of LRRK2 activity in different models

[31].

Although these data indicate that Rab8a regulates exocytic and recycling membrane traf-

ficking at the ERC, how phosphorylation of Rab8a affects downstream biology in PD-relevant

cell types remains unclear. Here, we identify a novel role of LRRK2 in mediating Rab8a-depen-

dent TfR recycling and show in vivo effects of LRRK2 mutation at the endogenous level on

iron homeostasis in microglia. Expression of mutant LRRK2 induces sequestration of Rab8a to

lysosomes and dysregulates transferrin recycling in a Rab8a-dependent manner. In induced

pluripotent stem cell (iPSC)-derived microglia carrying the G2019S LRRK2 mutation, trans-

ferrin is mistrafficked to lysosomes in proinflammatory conditions, and this is accompanied
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by subtle dysregulation of transferrin clearance compared to wild-type (WTAU : PleasenotethatWThasbeendefinedaswild � typeatitsfirstmentioninthesentenceIninducedpluripotentstemcellðiPSCÞ � derivedmicrogliacarryingthe:::Pleasecorrectifnecessary:) controls. Finally,

we show that G2019S LRRK2 knock-in mice exhibit increased iron accumulation within

microglia in the striatum in response to neuroinflammation compared to WT controls. These

data support a role of LRRK2 in modulating normal iron uptake and storage in response to

proinflammatory stimuli in microglia.

Results

Pathogenic mutant LRRK2 sequesters Rab8a to damaged lysosomes

In order to study endogenous Rab8a in cells, we first validated commercially available antibod-

ies for western blotting and immunofluorescence employing small interfering RNA (siRNAAU : PleasenotethatsiRNAhasbeendefinedassmallinterferingRNAatitsfirstmentioninthesentenceInordertostudyendogenousRab8aincells;wefirst:::Pleasecorrectifnecessary:)-

mediated knock-down (S1 Fig). Using the validated antibody (Cell Signaling; D22D8; #6975),

we examined the intracellular localization of Rab8a in the context of LRRK2 mutations.

Endogenous Rab8a plays a part in receptor recycling and localizes in tubular recycling endo-

somes [21]. Consistent with such a function, in cells expressing WT LRRK2, Rab8a localized

predominantly in tubular membranes not associated with Lamp2-positive lysosomes (Fig 1A).

However, expression of R1441C or G2019S LRRK2 variants induced relocalization of endoge-

nous Rab8a into enlarged perinuclear lysosomes (Fig 1A). Other pathogenic mutations, but

not the kinase-dead variant K1906M, also induced relocalization of Rab8a (S2 Fig). The latter

result suggested that the recruitment of Rab8a to lysosomes might be kinase dependent. To

test this hypothesis, cells were treated with the LRRK2 kinase inhibitor MLi-2 for 1 hour prior

to fixation and staining. LRRK2 kinase inhibition restored association of Rab8a with tubular

recycling endosomes (Fig 1A). Our experiments show that around 60% of Rab8a staining colo-

calized with LRRK2 in cells expressing R1441C LRRK2 or G2019S LRRK2, and this was res-

cued back to WT LRRK2 levels (approximately 20%) by Mli-2 (Fig 1B). A parallel increase in

colocalization was observed between Rab8a and Lamp2 in mutant LRRK2 expressing cells (Fig

1C). Recruitment of Rab8a by LRRK2 and colocalization with Lamp2 were rescued by MLi-2

treatment. Furthermore, we also quantified Rab8a recruitment by imaging Rab8a sequestra-

tion to large (>4 μm2) cytoplasmic foci by high-content imaging (Cellomics, Thermo Fisher).

We report a convergent phenotype for all PD-linked LRRK2 genetic variants with an increase

in the fraction of cells that show a sequestered Rab8a phenotype while this was rescued by

MLi-2 (S2B Fig). In our experiments, about 50% of cells expressing R1441C LRRK2 contained

Rab8a-positive lysosomes, while this was true for about 30% of cells expressing G2019S

LRRK2 and approximately 10% WT LRRK2 expressing cells (S2C Fig). To examine whether

mutant LRRK2 and Rab8a are recruited to the lysosomal lumen or membrane, cells expressing

G2019S LRRK2 were analyzed by superresolution microscopy (Airyscan), revealing a clear

recruitment of both proteins to the membrane of Lamp1-positive lysosomes (Fig 1D).

Previous studies have reported recruitment of Rab8a to the perinuclear region in close

proximity to centrosomes [29,30]; it is known that lysosomes are found in distinct perinuclear

and peripheral pools and that the movement of lysosomes depends on microtubule-dependent

transport and that the proportion of these 2 pools may differ between cancerous and nontrans-

formed cells [32]. Furthermore, it is likely that permeabilization conditions used in fixed cell

staining could cause rapid extraction of prenylated Rab GTPases from membranes that might

bias which pool of Rab8a was readily imaged. To dissect lysosomal versus centrosomal pools of

Rab8a in nontransformed cells, we compared standard immunocytochemistry protocols to

live imaging of Rab8a in mouse primary astrocytes. G2019S LRRK2 was transiently expressed

in primary mouse astrocytes, and endogenous Rab8a was stained along with Lamp1 (Fig 1E,

left panel). For live imaging, transiently expressing a HaloTag pDEST G2019S LRRK2, visual-

ized by JFX650 ligand, along with GFP-Rab8a and LAMP1-RFP were expressed and imaged

PLOS BIOLOGY LRRK2 modulates iron uptake in glial cells

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001480 December 16, 2021 3 / 30

https://doi.org/10.1371/journal.pbio.3001480


Fig 1. Pathogenic mutations of LRRK2 sequester endogenous Rab8a to lysosomes in a kinase-dependent manner. (A) Representative

confocal images of HEK293T cells transiently expressing FLAG-tagged WT, R1441C, or G2019S LRRK2 constructs, stained for FLAG LRRK2,

endogenous Rab8a, and endogenous Lamp2. CellsAU : PerPLOSstyle; numeralsarenotallowedatthebeginningofasentence:PleaseconfirmthattheeditstothesentenceCellsweretreatedwith1mMMLi � 2for1hour:::arecorrect; andamendifnecessary:were treated with 1 μM MLi-2 for 1 hour or DMSO prior to staining, 24 hours

posttransfection. (B, C) Quantification of Manders colocalization coefficient between Rab8a, LRRK2, and Lamp2 (B, C: N> 20 cells for each

group across 2 independent experiments, ����P< 0.0001, one-way ANOVA with TukeyAU : PerPLOSstyle; eponymictermsshouldnotbepossessive:Hence; allinstancesof }Tukey0sposthoctest}havebeenreplacedwith}Tukeyposthoctest}throughoutthetext:Pleaseconfirmthatthischangeisvalid:post hoc test; B: F (5, 120) = 108.9; C: F (5, 120) =

35.85). (D) Superresolution confocal image of endogenous Rab8a and overexpressed G2019S LRRK2 localizing at the lysosomal membrane. (E)

Mouse primary astrocytes were transfected with HaloTag-LRRK2(G2019S), GFP-Rab8a, and LAMP1-RFP (top panels). CellsAU : PerPLOSstyle; numeralsarenotallowedatthebeginningofasentence:PleaseconfirmthattheeditstothesentenceCellswereincubatedwithJFX650ð100nMÞfor1hour:::arecorrect; andamendifnecessary:were incubated
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(Fig 1E, right panel). In these experiments, fixed and live Rab8a imaging identically showed

sequestration of Rab8a to the lysosomal membrane. In these nontransformed cells transiently

expressing G2019S LRRK2, we did not detect Rab8a staining at the centrosome using pericen-

trin as a marker (Fig 1E and 1F). However, in HEK293T cells expressing G2019S LRRK2, we

detected recruitment of endogenous Rab8a to the perinuclear region in close proximity to cen-

trosomes (pericentrin staining), and this was partially rescued by nocodazole treatment (S3A

and S3B Fig). Additionally, we found that approximately 50% of total Rab8a colocalizes with

Lamp2 in the presence of G2019S LRRK2, and this is decreased to approximately 30% after

treatment with nocodazole (S3C and S3D Fig). These data are in accordance with previous

studies [17,30] and suggest that there are likely at least 2 pools of Rab8a in the presence of

mutant LRRK2, one bound to the centrosome, and the other to lysosome-related structures.

Previous studies have shown that LRRK2 can localize in enlarged lysosomes along with Rab

GTPases [17]. Furthermore, we have shown that LRRK2 can be recruited to damaged lyso-

somes that have low degradative capacity [18]. To further extend our previous findings in the

context of Rab8a recruitment by LRRK2, we evaluated whether LRRK2-positive lysosomes

were deficient in Cathepsin D. While LRRK2 mutations induced an increase in colocalization

with Lamp2, minimal colocalization with Cathepsin D was detected in WT or pathogenic

LRRK2 (Fig 2B), a finding also supported by superresolution imaging (Fig 2C). This result sug-

gested that Rab8a was recruited specifically to damaged lysosomes. To further test this hypoth-

esis, we treated cells with the lysosomal destabilizing agent LLOMe that interacts with the

lysosomal membrane and luminal hydrolases. We found that LLOMe induced recruitment of

WT LRRK2 to the membrane of enlarged lysosomes as previously shown [18] (Fig 2D).

Endogenous Rab8a was also recruited to the lysosomal membrane in WT LRRK2 cells after

treatment with LLOMe (Fig 2E). Furthermore, the cytosolic scaffolding protein JIP4 was also

recruited to the same structure suggesting mistrafficking of factors involved in vesicle-medi-

ated transport (Fig 2F). These data suggest that Rab8a is recruited to damaged lysosomes by

mutant LRRK2 in a kinase-dependent manner.

LRRK2-mediated T72 Rab8a phosphorylation blocks interaction with

Rabin8 but not MICAL-L1

The above data suggest that Rab8a can move from its normal location at the ERC to the lyso-

some after expression of LRRK2 mutations. Given that all LRRK2 mutations are proposed to

increase Rab phosphorylation, at T72 for Rab8a [8], we reasoned that the mechanism of reloca-

lization might be related to this phosphorylation event. The pT72 Rab8a antibody that was

available during this study was not specific to Rab8a and cross-reacted with Rab3A, Rab10,

Rab35, and Rab43, which have a high degree of sequence conservation (for datasheet, refer to

ab230260; Abcam). Therefore, using a tagged version of Rab8a, we found that exogenous

expression of R1441C, Y1699C, G2019S, or I2020T LRRK2 induced a significant increase in

Rab8a phosphorylation at T72 compared to WT or the kinase-dead variant K1906M, and this

was blocked by MLi-2 treatment (Fig 3A and 3B).

Having established that Rab8a phosphorylation at T72 is increased by all pathogenic

LRRK2 mutations, we next investigated how this affects interactions with known Rab8a

with JFX650 (100 nM) for 1 hour, washed, and imaged using a Nikon SoRa spinning disk microscope utilizing 3D Landweber deconvolution, 48

hours later. To analyze Rab8a localization to centrosomes, fixed cells were stained for pericentrin, following transient expression of G2019S

LRRK2 and GFP-Rab8a. Images were taken with Airyscan (bottom panels). (F) Quantitation of the percentage of LRRK2/Rab8a puncta per cell

that colocalizes with either LAMP1 or Pericentrin (N> 19 cells for each condition from 2 independent experiments; unpaired t test;

P< 0.0001). The underlying data can be found in S1 Data. LRRK2AU : AbbreviationlistshavebeencompiledforthoseusedinFigs1 � 9:Pleaseverifythatallentriesarecorrect:, leucine-rich repeat kinase 2; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001480.g001
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Fig 2. LRRK2 and Rab8a are recruited to the membrane of damaged lysosomes. (A) HEK293T cells transiently expressing FLAG-

tagged WT, R1441C, or G2019S LRRK2 for 24 hours were stained for FLAG LRRK2, Lamp2, and Cathepsin D and analyzed by confocal

microscopy. Staining intensity profiles were generated on sections indicated by the dotted lines. (B, C) Manders colocalization coefficient

of LRRK2 versus Lamp2 or Cathepsin D staining (N> 20 cells per group across 2 independent experiments, ����P< 0.0001, one-way

ANOVA with Tukey post hoc; Lamp2: F (5, 57) = 41.73; Cathepsin D: NS). (C) Superresolution image of HEK293T cells stably expressing

GFP G2019S LRRK2 costained for Cathepsin D. HEK293T cells stably expressing GFP WT LRRK2 were treated with 1 mM LLOMe for 4

hours and stained for endogenous Lamp1 (D) and Rab8a (E). (F) GFP WT and G2019S expressing cells were treated with LLOMe as in
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partners. We focused on the known activating GEF, Rabin8, and MICAL-L1, which is an

established Rab8a-interacting partner [23] that localizes in tubular endosomes and is essential

for efficient endocytic trafficking from the ERC to the plasma membrane [21]. Modeling the

interaction between Rab8a and Rabin8, we predicted that the Threonine at position 72 on

Rab8a resides 2.8 to 3.9 Å away from the neighboring Glutamate (E192) on Rabin8 (Fig 3C).

Addition of a phosphate group on T72 will likely hinder the interaction with the negatively

charged Glutamate, therefore destabilizing Rab8a–Rabin8 interaction. This prediction is con-

sistent with work by Steger and colleagues who demonstrated biochemically that phosphoryla-

tion of Rab8a by LRRK2 can limit its activation by Rabin8 [8]. Threonine 72 of Rab8a is closest

to a Phenylalanine (F647) on MICAL-L1 at a 6.7 to 8.4 Å distance, suggesting that phosphory-

lation at this site will not affect this interaction. To validate this prediction biochemically, we

performed co-immunoprecipitation experiments by coexpressing Rab8a with WT, kinase-

hyperactive I2020T, and kinase-dead K1906M LRRK2 in cells. In these conditions Rab8a was

T72 hyperphosphorylated by I2020T LRRK2, and this modification did not hinder association

with endogenous MICAL-L1 (Fig 3D). To investigate the retention of this association in the

context of Rab8a recruitment to lysosomes, we stained for Rab8a and MICAL-L1 in cells

expressing LRRK2. Cells expressing WT LRRK2 showed colocalization of Rab8a with

MICAL-L1 in tubular membranes, while I2020T LRRK2 expression resulted in the recruit-

ment of both proteins to LRRK2-positive structures consistent with the lysosomal phenotype

described above (Fig 3E). This was also recapitulated by R1441C and G2019S LRRK2 that

recruited endogenous MICAL-L1 and induced association of this trafficking protein with lyso-

somes (S4 Fig). Our data suggest that mutant LRRK2 can phosphorylate Rab8a inducing

recruitment of both Rab8a and MICAL-L1 away from the ERC.

Mutant LRRK2 sequesters Rab8a leading to transferrin mistrafficking and

accumulation of intracellular iron

Given the above data showing that LRRK2 phosphorylation prevents binding of Rab8a to its

effectors and redirects Rab8a and MICAL-L1 away from the ERC, we speculated that these

events would then lead to a defect in Rab8a-mediated recycling. To evaluate this hypothesis,

we examined the recycling of the transferrin receptor 1 (TfR), which is known to depend on

Rab8a function [24]. Cells expressing LRRK2 genetic variants were stained for endogenous

TfR and analyzed. TfR localized in distinct cytoplasmic vesicles in cells expressing WT LRRK2,

whereas LRRK2 pathogenic mutants showed a clustered TfR localization that associated with

LRRK2. The distribution of TfR vesicles in LRRK2-expressing cells was analyzed in Imaris

(Bitplane, Zürich, Switzerland) where vesicles were rendered to spots throughout z-stack 3D

reconstructed images and distances between them were measured (Fig 4A, right-hand panels).

TfR vesicles were significantly more clustered in cells expressing LRRK2 mutants compared to

WT LRRK2 expressing cells (Fig 4B and 4C). To test whether the coalescent TfR staining that

we observe with mutant LRRK2 associates with lysosomes, we analyzed the fraction of TfR

colocalizing with the late endosome/lysosome marker Lamp2 (S5 Fig). We found a significant

increase in colocalization between TfR and Lamp2 in cells expressing R1441C (approximately

50% of whole-cell TfR staining) and G2019S LRRK2 (approximately 40%) compared to WT

LRRK2 expressing cells (S5A and S3B Fig). Our data are consistent with prior reports of peri-

nuclear localization of TfR in cells expressing kinase hyperactive mutant LRRK2 [31]. Our

(E) and stained for Jip4 and Lamp1 prior to imaging by superresolution microscopy. The underlying data can be found in S1 Data.

LRRK2, leucine-rich repeat kinase 2; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001480.g002
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data suggest that TfR is recruited to damaged lysosomes by mutant LRRK2. To further test this

hypothesis, we treated cells with LLOMe and analyzed intracellular localization by Airyscan

(S5C Fig). We observe TfR recruitment in LRRK2-positive and Rab8a-positive membranes

consistent with damaged lysosomes as previously described [18].

Fig 3. Rab8a phosphorylation retains interaction with MICAL-L1 that is corecruited in mutant LRRK2 expressing cells. (A) HEK293T cells expressing

control (GUS), FLAG WT, or mutant LRRK2 variants were treated with MLi-2 prior to lysis and analysis by western blotting for pS1292 and total LRRK2, as

well as pT72 and total Rab8a. (B) Quantification of pT72 Rab8a levels normalized to total Rab8a (B, two-way ANOVA; N = 3 independent experiments;

treatment: P< 0.0001, F (1, 28) = 1473, genotype: P< 0.0001, F (6, 28) = 157.1). (C) Structural modeling of T72 phosphorylation on Rab8a in association

with Rabin8 or MICAL-L1. T72 is between 2.8–9.9 Å from the closest glutamate on Rabin8 and 6.7–8.4 Å from the closest phenylalanine on MICAL-L1. (D)

HEK293T cells expressing FLAG WT, I2020T, or K1906M LRRK2 along with GFP Rab8a, GFP control, or FLAG-GUS control were lysed and proteins

immunoprecipitated using GFP beads. Co-immunoprecipitated proteins were analyzed by western blotting probed for MICAL-L1 as well as pT72 and total

Rab8a. (E) Cells expressing FLAG WT or I2020T LRRK2 were stained for endogenous Rab8a and MICAL-L1 and analyzed by confocal microscopy. The

underlying data can be found in S1 Data. LRRK2, leucine-rich repeat kinase 2; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001480.g003
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Fig 4. Mutant LRRK2 sequesters TfR and dysregulates transferrin recycling. (A) HEK293T cells exogenously expressing WT and

mutant LRRK2 constructs were stained for TfR and visualized by superresolution microscopy. TfR vesicles were analyzed using the

Imaris Spot Detection module, and the mean and minimum distances between spots were plotted (B, C). (N> 2,000 vesicles were
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The observed altered TfR intracellular distribution in cells transiently expressing mutant

LRRK2 prompted us to test whether LRRK2 functionally affected Rab8a-dependent Tf recy-

cling. Cells expressing WT or mutant LRRK2 were preloaded with Alexa Fluor 568-Tf and

visualized at T10 minutes of recycling in fresh media. Mutant LRRK2 expressing cells exhib-

ited association of Tf with enlarged vesicles that were labeled with LRRK2 and Rab8a (Fig 4D).

Tf vesicles were clustered in G2019S LRRK2 expressing cells compared to WT LRRK2, while

this was rescued by treatment with MLi-2 prior to Tf loading (S5D Fig). In Tf uptake time

course experiments, LRRK2 mutant expressing cells plateaued at higher Tf levels compared to

WT at T15 to T20 minutes as monitored by high-throughput imaging, pointing to Tf accumu-

lation driven by dysregulated recycling (Fig 4E). The modest increase in net transferrin levels

detected in G2019S LRRK2 expressing cells was partly reversed in cells treated with MLi-2 (Fig

4F). We further evaluated a possible impairment of Tf recycling employing pulse-chase experi-

ments to monitor Tf clearance. Tf recycling assays revealed higher initial transferrin levels at

T0 following 45 minutes of loading in G2019S LRRK2 expressing cells compared to WT, while

this difference was not evident at later time points (Fig 4G). In parallel experiments, we

detected no significant difference in the total levels or surface-bound levels of TfR in cells

expressing G2019S LRRK2 and WT LRRK2 (S5E Fig). These data cumulatively suggest a subtle

dysregulation of transferrin clearance driven by transient expression of mutant LRRK2.

The intracellular localization of internalized Tf in the context of LRRK2 mutations was

explored further. In cells overexpressing I2020T LRRK2, we observed partial colocalization of

internalized Tf with Lamp2 (Fig 4H), suggesting that excess Tf may associate with lysosomes.

To test whether this phenotype was Rab8a dependent, the localization of internalized Tf in

I2020T LRRK2 expressing cells was investigated following Rab8a siRNA knock-down. Knock-

down of Rab8a decreased the proportion of Tf that colocalized with mutant LRRK2 relative to

total internalized Tf (Fig 4I and 4J). Lastly, inductively coupled plasma mass spectrometry

(ICPAU : PleasenotethatICP � MShasbeendefinedasinductivelycoupledplasmamassspectrometryatitsfirstmentioninthesentenceLastly; inductivelycoupledplasmamassspectrometryðICP � MSÞanalysisrevealed:::Pleasecorrectifnecessary:-MS) analysis revealed elevated iron levels in cells stably expressing G2019S LRRK2 com-

pared to WT LRRK2, while the pathogenic R1441C and Y1699C mutants do not show detect-

able alterations in iron levels, at least as measured by ICP-MS (Fig 4K). Collectively, these data

suggest subtle dysregulation of Tf-mediated iron uptake and iron homeostasis by LRRK2

mutations as a consequence of altered Rab8a localization away from the ERC and toward

lysosomes.

counted in at least 20 cells per construct from 2 independent experiments, �P< 0.05, ����P< 0.0001, one-way ANOVA with Tukey

post hoc, B: F(4, 13334) = 46.14, C: F (4, 13336) = 194.1). (D) HEK293FT cells expressing LRRK2 genetic variants were incubated

with Alexa Fluor 568–conjugated transferrin, fixed at 20 minutes of incubation and stained for endogenous Rab8a and FLAG

LRRK2 (D). (E) Uptake of Alexa Fluor 568–conjugated transferrin was monitored by high-content imaging, and transferrin levels

per cell were plotted at different time points (E: T = 20 minutes, N = 3 technical replicates per construct (>800 cells/well) one-way

ANOVA, Tukey post hoc, �P< 0.05, ���P = 0.0005, ����P =< 0.0001). (F) HEK293T cells exogenously expressing FLAG WT or

G2019S LRRK2 constructs were incubated in DMEM supplemented with 1 μM MLi-2 or DMSO for 45 minutes prior to addition of

Alexa Fluor 568–conjugated transferrin in the same media, and high-content imaging was used to monitor Tf uptake at different

time points (F: N = 3 technical replicates per construct (>800 cells/well), two-way ANOVA, genotype: P< 0.05, F (2,30) = 3.575;

Time: P< 0.0001, F (4, 30) = 44.96). (G) Cells were treated with MLi-2 as in (F), and incubated with Alexa Fluor–conjugated

transferrin for 30 minutes, prior to changing to fresh media containing MLi-2 and monitoring transferrin release by high-content

imaging (G; at T10: N = 3 technical replicates per construct (>800 cells/well), one-way ANOVA, Tukey post hoc, P< 0.05, F (2, 30)

= 3.575). (H) HEK293T cells transiently expressing WT or I2020T LRRK2 were stained for Tf, Lamp2, and LRRK2 (FLAG) and

analyzed by confocal microscopy. (I, J) Cells were transfected with Rab8a siRNA or scrambled sequence constructs (control) and 24

hours later were transfected with I2020T LRRK2 that was expressed overnight, before fixation and staining for Tf, Rab8a, and

LRRK2 (FLAG). (N = 27 cells for NTC siRNA, N = 41 cells for Rab8a siRNA imaged across 2 independent experiments, two-tailed

Mann–Whitney U test, ����P< 0.0001). Intracellular iron levels were analyzed by ICP-MS in cells stably expressing GFP WT or

mutant LRRK2 constructs (K) (N = 4 confluent plates of cells per construct, two-way ANOVA with Tukey post hoc, �P = 0.018, F (3,

11) = 6.225). [SD bars are shown]. The underlying data can be found in S1 Data. ICP-MS, inductively coupled plasma mass

spectrometry; LRRK2, leucine-rich repeat kinase 2; siRNA, small interfering RNA; TfR, transferrin receptor; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001480.g004
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Endolysosomal and iron-binding gene expression in microglia is

modulated by inflammation, in vitro and in vivo

LRRK2 is expressed in microglia and has been linked to inflammation, cytokine release, and

phagocytosis. Our data presented here show that LRRK2 associates with lysosomes and that

LRRK2 mutations dysregulate Tf-dependent iron uptake mechanisms. Glial cells are known to

be iron rich, and microglia activation state is integrally linked to brain iron content [33].

Proinflammatory stimuli are known to induce uptake of extracellular iron by microglia, and,

conversely, the iron status of their environment can modulate their activation. Given the role

of LRRK2 in inflammation, we asked whether endolysosomal processes and iron homeostasis

might converge in proinflammatory conditions. We addressed this hypothesis using 2

genome-scale approaches. First, we mined our previously described RNA-Seq dataset [34] of

primary microglia treated with lipopolysaccharide (LPSAU : PleasenotethatLPShasbeendefinedaslipopolysaccharideatitsfirstmentioninthesentenceFirst;weminedourpreviouslydescribedRNA � Seqdataset½34�:::Pleasecorrectifnecessary:) or preformed α-synuclein fibrils in

culture (Fig 5A). Analysis of the shared hits between the 2 treatments using gene ontology

revealed enrichment for endosomal and lysosomal pathways (Fig 5B and 5C). Unsupervised

hierarchical clustering of differential gene expression separated the controls from the 2 treat-

ment groups (Fig 5D). These data demonstrate that genes involved in the endolysosomal sys-

tem are consistently regulated by inflammatory stimuli.

We next asked whether the same regulation could be confirmed in vivo. Either WT or

Lrrk2 knockout (KO) mice were given a single intrastriatal injection of LPS or vehicle control

and 3 days later adult microglia were isolated using CD11b microbeads (Fig 5E). Between

3,000 and 5,000 cells were recovered from each of the 4 groups and analyzed using single-cell

RNA-Seq (scRNA-Seq). We identified 5 distinct clusters of cells based on transcriptome simi-

larity that represent resting microglia and 4 activation states (Fig 5F), with PBS-injected ani-

mals exhibiting predominantly resting microglia whereas the LPS-injected animals spanned

the range of activation states (Fig 5G). Notably, we did not see strong differences between

genotypes other than the KO animals tended to have fewer activated microglia, suggesting that

Lrrk2 influences how microglia respond to proinflammatory stimuli [35]. Gene ontology

showed enrichment for lysosomal and endocytic membrane processes (Fig 5H). These analyses

identified genes involved in iron storage and uptake (FTH1; ferritin heavy chain), vesicular

transport (SNAP23), acidification of vesicles (ATP6V1G1), and the late endosomal pathway

(Rab7) (Fig 5I). These data demonstrate that processes of vesicular trafficking and iron homeo-

stasis are modulated in a synchronized manner by inflammation. Given the importance of

iron uptake in microglia activation, we hypothesized that LRRK2 may play a role in trafficking

of TfR and that PD-linked mutations may affect iron uptake and accumulation in inflamma-

tory conditions. Thus, we next sought to examine the effect of LRRK2 mutations on Tf recy-

cling and iron uptake in proinflammatory conditions.

G2019S LRRK2 induces transferrin mislocalization and association with

lysosomes in iPSC-derived microglia

To examine whether endogenous LRRK2 mutations might influence Tf-mediated iron uptake

as modulated by neuroinflammation, iPSC-derived microglia from G2019S carriers were

examined in resting and proinflammatory conditions, and Tf localization was assessed by

superresolution microscopy (characterization of iPSC-derived microglia is shown in S6 Fig).

Endogenous Tf showed partial colocalization with lysosomes in control conditions that was

significantly decreased following LPS treatment, reflecting induction of iron uptake and recy-

cling close to the plasma membrane, in WT cells. In contrast, the G2019S LRRK2 cells retained

association of Tf with lysosomes following LPS treatment (Fig 6A and 6B). After 3D rendering

(Fig 6A, right-hand panels; S1–S4 Movies for Imaris processing), Tf vesicle size and proximity
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Fig 5. Neuroinflammation remodels endolysosomal gene expression in microglia, in vitro and in vivo. (A) Outline of RNA-Seq experiment: Primary mouse

microglia cultures were incubated with LPS or α-synuclein fibrils, and transcriptomic profiles were analyzed by RNA-Seq. (B) Common and distinct hits were

detected between the LPS and PFF-treated groups. (C) Bubble plot showing GO:CC term enrichment in the shared hits from LPS and PFF-treated primary microglia

highlights enrichment for endolysosomal processes. (D) Unsupervised hierarchical clustering shows that the treated groups cluster together suggesting common

transcriptomic profiles. (E) Schematic of the in vivo experiment where LPS striatal injections were administered to WT and LRRK2 KO mice, followed by microglia

isolation and single-cell RNA-Seq. (F) UMAP plot showing separation of the retrieved microglia in distinct groups of activation states. (G) Microglia from LPS-

injected animals spanned the activation states, while PBS-injected animals gave predominantly resting microglia. (H) Lysosomal and endocytic mechanisms as well

as cytoskeletal pathways are enriched in the cumulative data. (I) Heatmap showing clustering of microglia in distinct activation states highlighting increase in

lysosomal and iron-related gene expression by inflammation. The underlying data have been deposited in NCBI’s GEO [75] and are accessible through GEO

accession numbers GSE186483 and GSE186559. GEO, Gene Expression Omnibus; KO, knockout; LRRK2, leucine-rich repeat kinase 2; LPS, lipopolysaccharide;

PFF, preformed fibril; scRNA-Seq, single-cell RNA-Seq; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001480.g005
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to the nucleus were measured (Fig 6C and 6D). The G2019S LRRK2 cells showed significantly

larger Tf vesicles that were sequestered closer to the nucleus compared to WT cells (Fig 6C

and 6D). Additionally, in resting conditions, around 50% to 60% of Tf vesicles were concen-

trated near the juxtanuclear region, positioned within 1.5 μm from the nuclear membrane, in

Fig 6. G2019S LRRK2 modulates Tf recycling in iPSC-derived human microglia. (A) iPSC-derived human microglia from WT or G2019S LRRK2 carriers

were treated with LPS, and the localization of endogenous Tf and Lamp2 was analyzed by superresolution microscopy and the Imaris Surface render module

(A). Partial colocalization between Tf and Lamp2 was observed in control that was significantly decreased with LPS treatment in WT cells but not in G2019S

LRRK2 cells that retained lysosomal association of Tf (B) (N> 12 cells per group from 2 differentiations, one-way ANOVA Tukey post hoc, ����P< 0.0001, F

(3,53) = 16.16). G2019S LRRK2 iPSC microglia exhibited larger Tf vesicles compared to WT while LPS treatment induced a decrease in average vesicle size in

both cohorts (C) (minimum 3,000 vesicles were counted from 16 cells per group from 2 differentiations, two-way ANOVA, genotype: P< 0.0001, F(1,17753) =

16.38, treatment: P< 0.0001, F(1,17753) = 20.57). LPS treatment induced an increase in the average distance of Tf vesicles from the nucleus in WT cells but that

was not significant in G2019S LRRK2 cells (D) (minimum 3,000 vesicles were counted from 16 cells per group from 2 differentiations, two-way ANOVA,

genotype: P< 0.0001, F(1,14735) = 104.9, treatment: P< 0.0001, F (1, 14735) = 105.0). The frequency distributions of Tf vesicle proximity to the nucleus were

plotted in E and F. The percentage of Tf vesicles proximal to the nucleus was significantly decreased with LPS treatment in WT but not in G2019S LRRK2 cells

(E, F) (E: bin at 0.5 μm, two-tailed Student t test; Mann–Whitney U post hoc; ��P = 0.0022; F: bin at 0.5 μm, two-tailed Student t test; Mann–Whitney U post

hoc; NS). The underlying data can be found in S1 Data. iPSC, induced pluripotent stem cell; LPS, lipopolysaccharide; LRRK2, leucine-rich repeat kinase 2; Tf,

transferrin; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001480.g006
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both WT and G2019 LRRK2 cells. Upon activation by LPS, WT LRRK2 cells exhibited a more

dispersed Tf localization throughout the cytoplasm with a lower fraction of vesicles close to the

perinuclear recycling compartment (approximately 40% within 1.5 μm), while in contrast,

G2019S LRRK2 cells showed an increase in proximity to the nucleus (Fig 5E and 5F). These

data suggest that in G2019S LRRK2 cells, Tf was retained in the perinuclear recycling compart-

ment region associated with lysosomes, under proinflammatory conditions. To characterize

the dynamics of Tf trafficking in this model, we assayed Tf uptake and recycling by high-con-

tent imaging of cells in resting or proinflammatory conditions. Tf uptake levels per cell showed

variability in our cultures, and no significant difference between conditions or genotype was

observed (S7A and S7B Fig). While cell-to-cell variability was also noted in pulse-chase experi-

ments, we detected a modest increase in Tf in G2019S LRRK2 cells under LPS treatment and a

subtle effect of slower recycling compared to the other groups (S7C and S7D Fig). Our data

support a model whereby endogenous LRRK2 mutations dysregulate recycling mechanisms

and redirect Tf receptors to lysosomes under inflammatory conditions in microglia, predicting

impairment of iron homeostasis. We next tested whether we could support this hypothesis in

vivo using the G2019S LRRK2 knock-in mouse model that expresses this mutation in the

appropriate endogenous context.

G2019S LRRK2 induces iron and ferritin accumulation in inflammatory

microglia in vivo

To examine the effect of LRRK2 mutations on iron accumulation in inflammation, we again

used intrastriatal LPS injections on age-matched WT, Lrrk2 KO, and G2019S knock-in mice.

Perls staining was used to visualize iron deposition in sections that spanned the striatum and

substantia nigra (SN) 72 hours after injection (Fig 7A). The G2019S LRRK2 knock-in mice

showed a marked increase in iron deposition in the striatum compared to WT and Lrrk2 KO

mice as analyzed by densitometry (Fig 7B and 7C). Higher-magnification images revealed that

the Perls stained cells had a microglial morphology, in line with our in vitro data that suggest

dyshomeostasis of iron regulation mechanisms in inflammatory microglia (Fig 7D).

Additional sections from the same animals were stained for FTH1 and Tf. Accumulation of

ferritin was observed in G2019S LRRK2 mice compared to WT and LRRK2 KO mice, with

patterns similar to that seen with iron deposition (Fig 8A and 8B) while Tf was not signifi-

cantly altered in the knock-in model (Fig 8C). To characterize further the type of cells that

accumulate ferritin, sections were costained for Iba1 and analyzed by imaging (Fig 8D). Iba1--

positive microglia were positive for ferritin in both WT and G2019S LRRK2 LPS-treated

cohorts. About 50% of ferritin-positive cells were Iba1 positive in both groups (Fig 8E). Com-

bined with the enhanced overall intensity of ferritin staining, we infer that these results are not

due to increased numbers of Iba1-positive microglia but rather due to increased ferritin

expression per cell. These data suggest that microglia, potentially among other cell types, accu-

mulate ferritin in the striatum upon LPS-induced inflammation and drive ferritin-bound iron

accumulation in G2019S LRRK2 knock-in mice compared to WT mice.

Discussion

In this study, we show that PD-linked LRRK2 mutations have a convergent phenotype of

Rab8a mislocalization away from the ERC and recruitment to damaged lysosomes that is dis-

tinct from WT protein. This relocalization is associated with dysregulation of Rab8a-mediated

transferrin recycling both in heterologous cell lines and in human iPSC-derived microglia

from PD patients with LRRK2 mutations following inflammatory stimulus (Fig 9 for model

schematic). Furthermore, we show that in G2019S LRRK2 knock-in mice, LPS-induced
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inflammation in the striatum results in higher iron accumulation in microglia and increased

ferritin staining in vivo. These results suggest that LRRK2 plays a role in iron homeostasis

response in neuroinflammation, driven, at least in part, by altered endolysosomal functions.

Transferrin-mediated uptake is the main route of iron delivery to most cell types. Extracel-

lular transferrin binds ferric iron (Fe3+) and is internalized by TfR through clathrin-mediated

endocytosis. TfR is trafficked through early endosomes and can either be rapidly recycled back

to the membrane or associate with the ERC in a slower recycling step. In the acidic lumen of

endolysosomes, ferric iron (Fe3+) is reduced to ferrous iron (Fe2+), which mediates its release

from Tf and the export to the cytosol through DMT1, where iron is subsequently delivered to

different subcellular components. Lysosomal pH regulates iron release and impaired lysosomal

acidification has been reported to trigger iron deficiency and inflammation in vivo as well as

mitochondrial defects [36,37]. As LRRK2 mutations have been reported to alter the autophagic

lysosomal pathway in carriers [38,39], as well as to perturb lysosomal acidification in knock-in

mouse models [40], it is plausible that LRRK2 mutations affect Tf-mediated iron uptake by

Fig 7. G2019S LRRK2 induces iron accumulation in inflammatory microglia in vivo. (A) Schematic of experimental design: WT, G2019S knock-in, and

Lrrk2 KO mice were administered intrastriatal injections of LPS, and 72 hours later, brains were collected and stained by Perls stain. (B, C) G2019S LRRK2

knock-in mice exhibited significantly higher iron deposition in the striatum proximal to the injection site compared to WT and Lrrk2 KO, while minimal signal

was detected in the SN in all groups (N = 4 WT mice, 4 G2019S and 2 Lrrk2 KO; two-way ANOVA, Tukey post hoc, Genotype: ���P = 0.0007, F (2, 7) = 24.70,

Distance from injection site: ����P< 0.0001, F (7, 49) = 32.28). High-magnification images revealed iron deposition in inflammatory microglia (D). [SEM bars

are shown]. The underlying data can be found in S1 Data. KO, knockout; LPS, lipopolysaccharide; LRRK2, leucine-rich repeat kinase 2; SN, substantia nigra;

WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001480.g007
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modulating lysosomal acidification. Furthermore, other studies have reported enlarged and

damaged lysosomes in the context of LRRK2 mutations, consistent with our data [41,42]. In

our experiments, we observe sequestration of TfR and accumulation to lysosomes driven by

mutant LRRK2, while no significant difference was found on total or membrane-bound TfR

levels in these cells or in G2019S knock-in mice that exhibited iron deposition and ferritin up-

Fig 8. Inflammation induces ferritin accumulation in microglia in G2019S LRRK2 knock-in mice. FTH and Tf were stained and visualized in

collected brains, 72 hours after post-intrastriatal injections of LPS. G2019S LRRK2 mice exhibited higher levels of FTH across the striatum compared

to WT and Lrrk2 KO mice while Tf was not altered significantly in the knock-in (A, B, C) (N = 4 WT mice, 4 G2019S and 2 Lrrk2 KO; B: two-way

ANOVA, Tukey post hoc, Genotype: ��P = 0.0017, F (2, 7) = 18.27, Distance from injection site: ����P< 0.0001, F (8, 56) = 50.25; C: two-way

ANOVA, Tukey post hoc, Genotype: P = 0.1040, F (2, 7) = 3.182, Distance from injection site: ����P< 0.0001, F (8, 56) = 29.17). Microglia are

positive for FTH in both WT and G2019S LRRK2 cohorts (D). Similar percentages of FTH-positive microglia were observed between the WT and

G2019S LRRK2 groups (E). [SEM bars are shown]. The underlying data can be found in S1 Data. FTH, ferritin heavy chain; KO, knockout; LPS,

lipopolysaccharide; LRRK2, leucine-rich repeat kinase 2; Tf, transferrin; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001480.g008
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regulation following LPS administration. Consistent with these observations, TfR levels are

not being found to be increased in PD or in mouse models of the disease [43,44], suggesting

that the regulation of transferrin recycling through the endolysosomal system rather than over-

all levels contribute to iron dyshomeostasis. While our data support the notion that pathogenic

LRRK2 causes sequestration of TfR and accumulation in degradation-deficient lysosomes, it

remains possible that the identity of this vesicular compartment is not lysosomal but endoso-

mal in nature, as a significant portion of Lamp1 can reportedly colocalize with early endo-

somes in neurons [45]. LRRK2 deficiency also reportedly impairs recycling of TfR and is

required to maintain the lysosomal degradative capacity of endocytic and autophagic cargo

[46]. The LRRK2 G2019S mutation can affect Rab8a-mediated receptor recycling and endoly-

sosomal transport [29]. We have previously reported that LRRK2 mutations can impair cla-

thrin-mediated endocytosis in cell models, which governs internalization of different receptors

including TfR [47].

We have recently shown that chronic pharmacological LRRK2 inhibition in G2019S Lrrk2

knock-in mice induces dysregulation of endolysosomal processes and subtle changes in mito-

chondrial homeostasis factors, further establishing a link between LRRK2 kinase activity and

trafficking pathways that can control iron homeostasis [48]. Our data support an effect of

LRRK2 mutations in dysregulating trafficking of internalized transferrin, promoting associa-

tion with lysosomes. Additionally, we observe concomitant up-regulation of net intracellular

iron in cells expressing G2019S LRRK2. It is important to note that in the ICP-MS experiment,

we extracted and assayed whole-cell iron and thus cannot infer which cellular organelles are

responsible for the observed up-regulation in G2019S LRRK2 expressing cells. It is known that

lysosomes are physiological stores of Fe(II) and that lysosomal impairment or dysregulation of

their ability to acidify leads to perturbations in iron homeostasis, and so we hypothesize that

LRRK2 mutations may dysregulate the dynamics of TfR transport to lysosomes and the integ-

rity of the target lysosomal membranes, thus affecting lysosomal iron stores. This hypothesis

warrants further investigation in the context of iron dysregulation in disease.

Iron deposition in the brain is a feature of PD and other neurodegenerative diseases. Imag-

ing and biochemical methods have confirmed iron accumulation in the SN of PD patients

Fig 9. A model of the recruitment of Rab8a to lysosomes and dysregulation of transferrin recycling by mutant

LRRK2. Following clathrin-mediated endocytosis, TfR can undergo (a) rapid recycling close to the membrane; (b)

slower recycling via the ERC; or (c) targeting to lysosomes. Rab8a mediates recycling of TfR via the ERC, and

hyperphosphorylation of Rab8a by mutant LRRK2 induces sequestration to damaged lysosomes and dysregulation of

Rab8a-mediated trafficking. ERC, endocytic recycling compartment; LRRK2, leucine-rich repeat kinase 2; TfR,

transferrin receptor; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001480.g009
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correlating with severity of motor symptoms [49–52]. Iron deposition can be detected by tran-

scranial sonography in postmortem brains from PD patients, which correlates with increased

ferritin levels and loss of neuromelanin content as assessed biochemically [53]. Studies on ani-

mal models have also supported a role of iron in nigral neurodegeneration in PD. In a model

of acute MPTP intoxication in mice, dopaminergic cell loss correlated with iron accumulation

and increase in lipoperoxidation coinciding with up-regulation of the divalent metal trans-

porter DMT1 [54]. Furthermore, iron chelators can rescue dopaminergic neuron loss and

behavioral effects caused by intracerebroventricular administration of 6-hydroxydopamine in

rats [55]. In the case of LRRK2, higher nigral iron deposition has been reported in LRRK2

mutation carriers compared to idiopathic patients, while also the same trend has been

highlighted in Parkin mutation carriers [56]. Pink1 and Parkin have been linked to degrada-

tion of mitochondrial iron importers [57,58] while iron overload can induce a Pink1/Parkin-

mediated mitophagic response [59]. These data identify convergent pathways that regulate

iron homeostasis and that may be involved in PD pathogenesis in patients.

Our data reflect altered iron handling in microglia in G2019S knock-in versus WT LRRK2

mice, but how this relates to the reported increase in iron in dopaminergic neurons, as relevant

for PD pathogenesis, remains unclear. Studies have reported a cooperative effect of neuroin-

flammation and iron accumulation. Microglial activation by LPS induces secretion of IL-1β
and TNF-α that in turn activate iron regulatory proteins in dopaminergic neurons inducing

iron overload and neurotoxicity [60]. In these experiments, the iron status of microglia exacer-

bated proinflammatory cytokine release and neuronal degeneration. Furthermore, in mixed-

culture models, microglia play a pivotal role in iron-elicited dopaminergic neurotoxicity via

increase in cytokine production [61]. The iron storage protein ferritin is reportedly decreased

in the SN of PD patients compared to controls [49]. Increased iron deposition together with

lower ferritin levels could indicate increase in intracellular labile iron pools that constitute che-

latable redox-active iron damaging to cells. Transgenic mice overexpressing human ferritin

protein in dopaminergic SN neurons do not exhibit increases in reactive oxygen species or SN

neuron loss following systemic administration of MPTP [62]. In G2019S LRRK2 knock-in

mice, we observe an increase in ferritin that may represent a compensatory event to limit neu-

rotoxicity, as a result of dysregulated Tf recycling and iron accumulation.

Iron overload in the brain can activate glial cells and promote the release of inflammatory

and neurotrophic factors that control iron homeostasis in dopaminergic neurons. Increased

iron in neurons can be toxic through production of hydroxyl radicals via Fenton chemistry,

responsible for oxidation of lipids, proteins, and DNA. LRRK2 is modulated by oxidative stress

in cells and PD-linked mutations compromise mitochondrial integrity [28,63,64]. Recent stud-

ies have demonstrated direct delivery of iron from Tf-endosomes to mitochondria via “kiss-

and-run” events while highlighting how these events sustain mitochondrial biogenesis [65].

Dysregulation of iron storage or uptake by LRRK2 in microglia may in turn affect cytokine

production and neuronal survival, as well as have a feedback effect on LRRK2 activity in the

brain.

We have not yet established whether the observed effects of LRRK2 on iron homeostasis

and transferrin recycling are damaging in the context of disease. This is due to the limitations

of the available knock-in animal models that they do not present with baseline neurodegenera-

tion. As a consequence of this, it remains uncertain whether iron modulation is a promising

therapeutic avenue in the context of LRRK2 mutation carriers. Iron chelators have proven

promising in neurodegeneration with brain iron accumulation disorders [66], but iron chela-

tion therapy did not improve motor-UPDRS scores and quality of life significantly [67]. In

recent years, LRRK2 has been nominated to play roles in a number of cellular processes rang-

ing from inflammation, autophagy, and endolysosomal pathways to mitochondrial
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homeostasis, processes that may also be cell type specific. Given the role that iron dyshomeos-

tasis seems to play in basal ganglia diseases, a combination therapy of iron chelation along

with inhibition of LRRK2 could present a viable strategy.

Our data suggest an effect of LRRK2 mutations on Rab8a function, driven by increased

kinase activity, which may drive a dysfunction of iron uptake mechanisms in response to

inflammatory stimuli in resident microglia. Deciphering the protein trafficking pathways

around LRRK2 will help us understand the mechanistic underpinnings of neurodegeneration

and the biological implications of blocking LRRK2 kinase in the clinic, while highlighting sig-

naling avenues that can be targeted as therapeutic means.

Materials and methods

Cell culture, treatments, and constructs

HEK293FT cells (Thermo Scientific) were cultured in DMEM supplemented with 10% FBS

and maintained at 37˚C, 5% CO2. HEK293T cell lines stably expressing different GFP LRRK2

variants were grown and cultured as described previously [68]. HEK293FT cells were trans-

fected using Lipofectamine 2000 using standard procedures. For siRNAs transfection, cells

were transfected with the SMARTpool ON-TARGETplus or scrambled siRNA control (Dhar-

macon) using the DharmaFECT reagent, according to the manufacturer’s instructions. The

3×FLAG-tagged construct of LRRK2 in pCHMWS plasmid was a gift from Dr. J. M. Taymans

(KU Leuven, Belgium). LLOMe treatment was at 1 mM for 4 hours, prior to fixation and stain-

ing. Nocodazole treatment was at 200 nM for 2 hours.

Live imaging

Mouse primary astrocytes were transiently transfected with HaloTag-LRRK2(G2019S),

GFP-Rab8a, and LAMP1-RFP using lipofectamine reagents. CellsAU : PerPLOSstyle; numeralsarenotallowedatthebeginningofasentence:PleasecheckandconfirmthattheeditstothesentenceCellswereincubatedwiththeJFX650ligandð100nMÞfor:::arecorrect; andamendifnecessary:were incubated with the

JFX650 ligand (100 nM) for 1 hour, washed, and imaged using a Nikon SoRa spinning disk

microscope utilizing 3D Landweber deconvolution, 48 hours later.

Structure modeling

Heterodimeric complexes (Rab8a and Rabin8) and (Rab8a and Mical-L1) were modeled in

PyMol (PDB: 4LHY and 5SZH, respectively) [69–71]. Insertion of the phosphate at T72 was

modeled, and resulting distances were measured using the tools available (PyMOL version

2.0).

Animal procedures

C57BL/6J mice were housed in standardized conditions at 2 to 5 animals per cage and with ad

libitum access to food and water on a 12-hour light–dark cycle. The protocols used here are

approved by the Institutional Animal Care and Use Committee of National Institute on Aging,

NIH (protocol ID: 463-LNG-2021). The NIA IRP maintains an assurance with the Office of

Laboratory Animal Welfare (OLAW) via the Office of Animal Care and Use (OACU) of the

NIH. The NIA IRP complies with standards of the Guide for the Care and Use of Laboratory

Animals, NRC, 2011, and the PHS Policy on Humane Care and Use of Laboratory Animals,

USDHHS, NIH, OLAW, 2015 for all animals, as well as the Animal Welfare Act, USDA, regu-

lations and USDA Animal Care Policies for USDA’s Animal Welfare Act, USDA, APHIS.
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Stereotaxic surgery

One-year-old WT, LRRK2 KO, or LRRK2 G2019S mice were kept under anesthesia using 1%

to 2% isoflurane. Mice were placed into a stereotaxic frame, an incision was made above the

midline, and the skull was exposed using cotton tips. At anteroposterior +0.2 mm, mediolat-

eral +/−2.0 mm from bregma (bilateral injection), a hole was drilled into the skull. A pulled

glass capillary (blunt) attached to a 5-μl Hamilton glass syringe was used for injecting either

1 μl of either PBS or 5 mg/ml LPS solution (5 μg) per hemisphere. The capillary was lowered to

dorsoventral −3.2 mm from bregma into the dorsal striatum. The solution was delivered at a

rate of 0.1 μl per 10 seconds. After the injection, the capillary was held in place for 2 minutes,

retracted 0.1 μm, and another 1 minute was waited before it was slowly withdrawn from the

brain. The head wound was closed using surgical staples. Ketoprofen solution at 5 mg/kg was

administered subcutaneously as analgesic treatment for the following 3 days.

Histology

Animals were killedAU : AU : PerPLOSstyle; donotusesacrificeinreferencetokillingofanimalsduringexperiments:Hence; allinstancesof }sacrificed}throughoutthetexthavebeenreplacedwith}killed:}Pleaseconfirmthatthischangeisvalid:3 days after surgery. Mice were deeply anesthetized using an IP injection

of 200 μl of 10% ketamine. The thoracic cavity was opened to expose the heart. The whole

body was perfused with 10 ml of 0.9% NaCl (2 minutes). Brains were removed, the left hemi-

sphere was used for WB analysis, while the right hemisphere was fixed in 4% PFA for 48

hours. After 2 days, fixed hemispheres were transferred to 30% sucrose solution for cryopro-

tection. The brains were cut into 30 μm thick coronal sections—6 series—and stored in anti-

freeze solution (0.5 M phosphate buffer, 30% glycerol, 30% ethylene glycol) at −20˚C until

further processed.

Immunohistochemistry

Sections were washed with PBS and incubated for 30 minutes in blocking buffer (10% Normal

Donkey Serum (NDS), 1% BSA, 0.3% Triton in PBS). Afterwards, primary antibodies rabbit

anti-FTH1 (D1D4; 4393S, Cell Signaling) and goat anti-Iba1 (Abcam, ab5076) were used at

1:500 and incubated overnight at 4˚C in 1% NDS, 1% BSA, 0.3% Triton in PBS. Next day, sec-

tions were washed 3× for 10 minutes each with PBS and incubated with Alexa Fluorophore

(568 or 647)-conjugated secondary antibodies for 1 hour at room temperature (RT). After 3

washes with PBS, sections were mounted on glass slides, coverslipped using Prolong Gold

Antifade mounting media (Invitrogen), and imaged using a Zeiss LSM 880 confocal micro-

scope equipped with Plan-Apochromat 63X/1.4 numerical aperture oil-objective (Carl Zeiss

AG). Sections were further imaged using an Olympus VS120 (Olympus, Center Valley, Penn-

sylvania) slide scanner microscope.

Perls blue staining

Sections were washed in ddH2O 3× for 10 minutes each. Afterwards, sections were incubated

in a 1:1 mix of 4% potassium ferrocyanide (Sigma-Aldrich P3289-100G) and 4% HCl. After 30

minutes, brain slices were washed 3× for 10 minutes with PBS and quenched using 10% Meth-

anol + 3% H2O2 diluted in PBS for 1 hour. Sections were then rinsed again using PBS and

incubated in 3,30-Diaminobenzidine and H2O2 according to instructions (SIGMAFAST

D4418-50SET, Sigma-Aldrich). Then, slices were washed with PBS 3× for 10 minutes,

mounted on SuperFrost Plus slides (Fisher Scientific), dried overnight and dehydrated using

70% Ethanol, 95% Ethanol, 100% Ethanol followed by Xylene and DPX mounting media

(Sigma, 06522), and analyzed on ImageJ for signal intensity of selected ROIs.
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ICP-MS

Total iron concentrations in the samples were measured by ICP-MS (Agilent model 7900). For

each sample, 200 μL of concentrated trace-metal-grade nitric acid (Fisher) was added to 25 μL

or 100 μL of sample taken in a 15-mL Falcon tube. Tubes were sealed with electrical tape to

prevent evaporation, taken inside a 1-L glass beaker, and then placed at 90˚C oven. After over-

night digestion, each sample was diluted to a total volume of 4 mL with deionized water and

then analyzed by ICP-MS.

iPSC differentiation

iPSC lines were derived from reprogrammed peripheral mononuclear blood cells (PBMCs)

collected from participants of the Parkinson Progression Marker Initiative (PPMI). Differenti-

ation of iPSC to microglia was accomplished via a hematopoietic stem cell intermediate stage

according to published protocols [72,73]. Mature iPSC-derived microglia were characterized

by western blot and ICC for Iba1 expression (S6 Fig). The lines used were PPMI 3448 (WT)

and PPMI 51782 (G2019S LRRK2 carrier). LPS activation was done in differentiation media at

100 ng/ml for 16 hours prior to fixation and staining. Activation by LPS treatment was verified

by WB of pNFKb, p38, and imaging of Iba1 staining (S5 Fig).

Co-immunoprecipitation

HEK-293T were transfected with 3×FLAG-Rab8a variants and 3xFLAG-GUS (Fig 3D) or

3xFLAG LRRK2 variants and GFP-Rab8a (Fig 3E), using Lipofectamine 2000 as per the manu-

facturer’s instructions. After 24 hours, cells were lysed in buffer containing 20 mM Tris/HCl

(pH 7.4), 137 mM NaCl, 3 mM KCl, 10% (v/v) glycerol, 1 mM EDTA, and 0.3% Triton X-100

supplemented with protease inhibitors and phosphatase inhibitors (Roche Applied Science).

Lysates were centrifuged at 21,000 × g, 4˚C for 10 minutes, and the supernatants were analyzed

for protein concentration (Pierce). About 5 μg of total protein from each supernatant was ana-

lyzed by SDS-PAGE for expression of the proteins in question. For FLAG immunoprecipita-

tions, 3 mg of each sample was precleared with EZview protein G beads (Sigma-Aldrich) for

0.5 hours at 4˚C, and, subsequently, FLAG M2 beads were incubated with the lysates for 2

hours at 4˚C to IP target constructs. FLAG-tagged proteins were eluted in 1× kinase buffer

(Cell Signaling), containing 150 mM NaCl, 0.02% Triton, and 150 ng/μl of 3xFLAG peptide

(Sigma-Aldrich) by shaking for 30 minutes at 4˚C. For GFP IPs, Chromotek-GFP-Trap-aga-

rose resin (Allele Biotech) was incubated with lysates for 2 hours at 4˚C. The beads were

washed 4 times with buffer containing 20 mM Tris/HCl (pH 7.4), 137 mM NaCl, 3 mM KCl,

and 0.1% Triton X-100. The washed beads were boiled for 6 minutes in 4× NuPAGE loading

buffer (Invitrogen) supplemented with 1.4 M β-mercaptoethanol and analyzed by western

blot.

Cell surface biotinylation

Cells stably expressing GFP WT or G2019S LRRK2 were surface biotinylated, lysed, and sur-

face proteins were enriched by avidin-conjugated agarose following the manufacturer’s proto-

col (Pierce kit, A44390). Surface enriched proteins were analyzed by western blot.

Western blot

Standard western blot protocols were used with the following antibodies: anti-LRRK2

(ab133474; Abcam), anti-Rab8a (6975, Cell Signaling), anti-MICAL-L1 (H00085377, Abnova),
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GDI1/2 (716300, Thermo Scientific), Rabin8 (12321-1-AP, Protein Tech), FLAG (F1804,

Sigma-Aldrich).

RNA isolation and RNA-Seq

For Fig 5A–5D, RNA was isolated from primary microglia and analyzed by bulk RNA

sequencing following methods published in [34]. For Fig 5E–5I, mice were administered stria-

tal LPS injections and killed 3 days later. Collected brain hemispheres were dissociated using

the Adult Brain Dissociation kit (Miltenyi Biotec), and brain microglia cells were isolated

using CD11b microbeads and MACS sorting columns (Miltenyi Biotec). Single-cell suspen-

sions were subjected to scRNA-seq at the National Cancer Institute Single-Cell Analysis Core

Facility, Bethesda, Maryland, and followed the 10xGenomics pipeline. Data were analyzed

using the R package Seurat (version 3, PMIDS: 26000488; PMID: 29608179) as described in

[34].

Immunocytochemistry

HEK293fT cells were seeded at 0.1 × 106 cells/well on 12 mm coverslips precoated with poly-

D-lysine (Millicell EZ slide, Millipore) and cultured as described above. Cells were fixed in 4%

(w/v) formaldehyde/PBS for 15 minutes, permeabilized in 0.2% Triton X-100/PBS for 10 min-

utes at RT, blocked in 5% (v/v) FBS in PBS, and incubated with primary antibodies in 1% (v/v)

FBS/PBS for 3 hours. Following 3 washes in PBS, the cells were incubated for 1 hour with sec-

ondary antibodies (Alexa Fluor 488, 568, 647-conjugated; ThermoFisher). After 3 PBS washes,

the coverslips were mounted, and the cells were analyzed by confocal microscopy (Zeiss LSM

880 and Airyscan superresolution microscopy). For high-content imaging, where Rab8a trans-

location was quantified, cells were plated in 96-well plates, precoated with matrigel, transfected

with LRRK2 mutants, and processed following 24 hours of expression. Cells were treated with

DMSO or 1 μM MLi-2 for 1 hour prior to fixation and staining with the corresponding anti-

bodies. Cells were visualized with the ThermoFisher Cellomics ArrayScan using the HCS Stu-

dio platform and the SpotDetector v4 bioassay protocol. A minimum of 800 cells were imaged

per well from a total of 6 wells per construct and condition, and Rab8a localization was ana-

lyzed. The ezColocalization ImageJ plugin was used for analysis of the Manders overlap coeffi-

cient [74]. Analysis of Rab8a presence near the centrosome was performed as in [30], where

the percentage of Rab8a staining that resides within a 2.2-μm diameter circular ROI enclosing

centrosomal staining, versus whole-cell Rab8a staining, was calculated. The antibodies used

were Rab8a (Cell Signaling Technology; #6975), TfR1 (Abcam; ab84036), Ferritin Heavy

Chain (Thermo Fisher; PA5-27500), transferrin (Abcam; ab82411), MICAL-L1 (Novus;

H00085377-B01P), Cathepsin D (Calbiochem; 219361), Lamp1 (DSHB; 1D4B), and Lamp2

(DSHB; H4B4).

Imaris analysis

Following superresolution microscopy, the Imaris platform (Bitplane, Zürich, Switzerland)

was used to analyze the localization of TfR and Tf in different experiments. In Fig 4A, the Ima-

ris Spots Detection module was used to identify TfR vesicles throughout z planes in the 3D vol-

ume, and the distance between them was calculated. In Fig 6, superresolution (Airyscan) z-

stack images of iPSC-derived microglia were processed through the Imaris Surface Contour

module to render Tf and nuclear staining to surfaces and measure the distance of Tf vesicles

from the nucleus edge (3D rendering process outlined in S1–S4 Movies).

PLOS BIOLOGY LRRK2 modulates iron uptake in glial cells

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001480 December 16, 2021 22 / 30

https://doi.org/10.1371/journal.pbio.3001480


Transferrin uptake and recycling assay

Cells that were plated and transfected on 12 mm poly-D-lysine coated coverslips were pro-

cessed following 24 hours of expression. Initially, cells were incubated in prewarmed DMEM

for 45 minutes. Alexa 568 fluorophore–conjugated transferrin (T23365, ThermoFisher) was

added to the media at 20 μg/ml final concentration, and cells were incubated for 20 minutes.

Following one quick wash in prewarmed media, cells were incubated with prewarmed

DMEM, 10% (v/v) FBS media for 10 minutes and fixed and stained as detailed above. For the

uptake assay, cells were plated on matrigel-coated 96-well plates (15,000 cells/well), transiently

transfected and processed 24 hours posttransfection. Cells were incubated in DMEM for 45

minutes, and subsequently equal volume of DMEM media containing Alexa 568–conjugated

transferrin was added to the wells to achieve 20 μg/ml final transferrin concentration. Trans-

ferrin was added at different time intervals, and the plate was washed in cold PBS and fixed at

20 minutes of total uptake, achieving 0, 2, 4, 6, 8, 10, 15, and 20 minutes of uptake time points.

A similar setup was followed for recycling assays whereby cells were loaded with Tf-568 in

DMEM for 30 minutes, washed once in DMEM, and then incubated in DMEM/10% FBS

media for the different time points of recycling, followed by a quick wash in cold PBS and fixa-

tion. Similar paradigms were followed in Tf uptake/recycling assays in iPSC-derived microglia,

using DMEM/F12 media plus supplements as per differentiation protocols.

Statistical analysis

Statistical tests used are noted in figure legends of representative graphs. Briefly, one-way

ANOVA or two-way ANOVA with Tukey post hoc test and two-tailed unpaired Student t test

with Mann–Whitney U post hoc test were used. All statistical analyses were performed using

GraphPad Prism 7 (GraphPad Software, San Diego, California).

Supporting information

S1 Fig. Validation of Rab8a antibodies for endogenous detection. (A, B) The rabbit anti-

Rab8A antibody by Cell Signaling (D22D8; #6975) and rabbit anti-Rab8a (#ab188574) anti-

body were tested in ICC and western blotting against Rab8a siRNA treated Hek293T cells. The

Cell Signaling (#6975) antibody validated against knock-down for detection of endogenous

Rab8a and was used throughout this study. ICCAU : AbbreviationlistshavebeencompiledforthoseusedinS1 � S8FigsandS1 � S4Movies:Pleaseverifythatallentriesarecorrect:, immunocytochemistry; siRNA, small inter-

fering RNA.

(TIF)

S2 Fig. LRRK2 genetic variants sequester endogenous Rab8a to lysosomes in a kinase-

dependent manner. (A) HEK293T cells transiently expressing WT or mutant LRRK2 con-

structs were treated with MLi-2 or DMSO for 1 hour prior to fixation and staining for Rab8a,

Lamp2, and LRRK2 (FLAG). Rab8a was sequestered to Lamp2-positive lysosomes in cells

expressing R1441C, Y1699C, G2019S, or I2020T LRRK2, but not the kinase-dead K1906M

LRRK2 or transfection control (GUS). MLi-2 treatment rescues this phenotype. (B) High-con-

tent imaging (Cellomics) was used to quantitate the percentage of cells exhibiting sequestered

Rab8a (>4 μm2 Rab8a foci, >800 cells imaged per well, 4 wells per condition). Higher Rab8a

sequestration was observed in cells expressing R1441C, Y1699C, G2019S, and I2020T LRRK2

compared to WT LRRK2, while this is ameliorated by MLi-2. (C) The percentage of cells that

exhibited Rab8a-positive lysosomes was significantly increased in cells expressing R1441C

LRRK2 or G2019S LRRK2 compared to WT LRRK2 expressing cells (a minimum of 200 cells

were counted per group across N = 4 different experiments, one-way ANOVA Tukey post hoc,
���P< 0.001, �P< 0.05, F (2, 9) = 17.03). The underlying data can be found in S1 Data.

PLOS BIOLOGY LRRK2 modulates iron uptake in glial cells

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001480 December 16, 2021 23 / 30

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001480.s001
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001480.s002
https://doi.org/10.1371/journal.pbio.3001480


LRRK2, leucine-rich repeat kinase 2; WT, wild-type.

(TIF)

S3 Fig. Association of Rab8a with centrosomes and lysosomes in HEK293T cells expressing

G2019S LRRK2. (A) HEK293T cells transiently expressing FLAG G2019S LRRK2 were treated

with nocodazole (200 nM) or DMSO for 2 hours and stained for FLAG G2019S LRRK2,

endogenous Rab8a, and pericentrin. (B) Quantification of the percentage of Rab8a staining

that resides within a 2.2-μm diameter circular ROI enclosing centrosomal staining versus

whole-cell Rab8a staining (B: ��P< 0.01, N> 19 cells per group from 2 independent experi-

ments, two-tailed Student t test, Mann–Whitney U). (C) Cells were treated as in (A) and

stained for FLAG G2019S LRRK2, endogenous Rab8a, and endogenous Lamp2. (D) Quantifi-

cation of Manders colocalization coefficient between Rab8a and lamp2 staining (D:
��P< 0.01, N> 14 cells per group from 2 independent experiments, two-tailed Student t test,

Mann–Whitney U). The underlying data can be found in S1 Data. LRRK2, leucine-rich repeat

kinase 2; ROI, region of interest.

(TIF)

S4 Fig. Endogenous MICAL-L1 is recruited by mutant LRRK2 to lysosomes. (A) HEK293T

cells transiently expressing WT or mutant LRRK2 were stained for MICAL-L1, LRRK2

(FLAG), and Lamp2 and analyzed by confocal microscopy. The Manders overlap coefficient

between MICAL-L1 and LRRK2, or MICAL-L1 and Lamp2 were calculated in ImageJ. (B,C:

N> 10 cells per group collected in 1 experiment; one-way ANOVA Tukey post hoc,
���P< 0.001, ��P< 0.01, �P< 0.05, B: F (2, 30) = 13.66, C: F (2, 31) = 11.40). The underlying

data can be found in S1 Data. LRRK2, leucine-rich repeat kinase 2; WT, wild-type.

(TIF)

S5 Fig. Mutant LRRK2 induces mistrafficking of TfR. (A) HEK293T cells transiently

expressing WT or mutant LRRK2 constructs were stained for endogenous TfR and Lamp2 and

visualized by confocal microscopy. Colocalization between TfR and Lamp2 was analyzed in

ImageJ. (A, B) (N> 19 cells per group collected in 2 independent experiment, ����P< 0.0001,

one-way ANOVA with Tukey post hoc; F (2, 42) = 30.92). (C) Cells stably expressing WT

LRRK2 were treated with LLOMe for 2 hours and stained. LLOMe treatment induced the

sequestration of Rab8a to LRRK2-positive vesicles with partial recruitment of TfR. (D)

HEK293T cells transiently expressing WT or G2019S LRRK2 were treated with MLI-2, loaded

with Alexa Fluor 568-Tf and visualized at T10 minutes of recycling in fresh media containing

MLi-2. The mean distance between Tf vesicles was calculated in Imaris (N> 2,500 vesicles

were counted in at least 20 cells per construct from 2 independent experiments,
����P< 0.0001, one-way ANOVA with Tukey post hoc, F (2, 7932) = 560.1). (E) Cells stably

expressing GFP WT or G2019S LRRK2 were surface biotinylated and surface proteins were

enriched by avidin-conjugated agarose before western blotting for TfR (N = 2 experimental

replicates). The underlying data can be found in S1 Data. LRRK2, leucine-rich repeat kinase 2;

TfR, transferrin receptor; WT, wild-type.

(TIF)

S6 Fig. Characterization of iPSC-derived microglia. (A) Immunoblot analysis of iPSC-

derived microglia following treatment with 100 ng/mL LPS. (B, C) Quantification of indicated

phospho-proteins normalized against total protein and loading control b-actin in treated vs.

untreated cells (technical N = 3, unpaired t test, P< 0.01). (D) Iba1 staining of DMS and LPS

treated microglia from WT and G2019S cell lines. (E) Cell size of iPSC-derived microglia

under DMSO or LPS treatment was measured in ImageJ (N> 19 cells counted in 2 differentia-

tions). The underlying data can be found in S1 Data. iPSC, induced pluripotent stem cell; LPS,
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lipopolysaccharide; WT, wild-type.

(TIF)

S7 Fig. Tf recycling in iPSC-derived microglia. iPSC-derived human microglia from WT or

G2019S LRRK2 carriers were treated with LPS, and high-content imaging was used to monitor

the uptake of Alexa Fluor 568–conjugated Tf (A, B) or recycling following Tf preloading in

pulse-chase experiments (C, D). (N = 5 technical replicates of>50 counted cells, two-way

ANOVA; B: time point: P< 0.0001, F (4, 80) = 155.1, genotype: NS; D: time point: P< 0.0001,

F (4, 80) = 115.2, genotype: P< 0.05, F (3, 80) = 3.664). The underlying data can be found in

S1 Data. iPSC, induced pluripotent stem cell; LPS, lipopolysaccharide; LRRK2, leucine-rich

repeat kinase 2; Tf, transferrin; WT, wild-type.

(TIF)

S8 Fig. Uncropped western blots of figures. (A) Panel of Fig 3A: HEK293T cells expressing

control (GUS), FLAG WT, or mutant LRRK2 variants were treated with MLi-2 prior to lysis

and analysis by western blotting for pS1292 and total LRRK2, as well as pT72 and total Rab8a.

(B) Panel of Fig 3D: HEK293T cells expressing FLAG WT, I2020T, or K1906M LRRK2 along

with GFP Rab8a, GFP control, or FLAG-GUS control were lysed and proteins immunoprecipi-

tated using GFP beads. Co-immunoprecipitated proteins were analyzed by western blotting

probed for MICAL-L1 as well as pT72 and total Rab8a. (C) Panel of S5E Fig: Cells stably

expressing GFP WT or G2019S LRRK2 were surface biotinylated, and surface proteins were

enriched by avidin-conjugated agarose before western blotting for TfR. (D) Panel of S6A Fig:

Immunoblot analysis of iPSC-derived microglia following treatment with 100 ng/mL LPS. (E)

Panel of S1 Fig: western blot validation of Rab8a antibodies for endogenous detection. iPSC,

induced pluripotent stem cell; LPS, lipopolysaccharide; LRRK2, leucine-rich repeat kinase 2;

TfR, transferrin receptor; WT, wild-type.

(TIF)

S1 Data. Individual numerical values that underlie the summary data displayed in the fol-

lowing figure panels: Figs 1B, 1C, 1F, 2B, 3B, 4B, 4D–4G, 4J, 4K, 6B–6F, 7C, 8B, 8C, S2B,

S2C, S3B, S3D, S4B, S4C, S5B, S5D, S5E, S6B, S6C, S6E, S7B and S7D.

(XLSX)

S1 Movie. Imaris 3D surface rendering of endogenous transferrin and Lamp2 staining in

WT LRRK2 iPSC-derived microglia. iPSC, induced pluripotent stem cell; LRRK2, leucine-

rich repeat kinase 2; WT, wild-type.

(MP4)

S2 Movie. Imaris 3D surface rendering of endogenous transferrin and Lamp2 staining in

WT LRRK2 iPSC-derived microglia treated with 100 ng/ml LPS for 16 hours. iPSC,

induced pluripotent stem cell; LPS, lipopolysaccharide; LRRK2, leucine-rich repeat kinase 2;

WT, wild-type.

(MP4)

S3 Movie. Imaris 3D surface rendering of endogenous transferrin and Lamp2 staining in

G2019S LRRK2 iPSC-derived microglia. iPSC, induced pluripotent stem cell; LRRK2, leu-

cine-rich repeat kinase 2.

(MP4)

S4 Movie. Imaris 3D surface rendering of endogenous transferrin and Lamp2 staining in

G2019S LRRK2 iPSC-derived microglia treated with 100 ng/ml LPS for 16 hours. iPSC,
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induced pluripotent stem cell; LPS, lipopolysaccharide; LRRK2, leucine-rich repeat kinase 2.

(MP4)
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A B S T R A C T   

Coding mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene, which are associated with dominantly 
inherited Parkinson's disease (PD), lead to an increased activity of the encoded LRRK2 protein kinase. As such, 
kinase inhibitors are being considered as therapeutic agents for PD. It is therefore of interest to understand the 
mechanism(s) by which LRRK2 is activated during cellular signaling. Lysosomal membrane damage represents 
one way of activating LRRK2 and leads to phosphorylation of downstream RAB substrates and recruitment of the 
motor adaptor protein JIP4. However, it is unclear whether the activation of LRRK2 would be seen at other 
membranes of the endolysosomal system, where LRRK2 has also shown to be localized, or whether these 
signaling events can be induced without membrane damage. Here, we use a rapamycin-dependent oligomeri-
zation system to direct LRRK2 to various endomembranes including the Golgi apparatus, lysosomes, the plasma 
membrane, recycling, early, and late endosomes. Irrespective of membrane location, the recruitment of LRRK2 to 
membranes results in local accumulation of phosphorylated RAB10, RAB12, and JIP4. We also show that 
endogenous RAB29, previously nominated as an activator of LRRK2 based on overexpression, is not required for 
activation of LRRK2 at the Golgi nor lysosome. We therefore conclude that LRRK2 signaling to RAB10, RAB12, 
and JIP4 can be activated once LRRK2 is accumulated at any cellular organelle along the endolysosomal 
pathway.   

1. Introduction 

Multiple pathogenic mutations in the Leucine-rich repeat kinase 2 
(LRRK2) have been documented in families with ascertained autosomal 
dominant inheritance of Parkinson's disease (PD) (Funayama et al., 
2005; Paisán-Ruíz et al., 2004; Zimprich et al., 2004). Additionally, due 
to incomplete age-dependent penetrance of LRRK2 alleles, mutations are 
also associated with apparently sporadic PD (Gilks et al., 2005; Iwaki 
et al., 2020; Lee et al., 2017). Finally, non-coding variants in the pro-
moter region of LRRK2 are also risk factors for sporadic PD (Nalls et al., 
2019). Thus, the genomic region encompassing LRRK2 contains multiple 
types of genetic risk covering a range of identified modes of inheritance 

(Singleton and Hardy, 2011). 
Because familial cases with LRRK2 mutations show clinical pre-

sentations that are indistinguishable from sporadic PD (Kumari and Tan, 
2009, p. 2), it is reasonable to infer that the different types of LRRK2 
variants work through common mechanisms. The most promising 
explanatory event uncovered to date is an increase in LRRK2 kinase 
activity, mediated either directly by mutation in the LRRK2 kinase 
domain or by decreased GTP hydrolysis, which is encoded by the adja-
cent Ras of complex proteins (ROC) and C-terminal of ROC (COR) 
bidomain (Cookson, 2010). All known pathogenic mutations identified 
to date increase either LRRK2 autophosphorylation at residue S1292 
(Sheng et al., 2012) or on downstream Ras-associated binding proteins 

Abbreviations: EHD1, EH domain-containing protein 1; FRB, FKBP-rapamycin binding domain; FKBP, FK506 binding protein; PD, Parkinson's disease; LAMP1, 
Lysosome-associated membrane glycoprotein 1; LRRK2, Leucine-rich repeat kinase 2; JIP4, JNK-interacting protein 4; PM, plasma membrane; PMTS, Plasma 
membrane-targeting sequence; RAB, Ras-associated binding protein. 
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(RABs), including RAB10 and RAB12 (Steger et al., 2016). Non-coding 
variants likely influence disease risk by virtue of higher LRRK2 gene 
expression, being an example of an expression quantitative trait locus 
(eQTL) (Ryan et al., 2017). An important corollary of these observations 
is that inhibition of LRRK2 might be clinically beneficial for inherited 
and, by extension, sporadic PD (Kluss et al., 2019; West, 2014). 

Protein kinases are typically subject to regulation by multiple 
mechanisms within cellular signaling pathways, allowing for control of 
activity appropriate to internal or external cues. LRRK2 has been shown 
to be regulated in multiple cellular contexts. Inflammatory cell activa-
tion, which has been implicated in PD, has been shown to regulate 
LRRK2 phosphorylation, dimer formation and recruitment to intracel-
lular membranes (Berger et al., 2010). We and others have also shown 
that lysosomal damage is sufficient to recruit LRRK2 to these organelles 
(Bonet-Ponce et al., 2020; Eguchi et al., 2018), which may be relevant to 
inflammatory signaling as exposure to specific intracellular pathogens 
can result in disruption of lysosomes (Herbst et al., 2020). Subsequent to 
lysosomal recruitment, LRRK2 phosphorylates RAB10 and RAB35 that 
are then able to recruit JNK-interacting protein 4 (JIP4), a motor 
adaptor protein, resulting in tubulation and sorting of lysosomal mem-
branes, a process we termed LYTL (Bonet-Ponce et al., 2020). A related 
process may occur in neurons where pRAB10 can also recruit JIP4 to 
alter transport of autophagosomes along microtubules (Boecker et al., 
2021). 

Additionally, LRRK2 may be activated by interaction with RAB29, 
itself a candidate risk gene for sporadic PD (Nalls et al., 2019). Several 
groups have shown that overexpression of RAB29 can lead to LRRK2 
recruitment to the Golgi apparatus (Beilina et al., 2020; Beilina et al., 
2014) with downstream activation of RAB10 (Fujimoto et al., 2018; Liu 
et al., 2018; Purlyte et al., 2018). Of note, RAB29 overexpression has 
been reported to cause alteration of Golgi structure (Fujimoto et al., 
2018), implying potential damage to this organelle. Interestingly, 
directing RAB29 to the mitochondrial membrane is also sufficient to 
activate LRRK2 signaling, suggesting that membrane identity is not 
important in LRRK2 activation pathways (Gomez et al., 2019). Addi-
tionally, whether RAB29 regulates LRRK2 in a physiological context has 
been questioned as knockout of RAB29 does not lower LRRK2- 
dependent phosphorylation of RAB10 in vivo (Kalogeropulou et al., 
2020). 

Here, we revisit the question of whether LRRK2 can be activated at 
particular membranes compared to others along the endolysosomal 
pathway, as well as whether membrane damage is necessary to activate 
LRRK2 once at the membrane. To do this, we utilized the rapamycin- 
binding domain from the 12 kDa FK506 binding protein (FKBP), 
which we fused to the N-terminus of LRRK2, and the FKBP-rapamycin- 
binding (FRB) domain of mTOR fused to six different membrane resi-
dent proteins (Liberles et al., 1997; Robinson et al., 2010). In the pres-
ence of rapamycin, the FKBP and FRB domains will dimerize, thus 
trapping LRRK2 to a specific membrane. In this manner, we recruited 
LRRK2 to the Golgi, lysosomes, recycling endosomes, early endosomes, 
late endosomes and plasma membrane. In each case we found evidence 
for accumulation of pRAB10 and pRAB12 and recruitment of JIP4 to the 
directed membrane in the absence of membrane damaging agents. 
Further, we confirmed that RAB29 is not required for LRRK2 activation 
at the Golgi nor lysosome by using an siRNA knockdown of endogenous 
RAB29, thus implying that the overexpression of RAB29 influences 
LRRK2 localization but the physical interaction is not needed for LRRK2 
kinase activity at the membrane. The results underscore that LRRK2 can 
be activated at multiple endo-membranous compartments in cells and 
that this is sufficient to initiate downstream LRRK2 signaling. 

2. Methods 

2.1. Cell culture 

HEK293FT cells were maintained in DMEM containing 4.5 g/l 

glucose, 2 mM L-glutamine, 5% Pen/Strep and 10% FBS at 37 ◦C in 5% 
CO2. For immunocytochemistry experiments, cells were seeded on 12 
mm coverslips (Corning, #354087). For Western blot experiments, cells 
were plated in 24-well plates. For all experiments, Matrigel coating 
(Corning, #354230) was used when seeding cells. 

2.2. Reagents and treatments 

For all experiments, rapamycin (Cayman Chemicals, cat #13346) 
was added at 200 nM in ethanol for 15 min before fixing or lysing cells 
for downstream analyses. Addition of MLi-2 (Tocris, cat #5756) was 
used at 1 μM in DMSO, 90 min prior to rapamycin treatment. 

2.3. Cloning 

FKBP sequence was tagged to 3xFLAG-pDEST and mScarlet-pDEST 
vectors using IN-FUSION HD cloning technology (Clontech, Takara, 
cat #638920). LRRK2-WT, LRRK2-R1441C, LRRK2-Y1669C, LRRK2- 
K1906M and LRRK2-G2019S, previously cloned into pCR™8/GW/ 
TOPO™ vector (ThermoFisher, cat #250020), were transferred into the 
3xFLAG-FKBP-pDEST and mScarlet-FKBP-pDEST plasmids using 
Gateway technology (ThermoFisher, cat #11791043). CFP-FRB-LAMP1 
vector (Willett et al., 2017) was a gift from Rosa Puertollano (NIH). 
EHD1-FRB-GFP was kindly provided by Tsukasa Okiyoneda (Kwansei 
Gakuin University). iRFP-FRB-RAB5, iRFP-FRB-RAB7, and PM-FRB-CFP 
plasmids (Addgene plasmid #51612, #51613, and #67517) (Hammond 
et al., 2014; Varnai et al., 2006) were gifts from Tamas Balla (NIH). 
FRB-ECFP-Giantin was provided by Dorus Gadella (Addgene plasmid 
#67903) (van Unen et al., 2015). 

2.4. Transfection and siRNA knockdown 

Transient transfections of HEK293FT cells were performed using 
Lipofectamine 2000 in Gibco's Opti-MEM (ThermoFisher, cat 
#31985088). HEK293FT cells were transfected followed by a 24-h in-
cubation period prior to any treatments, fixation, or lysis. The following 
concentrations were used for each construct: 0.4 μg for LRRK2, CFP- 
FRB-Giantin, and iRFP-FRB-RAB7, 0.25 μg for GFP-FRB-EHD1, CFP- 
FRB-LAMP1, and iRFP-FRB-RAB5, and 0.05 μg for CFP-FRB-PMTS. For 
endogenous RAB29 knockdown experiments, cells were treated with 
either non-targeting control siRNA or human RAB29 siRNA (40 nM 
working concentration) together with Lipofectamine RNAiMAX (Ther-
moFisher, cat #13778075) in Gibco's Opti-MEM and incubated for 24 h 
prior to starting the transfection protocol. We chose a 24-h incubation 
period as prior experiments suggest that this is sufficient time for robust 
protein expression in HEK293FT cells and, similarly, siRNA will result in 
efficient knockdown, at least for proteins with shorter half-lives, without 
inducing cellular toxicity. 

2.5. Antibodies 

The following primary antibodies were used: mouse anti-FLAG M2 
(Sigma-Aldrich, cat #F3165, 1:500 for ICC and 1:10,000 for WB), mouse 
anti-LAMP1 (DSHB, cat #H4B3, 1:100 for ICC), rat anti-FLAG (Bio-
legend, cat #637302, 1:100 for ICC), chicken anti-GFP (AvesLab, GFP- 
1020, 1:1000 for ICC), mouse anti-GFP (Roche, cat #11814460001, 
1:10,000 for WB), sheep anti-TGN46 (Biorad, cat #AHP500GT, 1:500 
for ICC), rabbit anti-Rab8a (Cell Signaling Technology, cat #6975, 
1:500 for ICC), rabbit anti-EEA1 (Cell Signaling Technology, cat #3288, 
1:100 for ICC), rabbit anti-Lamtor4 (Cell Signaling Technology, 
cat#12284, 1:200 for ICC), rabbit anti-RAB10 (Abcam, cat #ab237703, 
1:2000 for WB), rabbit anti-RAB10 (phospho-T73) (Abcam, cat 
#ab23026, 1:300 for ICC and 1:2000 for WB), rabbit anti-RAB12 (Pro-
teintech, cat #18843–1-AP, 1:1000 for WB), rabbit anti-RAB12 (phos-
pho-S106) (Abcam, cat #ab256487, 1:100 for ICC and 1:2000 for WB), 
rabbit anti-RAB29 (Abcam, cat #ab256526, 1:2000 for WB), rabbit anti- 
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LRRK2 (Abcam, cat #ab133474, 1:2000 for WB), rabbit anti-LRRK2 
(phospho S1292) (Abcam, cat #ab203181, 1:2000 for WB), rabbit 
anti-cyclophilin B (Abcam, cat #ab16045, 1:2000 for WB), rabbit anti- 
JIP4 (Cell Signaling Technology, cat#5519, 1:100 for ICC), rabbit 
anti-LC3B (Cell Signaling Technology, cat#3868, 1:2000 for WB), 
mouse anti-p62 (Abcam, cat#ab280086, 1:2000 for WB). For staining of 
the plasma membrane, Phalloidin was used at 1:20 concentration to 
visualize F-actin (ThermoFisher, cat #A30107). 

For ICC, unless otherwise stated, the secondary antibodies were 
purchased from ThermoFisher. The following secondary antibodies were 
used: donkey anti-mouse Alexa-Fluor 568 (cat #A10037, 1:500), donkey 
anti-rabbit Alexa-Fluor 488 (cat #A-21206, 1:500), donkey anti-mouse 
Alexa-Fluor 568 (cat #A-21202, 1:500), donkey anti-rat Alexa-Fluor 
488 (cat #A-21208, 1:500), donkey anti-goat Alexa-Fluor 488 (cat #A- 
11055, 1:500), donkey anti-rabbit Alexa-Fluor 568 (cat #A10042, 
1:500), donkey anti-mouse Alexa-Fluor 647 (cat #A-31571, 1:500), goat 
anti-rat Alexa-Fluor 647 (cat #A-21247, 1:250–1:500). Donkey anti- 
chicken Alexa-Fluor 405 (cat #703–475-155, 1:300) was obtained 
from Jackson ImmunoResearch. 

For WB, all secondary antibodies were used at 1:10,000 dilution: 
IRDyes 800CW Goat anti-Rabbit IgG (Licor, cat #926–32,211) and 
680RD Goat anti-Mouse IgG (Licor, cat #926–68,070). 

2.6. Confocal microscopy 

Confocal images were taken using a Zeiss LSM 880 microscope 
equipped with a 63 × 1.4 NA objective. Super-resolution imaging was 
performed using the Airyscan mode. Raw data were processed using 
Airycan processing in ‘auto strength’ mode with Zen Black software 
version 2.3. Only low plasmid expression cells without obvious over-
expression artifacts were imaged. For measuring colocalization, Fiji 
plugin JACoP was used in which Mander's correlation corrected for 
threshold was used to quantify LRRK2:pRAB colocalization. Colocalized 
maps were made using the Colocalization Finder plugin in Fiji. For 
measuring signal intensity, integrated density of each cell was measured 
using Fiji without thresholding (ImageJ, NIH). 

2.7. Immunostaining 

HEK293FT cells were fixed with 4% PFA for 10 mins, permeabilized 
with PBS/ 0.1% Triton for 10 mins and blocked with 5% Donkey Serum 
(Sigma, cat #D9663) for 1 h at RT. Primary antibodies were diluted in 
blocking buffer (1% Donkey Serum) and incubated overnight at 4 ◦C. 
After three 5 min washes with PBS/ 0.1% Triton, secondary fluo-
rescently labeled antibodies were diluted in blocking buffer (1% Donkey 
Serum) and incubated for 1 h at RT. Coverslips were washed two times 
with 1× PBS and an additional 2× with dH2O, and mounted with Pro-
Long® Gold antifade reagent (ThermoFisher, cat #P10144). 

2.8. SDS PAGE and Western Blotting 

Proteins were resolved on 4–20% Criterion TGX precast gels (Biorad, 
cat #5671095) and transferred to nitrocellulose membranes (Biorad, cat 
#170415) by semi-dry trans-Blot Turbo transfer system (Biorad). The 
membranes were blocked with Odyssey Blocking Buffer (Licor, cat 
#927–40,000) and then incubated for 1 h at RT or overnight at 4 ◦C with 
the indicated primary antibody. Membranes were simultaneously pro-
bed antibodies against a loading reference protein, Cyclophilin B, to 
allow for accurate relative quantification and ensure equal loading be-
tween samples. The membranes were washed in TBST (3 × 5 min) fol-
lowed by incubation for 1 h at RT with fluorescently conjugated 
secondary antibodies as stated above (Licor). The blots were washed in 
TBST (3 × 5 min) and scanned on an ODYSSEY® CLx (Licor). Quanti-
tation of western blots was performed using Image Studio (Licor). All 
blots presented in each figure panel were derived from the same 
experiment and were processed in parallel. 

2.9. Statistical analysis 

Analyses based on cell counts were performed by an investigator 
blinded to treatment/transfection status. Unpaired student's t-tests were 
used in experiments with two comparable groups, one-way ANOVAs 
were used for experiments with more than two groups, and two-way 
ANOVAs were used for experiments where there were two factors in 
the model. Tukey's post-hoc tests were used to determine statistical sig-
nificance for individual comparisons in those cases where the underly-
ing ANOVA was statistically significant and where all groups' means 
were compared to every other mean. Unless otherwise stated, graphed 
data are presented as means ± SD. Comparisons were considered sta-
tistically significant where p < 0.05. *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001. 

3. Results 

3.1. Trapping LRRK2 to Golgi or lysosomal membranes results in 
enhanced kinase activity 

To establish whether membrane targeting is sufficient to activate 
LRRK2, we generated a series of FRB traps with fluorescence fusion 
proteins targeting the lysosome using LAMP1 (Fig. 1A); the Golgi using 
Giantin (Fig. 1F); recycling endosomes using EHD1 (Fig. 1K); early 
endosomes using Rab5 (Fig. 1P); late endosomes using RAB7 (Fig. 1U); 
and the plasma membrane using a plasma membrane-targeting sequence 
(PMTS) from GAP43 (MLCCMRRTKQVEKNDDQKI) (Fig. 1Z). Co- 
transfection of each of these plasmids with 3xFlag-FKBP-LRRK2 resul-
ted in diffuse cytosolic LRRK2 staining as expected, however, after a 15 
min incubation of 200 nM rapamycin, LRRK2 was relocalized to intra-
cellular structures labeled with the trap construct. These signals also 
colocalized with appropriate endogenous markers of each organelle 
(Fig. 1). Live imaging of cells expressing either RE-trap or lyso-trap 
constructs together with a mScarlet-FKBP-LRRK2 construct show this 
dimerization in real time, with both traps being able to colocalize LRRK2 
in a matter of seconds following the addition of rapamycin (Supple-
mentary Fig. 1). Thus, the system employed here is sufficient to rapidly 
induce partial recruitment of LRRK2 to specified membranes. Impor-
tantly, treatment with rapamycin at such a low concentration for 15 min 
does not induce autophagy in HEK293FT cells (Supplementary Fig. 2A- 
C). 

Having established these tools, we next examined whether recruit-
ment to these membranes was sufficient to increase LRRK2 kinase ac-
tivity as measured by three molecular readouts: autophosphorylation of 
LRRK2 at site S1292, pT73 RAB10 and pS106 RAB12. Constructs were 
transfected into HEK293FT cells and treated with rapamycin in order to 
evaluate phosphorylation events via Western blot. In each case, the 
addition of rapamycin resulted in statistically significant increases in 
S1292 LRRK2 autophosphorylation (Fig. 1B,C; G,H; L, M; Q, R; V,W; a,b) 
pT73 RAB10 (Fig. 1B,D; G,I; L, N; Q, S; V,X; a,c) and pS106 RAB12 
(Fig. 1B,D; G,J; L,O; Q, T; V,Y; a,d) compared to untreated controls. 
Additionally, treatment of cells with MLi-2 decreased LRRK2 auto-
phosphorylation, RAB10 and RAB12 phosphorylation below baseline 
levels, demonstrating that the changes in RAB phosphorylation are 
LRRK2 kinase-dependent. Thus, translocation of LRRK2 to intracellular 
membranes is sufficient to increase kinase activity and influence RAB 
substrate phosphorylation, irrespective of membrane identity. 

Importantly, rapamycin-treated cells that were transfected with 
LRRK2 alone did not increase S1292 LRRK2, T73 RAB, nor S106 RAB12 
phosphorylation, confirming that LRRK2 kinase activation is dependent 
on membrane presence and is not a byproduct of the treatment itself 
(Supplementary Fig. 2D-G). We also conducted a control experiment in 
which we transfected cells with 3xFLAG-FKBP-LRRK2 and a plasmid 
containing the FRB domain without any membrane-targeting protein. 
Under these conditions, cells treated with rapamycin did not have any 
effect on LRRK2 autophosphorylation nor RAB10 and RAB12 
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Fig. 1. Recruitment of LRRK2 to multiple intracellular membranes results in activation of LRRK2 kinase activity. Cells were transfected with lysosome (A-E), Golgi 
(F-J), recycling endosome (K–O), early endosome (P-T), late endosome (U–Y) and plasma membrane (Z-d) traps (green) along with FKBP-tagged LRRK2 (red). All 
trap construct designs are illustrated above each image respectively. Untreated cells were used as negative controls while rapamycin treatment in the absence or 
presence of MLi-2 were used for recruitment and kinase inhibition of LRRK2 respectively. Endogenous markers for each targeted membrane are shown in grey. Scale 
bar = 10 μm. Evaluation of pS1292 LRRK2, pRAB10 and pRAB12 are included via Western blot for each trap (B-E, G-J, L-O, Q-T, V–Y, a-d). (C-E, H-J, M-O, R-T, 
W–Y, b-d): one-way ANOVA with Tukey's post hoc, ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, n = 3; SD bars shown; (C) F(2,6) = 116.4, (D) F(2,6) =
81.12, (E) F(2,6) = 376.3, (H) F(2,6) = 323.0, (I) F(2,6) = 75.25, (J) F(2,6) = 306.8, (M) F(2,6) = 104.6, (N) F(2,6) = 110.5, (O) F(2,6) = 48.55,(R) F(2,6) = 69.67, 
(S) F(2,6) = 36.89, (T) F(2,6) = 26.02, (W) F(2,6) = 22.40, (X) F(2,6) = 691.5, (Y) F(2,6) = 48.89, (b) F(2,6) = 119.8, (c) F(2,6) = 154.4, (d) F(2,6) = 277.7. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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phosphorylation, suggesting that it is indeed the presence of a mem-
brane that is critical to heighten LRRK2 kinase activity and is not 
affected by the binding of LRRK2 to the FRB domain alone (Supple-
mentary Fig. 2H-K). 

We next evaluated whether the addition of hyperactive LRRK2 mu-
tations in the ROC (R1441C), COR (Y1699C) and kinase (G2019S) do-
mains of LRRK2 would produce greater activation of LRRK2 signaling 
than wildtype protein in the context of FKBP-FRB dimerization. We also 
included a hypothesis testing kinase dead LRRK2 mutant, K1906M, as a 
negative control. Using the lyso-trap (Fig. 2A), we found that the addi-
tion of rapamycin caused a robust increase in pS1292 LRRK2 normalized 
to total LRRK2 levels which was blocked by MLi-2 (Fig. 2B). Phos-
phorylation of RAB10 relative to total RAB10 was also increased by 
rapamycin to similar magnitudes across mutations, with baseline levels 
being most affected by the R1441C and Y1699C mutations as expected 
(Fig. 2C). This phosphorylation was significantly reduced with MLi-2 
treatment (Fig. 2C). Finally, increased phosphorylation of RAB12 rela-
tive to total RAB12 was also noted with wildtype LRRK2 after rapamycin 
treatment, but not with mutant LRRK2 (Fig. 2D). In all cases, the kinase 
dead K1906M LRRK2 did not support pRAB10 or pRAB12 activation, 
demonstrating that these effects on RAB phosphorylation were LRRK2 
kinase-dependent. 

Similar patterns of LRRK2 activation and RAB phosphorylation were 
seen using the Golgi-trap construct (Fig. 2E), with the strongest effects 
on pS1292 LRRK2 found with the G2019S mutation (Fig. 2F) whereas 
R1441C and Y1699C mutations contributed to the strongest effect on 
RAB10 phosphorylation (Fig. 2G). Interestingly, increases in pRAB12 
were also only observed in rapamycin-treated cells transfected with 
wildtype LRRK2, with only mild increases observed in the mutant 
LRRK2 conditions (Fig. 2H). In all cases, inhibition of LRRK2 using MLi- 
2 or by substitution with the K1906M variant, resulted in minimal ac-
tivity. These results collectively show either membrane is sufficient in 
activating LRRK2 kinase, however, divergent patterns of RABs phos-
phorylation emerge within the context of LRRK2 mutants. 

3.2. Phosphorylated RAB proteins accumulate at intracellular membranes 
via trapped LRRK2 

RAB proteins are localized to a variety of intracellular membranes 
with generally distinct and restricted distributions for each RAB 
(Homma et al., 2021). Of the two RAB proteins evaluated here, RAB10 
has been localized to early endosomes and the endocytic recycling 
compartment (Babbey et al., 2006; Etoh and Fukuda, 2019; Liu et al., 
2013; Štimac et al., 2021) while RAB12 has been found in a variety of 
vesicular compartments related to endosome function (Efergan et al., 
2016; Iida et al., 2005; Matsui et al., 2011; Rydell et al., 2014). As 
neither RAB is prominently localized to lysosomes or Golgi, we next 
evaluated the localization of pRABs following the translocation of 
LRRK2 to these membranes via immunocytochemistry. 

As expected, the addition of rapamycin resulted in the redistribution 
of LRRK2 from diffuse cytosolic expression to structures resembling ly-
sosomes with lyso-trap (Fig. 3A) or Golgi with Golgi-trap (Fig. 3B). In 
conditions where the lyso-trap was used, pRAB12 staining showed broad 
colocalization with LRRK2 at lysosomes while pRAB10 was most clearly 
seen on perinuclear lysosomes after treatment with rapamycin and 
treatment with MLi-2 diminished the staining of both pRABs. (Fig. 3A). 
When LRRK2 was directed to the Golgi, pRAB12 was also detected at this 
organelle, as was pRAB10 although the latter showed only partial 
localized staining (Fig. 2B). To quantify these effects, we used Mander's 
coefficient for colocalization between LRRK2 and each pRAB when 
LRRK2 was translocated to lysosomes (Fig. 3C) and Golgi (Fig. 3D). 
When comparing between membranes, each pRAB showed similar levels 
of colocalization with LRRK2, while pRAB12 showed the most colocal-
ization with LRRK2 compared to pRAB10 (Fig. 3E). This finding re-
inforces the idea that pRAB accumulation consequential to LRRK2 
activation is unaffected by membrane identity. 

Similarly, relocalizing LRRK2 to perinuclear structures morphologi-
cally reminiscent of recycling endosomes resulted in strong staining of 
pRAB10 and pRAB12 that was blocked by MLi-2 (Fig. 4A). Treatment 
with rapamycin in the presence of EE-trap expression resulted in 
relocalization of LRRK2 to early endosomes where pRAB10 and pRAB12 
levels were also observed (Fig. 4B). Mander's correlation coefficient 
showed strong colocalization between LRRK2 and pRABs at both early 
and recycling endosomes (Fig. 4C-F). Thus, LRRK2 can phosphorylate 
RABs at multiple membranes along the endolysosomal pathway, how-
ever, differences in the distribution of pRABs may be visible depending 
on which membrane LRRK2 is accumulated at. 

3.3. JIP4 can be recruited to multiple cellular membranes dependent on 
LRRK2 kinase activity 

Prior studies have suggested that the motor adaptor protein JIP4 can 
be recruited by phosphorylated RABs to either lysosomes (Bonet-Ponce 
et al., 2020) or autophagosomes (Boecker et al., 2021) in different cell 
types. We therefore wanted to test whether LRRK2 could also promote 
JIP4 recruitment when placed at a variety of membranes within the cell. 
We found that endogenous JIP4 could be recruited to LRRK2-positive 
structures using either lyso-trap (Fig. 5A-B), Golgi-trap (Fig. 5C-D), 
EE-trap (Fig. 5 E-F), or RE-trap (Supplementary Fig. 3A-B). Trap- 
dependent recruitment of JIP4 was blocked by treatment with MLi-2, 
consistent with dependence of JIP4 recruitment on RAB phosphoryla-
tion. Thus, membrane identity is equally unimportant for JIP4 recruit-
ment once pRABs accumulate at a given membrane. 

3.4. RAB29 is not necessary for LRRK2 activation at the lysosome 

Although prior data using knockout cells suggests that endogenous 
RAB29 is not required for LRRK2 activity (Kalogeropulou et al., 2020), it 
is striking that both LRRK2 and RAB29 knockout mice exhibit prominent 
lysosomal abnormalities (Kuwahara et al., 2016). Additionally, RAB29 
has been characterized as a resident Golgi protein, with overexpression 
studies showing colocalization to TGN46, GM130 and other known 
Golgi markers (Beilina et al., 2014; Wang et al., 2014). We therefore 
examined the potential role of RAB29 in the activation of LRRK2 trapped 
at the Golgi membrane by knocking down endogenous RAB29 (Fig. 6A), 
recognising that this would not be possible using approaches to drive 
LRRK2 to membranes using RAB29 overexpression or RAB9 fusion 
proteins. Despite the efficient knockdown of RAB29 in which 70–80% of 
endogenous protein was lost (Fig. 6A, E), we saw no difference in 
pS1292 LRRK2 between siRNA against RAB29 versus non-targeting 
control under basal or rapamycin-induced trapping of LRRK2 to the 
Golgi via Western blot (Fig. 6B). Similar negative results were seen with 
both pRAB10 (Fig. 6C) and pRAB12 (Fig. 6D). Immunocytochemistry 
confirmed these results, as no difference in LRRK2 localization was seen 
in groups transfected with RAB29 compared to NTC siRNA (F). These 
experiments demonstrate that RAB29 is not required for the activation 
of LRRK2 in the context of controlled recruitment to the Golgi. Addi-
tionally, we evaluated LRRK2 in the proximity of the lysosomal mem-
brane using lyso-trap after RAB29 siRNA knockdown. Similarly, we saw 
no impairment nor increase in the ability of LRRK2 to translocate to the 
lysosome following rapamycin treatment, nor was its distribution 
affected under conditions without rapamycin (Supplementary 3C). More 
importantly, T73 RAB10 staining in RAB29 siRNA knockdown cells still 
colocalized to LRRK2 when LRRK2 was translocated to the lysosomal 
membrane (Supplementary 3C). This suggests that in the absence of 
RAB29, LRRK2 activation at lysosomes is unaffected and is thus able to 
phosphorylate RAB10. 

4. Discussion 

Understanding the mechanisms by which LRRK2 activity is 
controlled is fundamentally important for discerning the role of this 
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Fig. 2. LRRK2 and RAB10 phosphorylation patterns show additive effects of LRRK2 membrane recruitment and pathogenic mutations. The lyso-trap (A) or Golgi- 
trap (E) were co-transfected with either WT, R1441C, Y1669C, G2019S, or K1906M LRRK2(-FKBP-3xFlag or mScarlet) varieties and Western blots were run, probing 
for pS1292 LRRK2, pT73 RAB10, and pS106 RAB12 (B–D, F–H). (B–D, F–H): two-way ANOVA with Tukey's post-hoc test, n = 3 independent experiments; SD bars 
shown; (B) treatment, p < 0.0001, F(2,30) = 208.2; genotype, p < 0.0001, F(4, 30) = 130.8, (C) treatment, p < 0.0001, F(2, 30) = 200.5; genotype, p < 0.0001, F(4, 
30) = 95.63, (D) treatment, p < 0.0001, F(2, 30) = 97.52; genotype, p < 0.0001, F(4, 30) = 45.79, (E) treatment, p < 0.0001, F(2, 30) = 177.0; genotype, p < 0.0001, 
F(4, 30) = 121.5, (F) treatment, p < 0.0001, F(2, 30) = 310.7; genotype, p < 0.0001, F(4, 30) = 156.0, (G) treatment, p < 0.0001, F(2, 30) = 210.1; genotype, p <
0.0001, F(4, 30) = 117.9. 
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Fig. 3. pT73 RAB10 and pS106 RAB12 are phosphorylated by LRRK2 at the lysosome and Golgi. Utilizing the FRB-FKBP system, representative confocal microscopy 
images show colocalization of LRRK2 and its RAB substrates at membranes. Using the lyso-trap (A) or the Golgi-trap (B), both pS106 RAB12 and pT73 RAB10 (red) 
were stained with LRRK2 (grey) and colocalization was measured using airyscan images (C-E) Colocalized pixels are shown for clarity of colocalization. Scale bar =
10 μm (A, B); 5 μm (C, D). E: Quantification of LRRK2:RAB colocalization coefficient from n = 9–10 cells for Golgi-trap (orange) and Lyso-trap (cyan) for pRAB10 
(left) and pRAB12 (right). One-way ANOVA with Tukey's post hoc analyses: F(3,35) = 68.18. Error bars show SEM, ns = not significant. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Colocalization of LRRK2 with pT73 RAB10 and pS106 RAB12 at the early and recycling endosomal membranes. Utilizing the FRB-FKBP system, repre-
sentative confocal microscopy images show colocalization of LRRK2 and its RAB substrates at the early and recycling endosomal membranes. (A) Using the RE-trap or 
EE-trap (green), colocalization of pS106 RAB12 and pT73 RAB10 (red) with LRRK2 (grey) were observed when treated with and without rapamycin, and MLi-2 
treatment (A-B). Colocalization between LRRK2 and pRABs were measured using airyscan images (C–F). Scale bar = 10 μm (A, B); 5 μm (C-E). F: Quantification 
of LRRK2:pRAB colocalization coefficient from n = 10 cells for EE-trap (orange) and RE-trap (cyan) for pRAB10 (left) and pRAB12 (right). One-way ANOVA with 
Tukey's post hoc analyses: F(3,36) = 1.511. Error bars show SEM, ns = not significant. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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protein in PD and has strong implications for the clinical application of 
LRRK2 kinase inhibitors. In the current study, we evaluated whether 
direction to a variety of endomembranes is sufficient to result in LRRK2 
activation, even in the absence of membrane damage. We show that 
recruitment of LRRK2 to various membranes results in the accumulation 
of pRABs and recruitment of the effector protein JIP4, regardless of the 
membrane targeted. 

Several prior studies have supported the concept that LRRK2 

activation requires membrane targeting, but in the context of either 
immune signaling and/or membrane damage (Berger et al., 2010; Bonet- 
Ponce et al., 2020; Eguchi et al., 2018; Herbst et al., 2020). Our study 
adds to this body of knowledge, showing that once LRRK2 is at any 
membrane, kinase activation is enhanced, presumably via self- 
interaction as seen in vitro (Civiero et al., 2012; Greggio et al., 2008; 
Klein et al., 2009). Our data indicate that membrane damage is not 
specifically required for LRRK2 activation. Furthermore, all membranes 

Fig. 5. Recruitment of JIP4 is observed after trapping LRRK2 to the lysosome, Golgi or early endosomes. To investigate whether any events downstream of RAB10 
are observed in this trap system, we stained for JIP4 after trapping LRRK2 to the lysosomal (A,B) Golgi (C,D) and early endosome (E,F) membranes under conditions 
with or without rapamycin or MLi-2 treatments. Airyscan images and colocalization pixels are shown in (B,D,F) for each trap. Scale bar = 10 μm (A, B); 5 μm (C–D). 
Scale bar = 10 μm (A,C,E); 5 μm (B,D,F). 
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were equally suitable for activating LRRK2, implying that there are no 
specific membrane resident proteins involved in LRRK2 activation. 
Overall, our data are consistent with a model where membrane 
recruitment is sufficient for LRRK2 activation, although this needs to be 
tested in future studies. It should be noted that such a model does not 
exclude that membrane damage and recruitment may both indepen-
dently contribute to LRRK2 activation. 

Interestingly, we also found that once mutant LRRK2 is directed to 
lysosome or Golgi membranes, phosphorylation of RAB12 is unaffected 

compared to the robust accumulation of pRAB10. Previous studies have 
shown that mutant LRRK2 is more prone to accumulate at membranes 
compared to wildtype protein (Berger et al., 2010; Mamais et al., 2021) 
and we observed that pRAB12 more strongly colocalized with mutant 
LRRK2 at membranes compared to pRAB10. Thus, one possible expla-
nation for the minimal effect of membrane-bound mutant LRRK2 on 
pRAB12 is that mutant LRRK2 is present at membranes prior to induced 
recruitment. More extensive studies will be needed in order to elucidate 
differences between mutant LRRK2-dependent RAB phosphorylation. 

Fig. 6. Knockdown of endogenous RAB29 does not affect LRRK2 activation at the Golgi or lysosomal membranes. Following a 24 h incubation of siRNA RAB29 or 
non-targeting control, HEK293FT cells were transfected with 3xFlag-FKBP-LRRK2 and Golgi-trap. Cells were then treated with rapamycin for 15 min before lysing 
and pS1292 LRRK2, pT73 RAB10, and pS106 RAB12 levels were evaluated via Western blot (A-D). RAB29 knockdown efficiency was measured via total levels of 
endogenous protein (E). (B-E): two-way ANOVA with Tukey's multiple comparisons test, n = 3; SD bars shown; (B) treatment, p < 0.0001, F(1, 8) = 214.9; siRNA, p 
= 0.1536, F(1, 8) = 2.485, (C) treatment, p < 0.0001, F(1, 8) = 267.3; siRNA, p = 0.6008, F(1, 8) = 0.2967, (D) treatment, p < 0.0019, F(1, 8) = 20.69; siRNA, p =
0.1269, F(1, 8) = 2.901, (E) treatment, p = 0.3936, F(1, 8) = 0.8127; siRNA, p < 0.0001, F(1, 8) = 381.9. 
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Prior work has shown that a mitochondrial-targeting sequence fused 
to the N-terminus of RAB29 is sufficient to direct LRRK2 to mitochon-
dria, increasing its activity and subsequent RAB10 phosphorylation. 
However, in vivo data from RAB29 knockout mice and in vitro data from 
RAB29 knockout cells showed no difference in LRRK2 kinase measure-
ments (Gomez et al., 2019; Kalogeropulou et al., 2020). Here, we have 
confirmed, using the orthogonal approach of siRNA rather than 
knockout, that RAB29 is not necessary for the activation of LRRK2, as 
RAB29 deficient cells showed the same magnitude of LRRK2 activation 
as control cells using LRRK2, RAB10, and RAB12 phosphorylation 
readouts at both Golgi and lysosomal membranes. Therefore, and in 
agreement with other recent data, we infer that RAB29 is not an 
endogenous activator of LRRK2. However, both LRRK2 and RAB29 
knockout mice have similar lysosomal phenotypes, suggesting that there 
is an unresolved pathway relationship between LRRK2 and RAB29 
which should be evaluated in future studies. 

Collectively, the current results further establish that LRRK2 can be 
activated by association with multiple endomembranes, resulting in 
phosphorylation of RABs that then accumulate at local membranes and 
can recruit effector proteins including JIP4. Additional studies are 
required to further delineate how LRRK2 becomes activated at endo-
membranes in cells under pathological conditions. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2022.105769. 
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ABSTRACT
Mutations in Leucine-rich repeat kinase 2 (LRRK2) are a risk factor for and a cause of sporadic and 
familial Parkinson’s disease (PD), respectively. These mutations are some of the most common genetic 
contributors to PD and render the kinase hyperactive. Increasingly within the past decade, there has 
been substantial effort investigating LRRK2 as a target for therapeutics in preclinical studies, and 
currently, small-molecule inhibitors and antisense oligonucleotides are being assessed in clinical trials 
as therapies to reduce the toxic hyperactivity of its kinase and/or reduce total levels of the protein in 
healthy individuals and people with PD.
Areas covered: In this review, we will provide an update on the current status of drugs and other 
technologies that have emerged in recent years and provide an overview of their efficacy in ameliorat-
ing LRRK2 kinase activity and overall safety in animal models and humans.
Expert opinion: The growth of both target discovery and innovative drug design has sparked a lot of 
excitement for the future of how we treat Parkinson’s disease. Given the immense focus on LRRK2 as 
a therapeutic target, it is expected within the next decade to determine its therapeutic properties, or 
lack thereof, for PD.

ARTICLE HISTORY
Received 15 February 2022  
Accepted 24 May 2022  

KEYWORDS
Parkinson’s disease; Leucine- 
rich repeat kinase 2; kinase 
inhibition; LRRK2

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative 
disorder affecting voluntary movement with cardinal features 
being bradykinesia, muscle rigidity, and resting tremor and 
most often including a slew of other non-motor symptoms 
including depression, constipation, hyposmia, postural 
instability, and insomnia [1]. A definitive diagnosis of PD is 
confirmed by loss of dopaminergic neurons within the sub-
stantia nigra pars compacta of the brain as well as the protein 
and lipid inclusions known as Lewy bodies observed through 
autopsy. Thus, a prehumous diagnosis relies on clinical obser-
vation of the presence of the cardinal features [2,3]. 
Additionally, a series of supportive data from motor and cog-
nitive tests, and, in some cases dopamine transporter (DAT) 
positron emission tomography scans, can also be used to 
exclude other diseases or disorders. One such test is the 
observation of a positive response, or lack thereof, to 
a dopamine replacement therapy such as levodopa [1]. 
Levodopa, a soluble precursor of dopamine, helps to increase 
dopamine levels in the brain and diminish bradykinesia and 
rigidity. However, levodopa-induced motor complications will 
occur such as dyskinesias after a few years of continued use 
that impede daily activities and reduce patient quality of life 
[4]. Other medications that may be prescribed in the early 
stages of disease in order to prolong the onset of levodopa- 

induced complications are those curbing dopamine metabo-
lism such as monoamine oxidase type b (MAO-B) inhibitors or 
medications that bypass dopamine by stimulating dopamine 
receptors directly such as dopamine agonists [4,5]. While use-
ful in curtailing some of the symptoms of PD, currently there 
are no medications available that aid in slowing or stopping 
the progression of the disease.

Two decades ago, linkage analysis helped to identify cod-
ing variants in Leucine-rich repeat kinase 2 (LRRK2) as a genetic 
cause of PD [6,7], and since then extensive genetic analyses 
and genome-wide association studies have confirmed muta-
tions in LRRK2 as one of the most common causes of PD, with 
non-coding variants associated with enhanced lifetime risk of 
developing idiopathic PD [8–10]. More recently, it has become 
clear that non-coding variants at the LRRK2 locus are asso-
ciated with the rate of progression of the primary tauopathy 
Progressive Supranuclear Palsy (PSP) [11]. PD-associated muta-
tions in LRRK2 produce a toxic hyperactive kinase, as observed 
in in vitro and in vivo models utilizing a LRRK2 autophosphor-
ylation site at serine 1292, a indirect but kinase conformation- 
dependent phosphorylation site at serine 935, and a subset of 
small Rab GTPase substrates [12–16]. LRRK2 activity has been 
associated with a variety of organellar membranes, demon-
strating the protein’s wide influence on many pathways 
including the endolysosomal system, autophagy, ciliogenesis, 
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trans-Golgi integrity, vesicle sorting, and mitochondrial integ-
rity, presumably via its interactions with Rab proteins and 
other as of yet unidentified substrates [17–28]. Therefore, 
inhibiting hyperactive LRRK2 is potentially beneficial in alter-
ing PD pathogenesis.

A complex protein with both GTPase and kinase domains, 
LRRK2 is conceptually a strong candidate for the development 
of targeted therapeutics. Currently, many structurally distinct 
small-molecule LRRK2 kinase inhibitors are commercially avail-
able for experimental purposes and one inhibitor is soon to 
start phase II of clinical trials. In this review, we will give an 
update on efforts to employ LRRK2 kinase inhibitors, the 
potential difficulties of targeting LRRK2 systemically based on 
the results of preclinical studies, and alternative methods 
currently being explored to lower LRRK2 kinase activity as 
a therapy for PD.

2. Type I and type II LRRK2 kinase inhibitors

Since the development of the first small-molecule kinase inhi-
bitor used as an alternative to chemotherapy in cancer 
patients in 2001, the use of kinase inhibitors as a targeted 
treatment in a variety of diseases and illnesses have sky-
rocketed, with currently over 50 kinase inhibitors approved 
by the US Food and Drug Administration (FDA) available on 
the market [29,30]. Similarly, LRRK2 kinase inhibitors have 
gained a large focus as a potential treatment for PD. Years 
before the initial announcements of a LRRK2 clinical trial, 
commercially available LRRK2 kinase inhibitors were and con-
tinue to be a vital tool in basic biology research. Most LRRK2 
kinase inhibitors are orthosteric, thus belonging to the type 
I class of inhibitors and bind to the ATP-binding pocket of 
LRRK2 with an ‘in’ orientation of the DYG activation loop 
(Figure 1), and range widely in structure and potency. 
Currently, the most used are the third-generation, structurally 
distinct, and brain penetrant molecules MLi-2 [31], PF- 
06685360 (PFE-360), and GNE-7915 for basic research pur-
poses [32]. Each have been observed to strongly inhibit 
LRRK2 kinase activity via significant decreases in autopho-
sphorylation at S1292 LRRK2 as well as dephosphorylation of 
downstream Rab substrates in varying models in vitro and 
in vivo [13,31–36]. Interestingly, a cluster of phosphorylation 

sites near the N-terminus of LRRK2, S910/S935/S955/S973 
were found to promote 14-3-3 binding to the monomeric 
form of LRRK2 and are also dephosphorylated after acute 
and chronic administration of ATP-competitive inhibitors 
[37,38]. Thus, this cluster of phosphorylation sites have played 
an important role as readouts for LRRK2 inhibition, although 
indirect, as direct autophosphorylation readouts can be chal-
lenging to detect robustly due to low stoichiometry in some 
tissues, CSF, and blood [31,39,40].

Alternatively, type II kinase inhibitors, classified as binding 
to the ATP-binding pocket with an ‘out’ orientation of the 
activation loop (Figure 1), such as GZD-824, Rebastinib and 
Ponatinib, all of which were developed to counteract resis-
tance against the popular drug for chronic myelogenous leu-
kemia, imatinib, have also been found to target LRRK2 kinase 
activity [43–45]. When compared to the type I molecule MLi-2, 
all three type II drugs similarly were able to dephosphorylate 
downstream Rabs such as Rab10 and Rab12 at sites T73 and 
S105, respectively, in mouse embryonic fibroblasts [45]. 
Interestingly, type II inhibitors do not dephosphorylate resi-
dues S910/S935/S955/S973, however, require upwards of ~30- 
300x higher concentration compared to type I inhibitors in 
in vitro kinase assays utilizing wild-type LRRK2 [45]. 
Interestingly, when comparing the potency of type II inhibitors 
between wildtype and G2019S LRRK2 mutant proteins in 
a kinase assay using the synthetic LRRK2 substrate Nictide 
[46], Tasegian and colleagues observed that all three drugs 
had a lower potency when inhibiting mutant G2019S LRRK2, 
and this was recapitulated when measuring Rab10 depho-
sphorylation in both G2019S and R1441C LRRK2 knock-in 
MEFs [45]. This phenomenon was also observed by Kelly 
et al. when using the type I inhibitor MLi-2 in rats expressing 
human G2019S LRRK2 [36]. This suggests that the G2019S 
mutation may be more resilient to kinase inhibition, regardless 
of the conformation of LRRK2, although earlier data on the 
previous generation orthosteric inhibitor LRRK2-IN-1 reported 
higher sensitivity in G2019S LRRK2 cells compared to wild-type 
cells, suggesting that this may be drug-specific rather than 
class-specific [47].

To combat this G2019S resilience, a recent study intro-
duced the synthesis of another indazole-based type I LRRK2 
inhibitor with 2000-fold selectivity to G2019S LRRK2 compared 
to wild-type LRRK2 [48]. This inhibitor, named Compound 38, 
has also been shown to cross the blood–brain barrier, a first 
for G2019S-specific molecules, and provides a promising alter-
native specific for patients carrying the G2019S mutation. An 
additional compound, EB-42168, is reported to be 100x more 
selective for G2019S LRRK2 and been shown to ameliorate its 
hyperactive effects while sparing wild-type LRRK2 in periph-
eral blood mononuclear cells taken from G2019S-positive PD 
patients [49]. Thus, the creation of molecules with selective 
affinity to G2019S LRRK2 may be helpful when considering the 
drug efficacy of targeting hyperactive kinase specifically in 
G2019S-positive PD patients.

With regards to molecule affinity, Ponatinib, GZD-824, and 
Rebastinib have been found to inhibit 14–40 other kinases 
identified in a small drug screen of 140 different kinases [45], 
wheresas type I compounds such as MLi-2 and Compound 38 
are highly selective for LRRK2 [31]. As of yet, there are no 
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LRRK2-specific type II inhibitors that have been developed. 
Based on these data, type I inhibitor drugs would seem the 
better fit when considering chemical compounds for thera-
peutic use at this time. However, as both classes render LRRK2 
in different structural conformations, with type I inhibitor 
binding favoring a closed, active conformation, which has 
been associated with microtubule interaction [50–52], and 
type II binding favoring an open, inactive conformation, both 
classes hold equal purpose in the continuing efforts to under-
stand the relationship between LRRK2 structure, activity, and 
its downstream consequences.

2.1. Ongoing clinical trials using kinase inhibitors

Currently, there is one ongoing clinical trial using an orally 
administered, type I small molecule LRRK2 kinase inhibitor 
made by Denali Therapeutics (clinicaltrials.gov ID: 
NCT04056689). This compound, denoted as DNL151, and 
later BIIB122/DNL151 after a partnership between Denali 
and Biogen was announced mid-2020, was reported to have 
met all goals in phase 1 of the trial, in which 184 healthy 
individuals received a range of doses for up to 28 days. These 
goals included on-target engagement utilizing phosphoryla-
tion sites S935 LRRK2 (greater than or equal to 80% 

dephosphorylation) and T73 Rab10 (up to 50% dephosphor-
ylation) as readouts in whole blood and PBMCs, respectively 
[53]. In addition, this trial reported a dose-dependent reduc-
tion in 22:6-bis[monoacylglycerol] phosphate (BMP) in urine, 
a lysosomal lipid and marker of lysosomal function. Phase 1b 
completed in late 2020 reported similar results and included 
36 patients with Parkinson’s disease [53]. So far, BIIB122/ 
DNL151 has been well tolerated with minimal adverse events, 
namely nausea and headaches, which were quickly reversed 
after cessation of the drug [53]. Development of late-stage 
clinical trials using BIIB122/DNL151 are currently ongoing.

3. Complications of systemic employment of LRRK2 
kinase inhibitors: what preclinical studies tell us

Some of the most successful kinase inhibitors on the market 
today are those that have systemic targets as on-target effects 
are easily achieved via oral administration, for example, Janus 
kinase inhibitors (JAKs) in the treatment for rheumatoid arthri-
tis. What can be particularly challenging for any drug delivered 
systemically (i.e. oral, intravenous, or intramuscular adminis-
tration) for neurodegenerative diseases is to design 
a molecule that can cross the blood–brain barrier, as well as 
have limited peripheral side effects with chronic use.

Figure 1. Structural differences between type I and II small molecule kinase inhibitors.
A generic enzyme (yellow) is shown depicting the difference in structural conformation of the DFG/DYG motif (green) when bound to type I and II class kinase inhibitors (red), respectively 
(A). Dimeric structure for the LRRK2 complex, showing the active site of the kinase with ATP bound (B). Image derived from PDB 7LHT [41] using UCSF chimera [42]. 

EXPERT OPINION ON THERAPEUTIC TARGETS 3



Since the generation of third wave LRRK2 inhibitor mole-
cules, a few preclinical studies have been conducted across 
various animal models to gain insight into the efficacy and 
safety of targeting LRRK2 kinase chronically. Here, we will 
provide an update on the effects of type I kinase inhibitors 
at the molecular and tissue levels across mice, rats, and cyno-
molgus monkeys.

3.1. Molecular effects of acute and chronic LRRK2 
inhibition

Recent studies have shown both consistent results as well as 
discrepancies between animal species treated with LRRK2 
kinase inhibitors. First, several studies in mice and cynomolgus 
monkeys have shown that total LRRK2 levels in lung and 
kidney tissues diminish with type I inhibitors GNE-7915, GNE- 
0877, PFE-360, and MLi-2 within 7 days of daily PO dosing 
[38,39,54], as had been previously suggested by in vitro and 
kinase-dead knock-in mice studies [55–57]. However, one of 
these studies suggests that decreased levels are readily 
restored in peripheral tissues with cessation of treatment, as 
was observed in mice dosed PO with 120 mg/kg of MLi-2, the 
dose needed to achieve maximal dephosphorylation of S935, 
after a seven-day washout period [54]. This loss of total LRRK2 
was not observed in rats in the same peripheral tissues, how-
ever total levels in brain tissue showed a dose-dependent 
decrease using in-diet dosing of PFE-360 [36]. Taken together, 
these data suggest that kinase activity may play a role in the 
stability of the protein, and thus dosing may need to be care-
fully monitored when considering LRRK2 kinase inhibitor use 
in PD patients.

Moreover, wild-type mice given a 60 mg/kg daily in-diet 
dose of MLi-2 for 6 months showed increased levels of pro-
surfactant protein C (proSP-C) in lungs, with an observed peak 
at 28 days, followed by a gradual decrease back to levels 
comparable to control groups [54]. This suggests that surfac-
tant trafficking can adapt to chronic high levels of LRRK2 
inhibition. Further investigation showed that surfactant secre-
tion is not affected by LRRK2 kinase inhibition across species 
as measured by surfactant D and A levels in bronchoalveolar 
lavage fluid [38,39,54]. These studies, executed in wild-type 
animals, show relatively modest effects on lung tissue after 
high doses of MLi-2. Interestingly, in G2019S LRRK2 knock-in 
mice given a 60 mg/kg/day in-diet dose of MLi-2 for 
2.5 months showed no difference in proSP-C levels at both 
10 days of dosing and at endpoint compared to untreated 
wildtype animals, suggesting that inhibition of hyperactive 
LRRK2 kinase does not develop the same molecular effects in 
lung tissue as wild-type LRRK2 [33]. This is an important dis-
tinction, as patients carrying mutant LRRK2 may then have less 
of a risk in developing secondary lung effects when drugs 
target hyperactive LRRK2 compared to those without 
a LRRK2 mutation.

Additionally, in-diet MLi-2 dosing of G2019S LRRK2 knock- 
in mice at 60 mg/kg/day was sufficient to lower hyperactive 
LRRK2 back to wild-type levels of activity, as concluded by 
comparable levels of S1292 autophosphorylation, at both 
10 day and 10-week timepoints [33]. Interestingly, phospho- 
and total proteomic analyses of kidney tissue showed 

significant changes in endolysosomal proteins comparative 
to LRRK2 knockout animals [33,58]. This suggests that LRRK2 
inhibition can mimic some loss-of-function (LOF) effects in the 
endolysosomal system in peripheral tissues, as these proteins 
remained unaffected in the brain tissue of these animals. 
However, modest changes in proteins of mitochondrial integ-
rity were observed in brain tissue, such that treated G2019S 
LRRK2 knock-in animals resembled wildtype animals, suggest-
ing that G2019S LRRK2 mutant animals have slight mitochon-
drial defects that are ameliorated with chronic LRRK2 
inhibition [33].

What remains to be shown is whether any of these mole-
cular effects are translatable to humans. Studies have shown 
that people with LRRK2 haploinsufficiency have reduced levels 
of total LRRK2 protein; however, there have been conflicting 
reports on whether reduced levels are associated with pheno-
types or disease states in these individuals, with one claiming 
an increased risk for lung adenocarcinoma [59–61]. The caveat 
here is that chronic LRRK2 inhibition is not the same as LOF 
variants. In the former, the body must alter its normal mechan-
isms to account for reduced LRRK2 kinase activity, whereas the 
latter already developed mechanisms to cope with lower 
LRRK2 levels in utero. Lower LRRK2 protein levels may also 
not produce the same effects as lower kinase activity. Thus, it 
will be imperative to monitor the effects of LRRK2 kinase 
inhibitors as it relates to normal protein function.

3.2. Morphological changes in peripheral tissues

The most prominent morphological effects observed in vivo 
following LRRK2 kinase inhibitor treatments over a period of 
time have been an increase of vacuolation in lung type-II 
pneumocytes across wildtype mice and cynomolgus monkeys 
[39,54]. This returned to normal levels after a 1-week washout 
period. Studies using GNE-7915, GNE-0877, PFE-360, and MLi-2 
all reported this vacuolation, suggesting that this is a result of 
on-target effects [31,38,39,54,62]; however, pulmonary func-
tion was also shown to be unaffected in monkeys receiving 
a 50 mg/kg PO MLi-2 daily dose for 28 days [39]. One potential 
concern here is that vacuolation has not been reported to 
regulate with continued treatment use. Thus, if translatable 
to humans, this phenotype may have the potential to harbor 
long-term adverse effects in PD patients using a LRRK2 inhi-
bitor treatment.

Additionally, rats given 7.5 mg/kg of PFE-360 BID for 
10 weeks showed hyperpigmentation of the kidneys, a pheno-
type seen in LRRK2 KO rats and mice [58,63]. It is worth noting 
that this was not observed in the treatments of mice nor mon-
keys, suggesting this is a species-specific phenotype 
[33,38,39,54]. Overall, it is currently unknown whether any lung 
or kidney complications will arise in humans, and thus careful 
monitoring of these organs will be critical in current and future 
clinical trials testing the efficacy of LRRK2 kinase inhibitors.

4. Alternative approaches to reduce LRRK2 kinase 
activity

Aside from type I and II kinase inhibitors, additional 
approaches have been suggested and are currently in 
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development. Here, we will briefly highlight some of these 
approaches as alternative therapies targeting LRRK2 kinase 
activity.

4.1. Antisense oligonucleotides

In recent years, there has been much excitement centered 
around the practicality and potential therapeutic use of anti-
sense oligonucleotides (ASOs) in neurodegenerative diseases. 
This synthetic technology is aimed at reducing mutant or 
pathogenic proteins by marking the target’s mRNA for degra-
dation, or at producing more functional proteins via modula-
tion of the splicing of RNA. The most successful use of an ASO 
in the neurodegenerative space has been for Spinal Muscular 
Atrophy (SMA), in which large deletions or LOF mutations 
found in the SMN1 gene result in terminal disease [64]. The 
ASO nusinersen, approved by the FDA in 2016, works to 
modulate the splicing of the homologue gene SMN2 such 
that full-length SMN transcripts are increased two-to six-fold 
and thereby increase its wild-type protein [65]. Patients who 
have received this treatment in clinical trials reported no 
serious adverse effects and observed significant improvements 
in motor function, survival rate, and independence from per-
manent ventilation [65]. This is a huge milestone in the treat-
ment for SMA that sparked hope for many other 
neurodegenerative diseases targeting mutant proteins and 
LOF alleles. Clinical trials evaluating the therapeutic efficacy 
of ASOs for Huntington’s, Alzheimer’s, Amyotrophic Lateral 
Sclerosis (ALS), and Parkinson’s diseases are currently under-
way, with varying degrees of success [66–70].

In August 2019, a phase 1 clinical trial using an ASO desig-
nated BIIB094, to target LRRK2 through intrathecal administra-
tion began, with the primary and secondary outcomes 
measuring safety/tolerability and pharmacokinetics in the 
blood of people with and without LRRK2 mutations 
(NCT03976349). The aim of reducing LRRK2 mRNA is to reduce 
the synthesis of LRRK2 protein in order to ameliorate the toxic 
effects of gain-of-function mutations in patients with LRRK2 
mutations and reduce kinase activity in patients without 
LRRK2 mutations. Phase 1 is expected to conclude in 2023.

A preclinical study in mice showed that ASOs were able to 
successfully reduce LRRK2 mRNA in the brain, leaving periph-
eral tissues unaffected and thus potentially bypassing the 
peripheral toxicity observed in models using small-molecule 
inhibitors [71]. However, clinical relevant efficacy in the reduc-
tion of total LRRK2 protein has yet to be determined in 
humans, i.e. slowing, stopping, or reversing the progression 
of the disease. As LRRK2 haploinsufficiency is not associated 
with human diseases [59,60], this approach is predicted to be 
safe long term.

4.2. LRRK2 GTPase modulators

Both LRRK2 GTPase and kinase domains interact and depend 
on one another for proper functioning at the cytosol and 
organellar membranes. In fact, common mutations found 
within the GTPase domain have been shown to alter the 
affinity of GTP and decrease GTP hydrolysis, affecting LRRK2 
localization and kinase activity [14,72–78]. Recently, two 

studies revealed that the Roc GTPase domain exists in 
a dynamic dimer-monomer equilibrium, and that the 
R1441C/G/H mutations alter this equilibrium [79,80]. 
Therefore, modulating its GTPase activity may impart thera-
peutic benefits by allosterically reducing kinase activity.

Two GTP-binding inhibitors, Compound 68 and FX2149, 
have been shown to decrease LRRK2 kinase activity, utilizing 
kinase assays in vitro as well as measuring a reduction in S935 
phosphorylation in vivo [75,81–83]. Moreover, an increase in 
LRRK2 ubiquitination was observed after GTP-binding inhibitor 
treatment in the brains of mice receiving two doses of 10 mg/ 
kg FX2149 intraperitoneally for 3 days [82]. This suggests GTP- 
binding inhibition may reduce total levels of LRRK2 similarly to 
kinase inhibitors. With longer treatment time points, it will be 
interesting to determine whether similar peripheral effects on 
kidneys and lungs of animals occur as observed in those 
treated with kinase inhibitors.

Additionally, recent studies suggest a role of LRRK2 in 
inflammatory response mechanisms across various PD models 
and PD patients [84–87]. Interestingly, LRRK2-dependent 
inflammatory effects, such as TNF-alpha secretion, have been 
shown to be reduced in human lymphoblasts treated with 
Compound 68 prior to incubation with LPS for up to 4 hours 
in vitro, suggesting that the GTPase domain is critical in reg-
ulating inflammatory stimuli, and thus GTPase modulation 
may have protective effects against neuroinflammation that 
is often observed in PD pathology [83]. Alternatively, methods 
to increase the GTP hydrolysis of LRRK2, especially when deal-
ing with mutations in the ROC-COR domains, should also be 
considered when developing GTPase modulators for 
therapeutics.

4.3. Nanobodies

Nanobodies, small single-domain antigen-binding fragments 
originating from camelid heavy chain-only antibodies, have 
recently made their way into clinical trials as potential ther-
apeutics in autoimmune disorders and cancer with one, capla-
cizumab, receiving approval from the European Medicines 
Agency (EMA) and the FDA for treatment of patients with 
thrombotic thrombocytopenic purpura [88–90]. Nanobodies 
have strong affinity for their targets and can act as antago-
nists, agonists, allosteric inhibitors or activators. Additionally, 
nanobody affinities are conformation-specific. Taken together, 
nanobodies provide high modulability and versatility, with the 
therapeutic potential to target many wide-ranging disorders 
and diseases.

LRRK2-targeting nanobodies have recently been developed 
by Singh et al. to determine their binding capabilities and 
potential therapeutic properties [91]. They reported the gen-
eration of 10 distinct nanobodies that show a strong affinity 
for both over-expressed human and endogenous mouse 
LRRK2 as detected with immunoprecipitation assays in vitro. 
Interestingly, some nanobodies worked to allosterically inhibit 
or activate LRRK2 kinase, depending on their affinity for GDP-, 
GTP-bound or unbound LRRK2, as measured by in vitro kinase 
assays with LRRK2-specific AQT0615 peptide substrate, as well 
as Western blot analyses of pS1292 LRRK2 and pT73 Rab10 in 
HEK293FT cells over-expressing G2019S LRRK2 [91]. Overall, 
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nanobodies provide a promising and exciting alternative ave-
nue for LRRK2 kinase modulation. As the generation of nano-
bodies targeting LRRK2 is brand new, it will be important for 
future studies to test the safety and efficacy of these tools 
in vivo, as well as the evaluation of their capacity to cross the 
blood–brain barrier.

5. Conclusion

The current development of such a wide array of tools target-
ing LRRK2 has indeed provided much hope for the field of PD 
therapeutics. We are now within the liminal space determining 
this target’s efficacy to either revert, halt, or slow disease 
progression. As we await the outcomes of kinase inhibitor 
and ASO trial studies, we can reflect on the significant genetic 
and mechanistic gains the field has made which has provided 
a clearly defined target, with a stratified population and 
obvious routes to modulating activity of LRRK2. There is also 
evidence for the potential to generalize this target to other 
patients should it be successful in the genetically defined 
population.

6. Expert opinion

LRRK2 is a large protein, encompassing a GTPase and kinase 
catalytic core, flanked by WD40, ankyrin, and leucine-rich 
repeat protein–protein interaction and stabilization domains. 
Most disease-causing mutations have been identified within 
the enzymatic domains and all of which contribute to the 
hyperactivity of its kinase function [92–94]. Thus far, ATP- 
competitive kinase inhibitors have been the most focused 
avenue as a therapeutic intervention in reducing LRRK2 kinase 
activity; however, other tools such as ASOs, GTPase modula-
tors, and nanobodies pose interesting and creative alterna-
tives that are worth investigation (Figure 2). An important 
perspective to consider, aside from the clinical relevant 

efficacy of any of these therapeutic tools, is of their logistical 
merit as a long-term therapy for patients, i.e. cost of treat-
ment, ease of administration, and potential adverse side 
effects. Small molecules as well as nanobodies are highly 
stable, low molecular weight compounds. Additionally, they 
are cheap to produce and thus can keep costs relatively low 
for patients [95,96]. Alternatively, ASOs cost more to produce 
and require large volumes of hazardous materials and energy 
[97]. A single intrathecal injection of the SMA ASO nusinersen 
costs $125,000 USD, creating a huge wealth gap between 
families that can and cannot afford life-saving treatment [98]. 
Therefore, in terms of patient accessibility, cheaper alternative 
drugs would be much more inclusive for the majority, how-
ever, considering the economies of scale for a common dis-
ease such as PD may allow for cheaper costs for ASO 
treatments. Additionally, orally administered small-molecule 
drugs also lend themselves to patient accessibility, as patients 
and caretakers would not need to schedule in-person visits 
every few months for intrathecal injection, not to mention is 
much more comfortable, without risk of developing adverse 
effects at the sight of insertion such as tenderness, bruising or 
infection. In contrast, intrathecal administration of ASOs allows 
for little to no risk of peripheral side effects as observed with 
kinase inhibitors in preclinical models.

The ongoing clinical trials for LRRK2 kinase inhibitors and 
ASOs will, over the coming years, clarify whether targeting 
LRRK2 will be therapeutically advantageous in PD, opening 
up the possibility for treatment to be patient stratified based 
on mutation, risk status, and/or drug toleration [99]. In addi-
tion to those with specific LRRK2 mutations, studies have 
shown that enhanced LRRK2 kinase activity can also be 
found in patients with idiopathic PD and therefore suggest 
that LRRK2-modifying treatments may be useful to a broader 
scope of PD patients rather than mutation carriers only 
[100,101]. Aside from PD, recent advances in PSP genetics 
have identified a lead single-nucleotide polymorphism (SNP) 

Figure 2. Schematic of potential LRRK2-targeting treatments. This schematic was created in Biorender, utilizing the PDB Builder feature for the LRRK2 structure (ID: 
5U6I).
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that regulates LRRK2 expression as a factor for survival out-
come in people with PSP [11]. Therefore, intervention with 
therapies targeting LRRK2 could potentially serve as an 
umbrella therapy, benefiting those with PSP as well. In addi-
tion to PSP, some case studies have reported a potential link 
between LRRK2 and multiple-system atrophy (MSA), whereas 
others have reported no association [102–105]. Therefore, it 
will require additional investigation in order to confirm a true 
mechanistic link between LRRK2 and MSA.

For nearly the last six decades, the treatment of PD has been 
centered on dopamine replacement therapies, as progress in the 
development of disease-modifying treatments for PD has been 
limited. Thus, it is a particularly exciting time for PD therapeutics, 
with multiple clinical trials underway for mechanistically targeted 
therapies, i.e. LRRK2, GBA and alpha-synuclein [106]. However, 
there is still a long way to go in the development of disease- 
modifying treatments for PD. In comparison, there have been 
over 200 clinical trials to date to assess treatments for 
Alzheimer’s disease (AD), of which 99% have failed to be effica-
cious, most probably due to the complexity of the disease and its 
aging component that most disease models lack [107]. This has 
both positive and negative implications for PD. The failures of AD 
clinical trials highlight what hurdles may be on the horizon for PD 
and give us the opportunity to prepare for them. Realistically 
however, it would not come as a surprise if PD clinical trials mirror 
a similar path, as PD is just as complex, and the most commonly 
used models still lack an aging component. It is just the beginning 
for PD therapeutics; however, the path to effective treatments is 
now more hopeful than at any other time in the past half century.

Funding

This research was funded in part by the Intramural Research Program of 
the NIH, the National Institute on Aging (MRC), the University of Reading 
and the University of Padova Intramural Program.

Declaration of interest
The authors have no relevant affiliations or financial involvement with any 
organization or entity with a financial interest in or financial conflict with 
the subject matter or materials discussed in the manuscript. This includes 
employment, consultancies, honoraria, stock ownership or options, expert 
testimony, grants or patents received or pending, or royalties.

Reviewer disclosures
Peer reviewers on this manuscript have no relevant financial or other 
relationships to disclose

ORCID
Jillian H. Kluss http://orcid.org/0000-0002-6262-6661
Patrick A. Lewis http://orcid.org/0000-0003-4537-0489
Elisa Greggio http://orcid.org/0000-0002-8172-3598

References

Papers of special note have been highlighted as either of interest (•) 
or of considerable interest (••) to readers.

1. Jankovic J. Parkinson’s disease: clinical features and diagnosis. 
J Neurol Neurosurg Psychiatry. 2008 Apr;79(4):368–376.

2. Postuma RB, Berg D, Stern M, et al. MDS clinical diagnostic criteria 
for Parkinson’s disease. Mov Disord. 2015;30(12):1591–1601.

3. Hughes AJ, Daniel SE, Kilford L, et al. Accuracy of clinical diagnosis 
of idiopathic Parkinson’s disease: a clinico-pathological study of 
100 cases. J Neurol Neurosurg Psychiatry. 1992 Mar;55(3):181–184.

4. Schapira AHV. Present and future drug treatment for Parkinson’s 
disease. J Neurol Neurosurg Psychiatry. 2005 Nov 1;76 
(11):1472–1478.

5. Nemade D, Subramanian T, Shivkumar V. An update on medical 
and surgical treatments of Parkinson’s disease. Aging Dis. 2021 Jul 
1;12(4):1021–1035.

6. Paisán-Ruíz C, Jain S, Evans EW, et al. Cloning of the gene contain-
ing mutations that cause PARK8-linked Parkinson’s disease. 
Neuron. 2004 Nov 18;44(4):595–600.

7. Zimprich A, Müller-Myhsok B, Farrer M, et al. The PARK8 locus in 
autosomal dominant Parkinsonism: confirmation of linkage and 
further delineation of the disease-containing interval. Am J Hum 
Genet. 2004 Jan;74(1):11–19.

8. Satake W, Nakabayashi Y, Mizuta I, et al. Genome-wide association 
study identifies common variants at four loci as genetic risk factors 
for Parkinson’s disease. Nat Genet. 2009 Dec;41(12):1303–1307.

9. Simón-Sánchez J, Schulte C, Bras JM, et al. Genome-wide associa-
tion study reveals genetic risk underlying Parkinson’s disease. Nat 
Genet. 2009 Dec;41(12):1308–1312.

10. Nalls MA, Blauwendraat C, Vallerga CL, et al. Identification of novel 
risk loci, causal insights, and heritable risk for Parkinson’s disease: 
a meta-analysis of genome-wide association studies. Lancet Neurol. 
2019 Dec 1;18(12):1091–1102.

11. Jabbari E, Koga S, Valentino RR, et al. Genetic determinants of 
survival in progressive supranuclear palsy: a genome-wide associa-
tion study. Lancet Neurol. 2021 Feb 1;20(2):107–116.

12. Sheng Z, Zhang S, Bustos D, et al. Ser1292 autophosphorylation is 
an indicator of LRRK2 kinase activity and contributes to the cellular 
effects of PD mutations. Sci Transl Med. 2012 Dec 12;4 
(164):164ra161–164ra161.

13. Kluss JH, Conti MM, Kaganovich A, et al. Detection of endogenous 
S1292 LRRK2 autophosphorylation in mouse tissue as a readout for 
kinase activity. Npj Park Dis. 2018 Apr 19;4(1):13.

14. West AB, Moore DJ, Choi C, et al. Parkinson’s disease-associated 
mutations in LRRK2 link enhanced GTP-binding and kinase activ-
ities to neuronal toxicity. Hum Mol Genet. 2007 Jan 15;16 
(2):223–232.

15. Steger M, Tonelli F, Ito G, et al. Phosphoproteomics reveals that 
Parkinson’s disease kinase LRRK2 regulates a subset of Rab 
GTPases. eLife. 2016 Jan 29;5. DOI:10.7554/eLife.12813.

16. Greggio E, Jain S, Kingsbury A, et al. Kinase activity is required for 
the toxic effects of mutant LRRK2/dardarin. Neurobiol Dis. 2006 
Aug 1;23(2):329–341.

17. Greggio E, Zambrano I, Kaganovich A, et al. The Parkinson 
disease-associated leucine-rich repeat kinase 2 (LRRK2) is a dimer 
that undergoes intramolecular autophosphorylation. J Biol Chem. 
2008 Jun 13;283(24):16906–16914.

18. Manzoni C, Mamais A, Dihanich S, et al. Inhibition of LRRK2 kinase 
activity stimulates macroautophagy. Biochim Biophys Acta BBA - 
Mol Cell Res. 2013 Dec 1;1833(12):2900–2910.

19. Bonet-Ponce L, Beilina A, Williamson CD, et al. LRRK2 mediates 
tubulation and vesicle sorting from lysosomes. Sci Adv. 2020 Nov 
1;6(46):eabb2454.

20. Liu Z, Bryant N, Kumaran R, et al. LRRK2 phosphorylates 
membrane-bound Rabs and is activated by GTP-bound Rab7L1 to 
promote recruitment to the trans-Golgi network. Hum Mol Genet. 
2018 15;27(2):385–395.

21. Purlyte E, Dhekne HS, Sarhan AR, et al. Rab29 activation of the 
Parkinson’s disease-associated LRRK2 kinase. EMBO J. 2019 Jan 
15;38(2):e101237.

22. Steger M, Diez F, Dhekne HS, et al. Systematic proteomic analysis of 
LRRK2-mediated Rab GTPase phosphorylation establishes 

EXPERT OPINION ON THERAPEUTIC TARGETS 7

https://doi.org/10.7554/eLife.12813


a connection to ciliogenesis. eLife. 2017 10;6. DOI:10.7554/ 
eLife.31012.

23. Herbst S, Campbell P, Harvey J, et al. LRRK2 activation controls the 
repair of damaged endomembranes in macrophages. EMBO J. 2020 
Sep 15;39(18):e104494.

24. Beilina A, Bonet-Ponce L, Kumaran R, et al. The Parkinson’s disease 
protein LRRK2 interacts with the GARP complex to promote retro-
grade transport to the trans-golgi network. Cell Rep. 2020 May 5;31 
(5):107614.

25. Bonello F, Hassoun SM, Mouton-Liger F, et al. LRRK2 impairs PINK1/ 
Parkin-dependent mitophagy via its kinase activity: pathologic 
insights into Parkinson’s disease. Hum Mol Genet [Internet]. 28 
(10):1645–1660. [cited 2019 Feb 4]; Available from: https://aca 
demic.oup.com/hmg/advance-article/doi/10.1093/hmg/ddz004/ 
5281397

26. Korecka JA, Thomas R, Christensen DP, et al. Mitochondrial clear-
ance and maturation of autophagosomes are compromised in 
LRRK2 G2019S familial Parkinson’s disease patient fibroblasts. 
Hum Mol Genet. 2019 Oct 1;28(19):3232–3243.

27. Dhekne HS, Yanatori I, Vides EG, et al. LRRK2-phosphorylated Rab10 
sequesters Myosin Va with RILPL2 during ciliogenesis blockade. Life 
Sci Alliance [Internet]. 2021 May 1;4(5). [cited 2022 Jan 9]; Available 
from: https://www.life-science-all iance.org/content/4/5/ 
e202101050

28. Kluss JH , Bonet-Ponce L, Lewis, PA, et al. Directing LRRK2 to 
membranes of the endolysosomal pathway triggers RAB phosphor-
ylation and JIP4 recruitment. Neurobiology of disease.2022 
May;170:0969–9961.

29. Jeon J, Sparreboom A, Baker S. Kinase inhibitors: the reality behind 
the success. Clin Pharmacol Ther. 2017 Nov;102(5):726–730.

30. Roskoski R. Properties of FDA-approved small molecule protein 
kinase inhibitors: a 2020 update. Pharmacol Res. 2020 
Feb;152:104609.

31. Fell MJ, Mirescu C, Basu K, et al. MLi-2, a potent, selective, and 
centrally active compound for exploring the therapeutic potential 
and safety of LRRK2 kinase inhibition. J Pharmacol Exp Ther. 2015 
Dec;355(3):397–409. 

•• This is the first in-depth in vivo dosing study using MLi-2.
32. Estrada AA, Liu X, Baker-Glenn C, et al. Discovery of highly potent, 

selective, and brain-penetrable leucine-rich repeat kinase 2 (LRRK2) 
small molecule inhibitors. J Med Chem. 2012 Nov 26;55 
(22):9416–9433.

33. Kluss JH, Mazza MC, Li Y, et al. Preclinical modeling of chronic 
inhibition of the Parkinson’s disease associated kinase LRRK2 
reveals altered function of the endolysosomal system in vivo. Mol 
Neurodegener. 2021 Mar 19;16(1):17. 

• This is the first study to employ chronic in vivo dosing of MLi-2 
to G2019S KI mice to ameliorate hyperactive LRRK2 levels back 
to wildtype levels. This study includes total and phospho- 
proteomic analyses of brain and peripheral tissues known to 
be affected by LRRK2 inhibitors.

34. Wang S, Kelly K, Brotchie JM, et al. Exosome markers of LRRK2 
kinase inhibition. NPJ Park Dis. 2020 Nov 13;6(1):32.

35. Ito G, Katsemonova K, Tonelli F, et al. Phos-tag analysis of Rab10 
phosphorylation by LRRK2: a powerful assay for assessing kinase 
function and inhibitors. Biochem J. 2016 01;473(17):2671–2685.

36. Kelly K, Wang S, Boddu R, et al. The G2019S mutation in LRRK2 
imparts resiliency to kinase inhibition. Exp Neurol. 2018 Nov 
1;309:1–13.

37. Nichols RJ, Dzamko N, Morrice NA, et al. 14-3-3 binding to LRRK2 is 
disrupted by multiple Parkinson’s disease-associated mutations 
and regulates cytoplasmic localization. Biochem J. 2010 Sep 
15;430(3):393–404.

38. Fuji RN, Flagella M, Baca M, et al. Effect of selective LRRK2 kinase 
inhibition on nonhuman primate lung. Sci Transl Med. 2015 Feb 4;7 
(273):273ra15. 

•• This study compares three structurally distinct LRRK2-specific 
type I inhibitors in non-human primates. An in-depth charac-
terization of pulmonary function is included.

39. Baptista MAS, Merchant K, Barrett T, et al. LRRK2 inhibitors induce 
reversible changes in nonhuman primate lungs without measur-
able pulmonary deficits. Sci Transl Med [Internet]. 2020 Apr 22;12 
(540). [cited 2020 Apr 26]; Available from: https://stm.sciencemag. 
org/content/12/540/eaav0820

40. Dzamko N, Deak M, Hentati F, et al. Inhibition of LRRK2 kinase 
activity leads to dephosphorylation of Ser910/Ser935, disruption of 
14-3-3 binding and altered cytoplasmic localization. Biochem J. 
2010 Aug 27;430(3):405–413.

41. Myasnikov A, Zhu H, Hixson P, et al. Structural analysis of the 
full-length human LRRK2. Cell. 2021 Jun 24;184(13):3519–3527.e10.

42. Pettersen EF, Goddard TD, Huang CC, et al. UCSF Chimera–a visua-
lization system for exploratory research and analysis. J Comput 
Chem. 2004 Oct;25(13):1605–1612.

43. Liu M, Bender SA, Cuny GD, et al. Type II kinase inhibitors show an 
unexpected inhibition mode against Parkinson’s disease-linked 
LRRK2 mutant G2019S. Biochemistry. 2013 Mar 12;52 
(10):1725–1736.

44. O’Hare T, Shakespeare WC, Zhu X, et al. AP24534, a Pan-BCR-ABL 
inhibitor for chronic myeloid leukemia, potently inhibits the T315I 
mutant and overcomes mutation-based resistance. Cancer Cell. 
2009 Nov 3;16(5):401–412.

45. Tasegian A, Singh F, Ganley IG, et al. Impact of type II LRRK2 
inhibitors on signaling and mitophagy. Biochem J. 2021 Oct 6;478 
(19):3555–3573.

46. Nichols RJ, Dzamko N, Hutti JE, et al. Substrate specificity and 
inhibitors of LRRK2, a protein kinase mutated in Parkinson’s dis-
ease. Biochem J. 2009 Oct 23;424(1):47–60.

47. Deng X, Dzamko N, Prescott A, et al. Characterization of a selective 
inhibitor of the Parkinson’s disease kinase LRRK2. Nat Chem Biol. 
2011 Apr;7(4):203–205.

48. Leśniak RK, Nichols RJ, Schonemann M, et al. Discovery of 
G2019S-Selective leucine rich repeat protein kinase 2 inhibitors 
with in vivo efficacy. Eur J Med Chem. 2022 Feb 5;229:114080.

49. Bright JM, Carlisle HJ, Toda AMA, et al. Differential inhibition of 
LRRK2 in Parkinson’s disease patient blood by a G2019S selective 
LRRK2 inhibitor. Mov Disord. 2021;36(6):1362–1371.

50. Deniston CK, Salogiannis J, Mathea S, et al. Structure of LRRK2 in 
Parkinson’s disease and model for microtubule interaction. Nature. 
2020 Dec;588(7837):344–349.

51. Watanabe R, Buschauer R, Böhning J, et al. The in situ structure of 
Parkinson’s disease-linked LRRK2. Cell. 2020 Sep 17;182(6):1508– 
1518.e16.

52. Schmidt SH, Weng JH, Aoto PC, et al. Conformation and dynamics 
of the kinase domain drive subcellular location and activation of 
LRRK2. Proc Natl Acad Sci U S A. 2021 Jun 8;118(23):e2100844118.

53. Press Release [Internet]. Denali. [cited 2021 Nov 30]. Available from: 
https://www.denalitherapeutics.com/investors/press-release 

•• The most recent update on results of the Phase I trials of 
DNL151/BIIB122.

54. Bryce D, Ware CM, Woodhouse JD, et al. Characterization of the 
onset, progression, and reversibility of morphological changes in 
mouse lung following pharmacological inhibition of LRRK2 kinase 
activity. J Pharmacol Exp Ther [Internet]. 2021 Jan 1;377(1):11–19. 
[cited 2021 Feb 4]; Available from: https://jpet.aspetjournals.org/ 
content/early/2021/01/28/jpet.120.000217 

• In line with studies in non-human primates, this study con-
firms morphological changes to lung type II pneumocytes in 
wildtype mice treated with LRRK2 kinase inhibitors.

55. Lobbestael E, Civiero L, De Wit T, et al. Pharmacological LRRK2 
kinase inhibition induces LRRK2 protein destabilization and protea-
somal degradation. Sci Rep [Internet]. 2016 Sep 23;6. [cited 2020 
May 8]; Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/ 
PMC5034242/

56. Zhao J, Molitor TP, Langston JW, et al. LRRK2 dephosphorylation 
increases its ubiquitination. Biochem J. 2015 Jul 1;469(Pt 
1):107–120.

57. Herzig MC, Kolly C, Persohn E, et al. LRRK2 protein levels are 
determined by kinase function and are crucial for kidney and 

8 J. H. KLUSS ET AL.

https://doi.org/10.7554/eLife.31012
https://doi.org/10.7554/eLife.31012
https://academic.oup.com/hmg/advance-article/doi/10.1093/hmg/ddz004/5281397
https://academic.oup.com/hmg/advance-article/doi/10.1093/hmg/ddz004/5281397
https://academic.oup.com/hmg/advance-article/doi/10.1093/hmg/ddz004/5281397
https://www.life-science-alliance.org/content/4/5/e202101050
https://www.life-science-alliance.org/content/4/5/e202101050
https://stm.sciencemag.org/content/12/540/eaav0820
https://stm.sciencemag.org/content/12/540/eaav0820
https://www.denalitherapeutics.com/investors/press-release
https://jpet.aspetjournals.org/content/early/2021/01/28/jpet.120.000217
https://jpet.aspetjournals.org/content/early/2021/01/28/jpet.120.000217
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5034242/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5034242/


lung homeostasis in mice. Hum Mol Genet. 2011 Nov 1;20 
(21):4209–4223.

58. Pellegrini L, Hauser DN, Li Y, et al. Proteomic analysis reveals 
co-ordinated alterations in protein synthesis and degradation pathways 
in LRRK2 knockout mice. Hum Mol Genet. 2018 15;27(18):3257–3271.

59. Blauwendraat C, Reed X, Kia DA, et al. Frequency of loss of function 
variants in LRRK2 in Parkinson disease. JAMA Neurol. 2018 Nov 1;75 
(11):1416–1422.

60. Whiffin N, Armean IM, Kleinman A, et al. The effect of LRRK2 loss-of- 
function variants in humans. Nat Med. 2020 Jun;26(6):869–877.

61. Lebovitz C, Wretham N, Osooly M, et al. Loss of Parkinson’s sus-
ceptibility gene LRRK2 promotes carcinogen-induced lung tumor-
igenesis. Sci Rep. 2021 Jan 22;11(1):2097.

62. Scott JD, DeMong DE, Greshock TJ, et al. Discovery of a 
3-(4-Pyrimidinyl) Indazole (MLi-2), an orally available and selective 
leucine-rich repeat kinase 2 (LRRK2) inhibitor that reduces brain 
kinase activity. J Med Chem. 2017 Apr 13;60(7):2983–2992.

63. Andersen MA, Wegener KM, Larsen S, et al. PFE-360-induced LRRK2 
inhibition induces reversible, non-adverse renal changes in rats. 
Toxicology. 2018 15;395:15–22.

64. Lunn MR, Wang CH. Spinal muscular atrophy. Lancet Lond Engl. 
2008 Jun 21;371(9630):2120–2133.

65. Wurster CD, Ludolph AC. Nusinersen for spinal muscular atrophy. 
Ther Adv Neurol Disord. 2018 Mar 13;11:1756285618754459.

66. Kingwell K. Double setback for ASO trials in huntington disease. 
Nat Rev Drug Discov. 2021 May 19;20(6):412–413.

67. Miller T, Cudkowicz M, Shaw PJ, et al. Phase 1–2 trial of antisense 
oligonucleotide tofersen for SOD1 ALS. N Engl J Med. 2020 Jul 
9;383(2):109–119.

68. Grabowska-Pyrzewicz W, Want A, Leszek J, et al. Antisense oligo-
nucleotides for Alzheimer’s disease therapy: from the mRNA to 
miRNA paradigm. EBioMedicine [Internet]. 2021 Dec 1;74. [cited 
2022 Jan 5]; Available from: https://www.thelancet.com/journals/ 
ebiom/article/PIIS2352-3964(21)00485-0/fulltext#seccesectitle0003

69. Cole TA, Zhao H, Collier TJ, et al. α-Synuclein antisense oligonu-
cleotides as a disease-modifying therapy for Parkinson’s disease. 
JCI Insight. 2021;6(5):e135633.

70. Kingwell K. Zeroing in on neurodegenerative α-synuclein. Nat Rev 
Drug Discov. 2017 Jun 1;16(6):371–373.

71. Zhao HT, John N, Delic V, et al. LRRK2 antisense oligonucleotides 
ameliorate α-synuclein inclusion formation in a Parkinson’s disease 
mouse model. Mol Ther Nucleic Acids. 2017 Sep 15;8:508–519.

72. Lewis PA, Greggio E, Beilina A, et al. The R1441C mutation of LRRK2 
disrupts GTP hydrolysis. Biochem Biophys Res Commun. 2007 Jun 
8;357(3):668–671.

73. Li C, Ting Z, Qin X, et al. The prevalence of LRRK2 Gly2385Arg 
variant in Chinese han population with Parkinson’s disease. Mov 
Disord Off J Mov Disord Soc. 2007 Dec;22(16):2439–2443.

74. Xiong Y, Coombes CE, Kilaru A, et al. GTPase activity plays a key 
role in the pathobiology of LRRK2. PLOS Genet. 2010 Apr 8;6(4): 
e1000902.

75. Liao J, Wu CX, Burlak C, et al. Parkinson disease-associated muta-
tion R1441H in LRRK2 prolongs the “active state” of its GTPase 
domain. Proc Natl Acad Sci U S A. 2014 Mar 18;111(11):4055–4060.

76. Soliman A, Cankara FN, Kortholt A. Allosteric inhibition of LRRK2, 
where are we now. Biochem Soc Trans. 2020 Oct 20;48(5):2185–2194.

77. Blanca Ramírez M, Ordóñez AJL, Fdez E, et al. GTP binding regu-
lates cellular localization of Parkinson’s disease-associated LRRK2. 
Hum Mol Genet. 2017 Jul 15;26(14):2747–2767.

78. Biosa A, Trancikova A, Civiero L, et al. GTPase activity regulates 
kinase activity and cellular phenotypes of Parkinson’s disease- 
associated LRRK2. Hum Mol Genet. 2013 Mar 15;22(6):1140–1156.

79. Wu CX, Liao J, Park Y, et al. Parkinson’s disease-associated muta-
tions in the GTPase domain of LRRK2 impair its nucleotide- 
dependent conformational dynamics. J Biol Chem. 2019 Apr 
12;294(15):5907–5913.

80. Huang X, Wu C, Park Y, et al. The Parkinson’s disease–associated 
mutation N1437H impairs conformational dynamics in the 
G domain of LRRK2. FASEB J. 2019 Apr;33(4):4814–4823.

81. Li T, He X, Thomas JM, et al. A novel GTP-Binding inhibitor, FX2149, 
Attenuates LRRK2 toxicity in Parkinson’s disease models. PLoS ONE. 
2015 Mar 27;10(3):e0122461. 

• This study characterizes a LRRK2 GTP-binding inhibitor 
in vitro.

82. Thomas JM, Wang X, Guo G, et al. GTP-binding inhibitors increase 
LRRK2-linked ubiquitination and Lewy body-like inclusions. J Cell 
Physiol. 2020;235(10):7309–7320.

83. Li T, Ning B, Kong L, et al. A LRRK2 GTP binding inhibitor, 68, 
reduces LPS-induced signaling events and TNF-α release in 
human lymphoblasts. Cells. 2021 Feb 23;10(2):480.

84. Dzamko NL. LRRK2 and the immune system. Adv Neurobiol. 
2017;14:123–143.

85. Brockmann K, Apel A, Schulte C, et al. Inflammatory profile in 
LRRK2-associated prodromal and clinical PD. J Neuroinflammation. 
2016 May 24;13(1):122.

86. Wallings RL, Tansey MG. LRRK2 regulation of immune-pathways 
and inflammatory disease. Biochem Soc Trans. 2019 Dec 20;47 
(6):1581–1595.

87. Kluss JH, Mamais A, Cookson MR. LRRK2 links genetic and sporadic 
Parkinson’s disease. Biochem Soc Trans. 2019 Apr 30;47(2):651–661.

88. Jovčevska I, Muyldermans S. The therapeutic potential of 
nanobodies. BioDrugs Clin Immunother Biopharm Gene Ther. 
2020 Feb;34(1):11–26.

89. Fernandes JC. Therapeutic application of antibody fragments in 
autoimmune diseases: current state and prospects. Drug Discov 
Today. 2018 Dec;23(12):1996–2002.

90. Scully M, Cataland SR, Peyvandi F, et al. Caplacizumab treatment 
for acquired thrombotic thrombocytopenic purpura. N Engl J Med 
[Internet]. 2019 Jan 9;380(4):335–346. [cited 2022 Jan 9]; Available 
from: https://www.nejm.org/doi/10.1056/NEJMoa1806311

91. Singh RK, Soliman A, Guaitoli G, et al. Nanobodies as allosteric 
modulators of Parkinson’s disease–associated LRRK2. Proc Natl 
Acad Sci. 2022 Mar;119(9):e2112712119. 

• This study describes the development and characterization of 
the first LRRK2-targeting nanobodies.

92. Berwick DC, Heaton GR, Azeggagh S, et al. LRRK2 biology from 
structure to dysfunction: research progresses, but the themes 
remain the same. Mol Neurodegener. 2019 Dec 21;14(1):49.

93. Greggio E, Cookson MR. Leucine-rich repeat kinase 2 mutations 
and Parkinson’s disease: three questions. ASN NEURO. 2009 Apr 
14;1(1):e00002.

94. Cookson MR. The role of leucine-rich repeat kinase 2 (LRRK2) in 
Parkinson’s disease. Nat Rev Neurosci. 2010 Dec;11(12):791–797.

95. Makurvet FD. Biologics vs. small molecules: drug costs and patient 
access. Med Drug Discov. 2021 Mar 1;9:100075.

96. Muyldermans S. A guide to: generation and design of nanobodies. 
FEBS J. 2021;288(7):2084–2102.

97. Andrews BI, Antia FD, Brueggemeier SB, et al. Sustainability chal-
lenges and opportunities in oligonucleotide manufacturing. J Org 
Chem. 2021 Jan 1;86(1):49–61.

98. Jalali A, Rothwell E, Botkin JR, et al. Cost-Effectiveness of nusinersen 
and universal newborn screening for spinal muscular atrophy. 
J Pediatr. 2020 Dec 1;227:274–280.e2.

99. Bandres-Ciga S, Diez-Fairen M, Kim JJ, et al. Genetics of Parkinson 
disease: an introspection of its journey towards precision medicine. 
Neurobiol Dis. 2020 Apr;137:104782.

100. Di Maio R, Hoffman EK, Rocha EM, et al. LRRK2 activation in idio-
pathic Parkinson’s disease. Sci Transl Med. 2018 Jul 25;10(451): 
eaar5429.

101. Rocha EM, Keeney MT, Maio RD, et al. LRRK2 and idiopathic 
Parkinson’s disease. Trends Neurosci. 2022 Mar 1;45(3):224–236.

EXPERT OPINION ON THERAPEUTIC TARGETS 9

https://www.thelancet.com/journals/ebiom/article/PIIS2352-3964(21)00485-0/fulltext#seccesectitle0003
https://www.thelancet.com/journals/ebiom/article/PIIS2352-3964(21)00485-0/fulltext#seccesectitle0003
https://www.nejm.org/doi/10.1056/NEJMoa1806311


102. Heckman MG, Schottlaender L, Soto-Ortolaza AI, et al. LRRK2 exonic 
variants and risk of multiple system atrophy. Neurology. 2014 Dec 
9;83(24):2256–2261.

103. Riboldi GM, Palma J, Cortes E, et al. Early-onset pathologically 
proven multiple system atrophy with LRRK2 G2019S mutation. 
Mov Disord. 2019 Jul;34(7):1080–1082.

104. Ozelius LJ, Foroud T, May S, et al. G2019S mutation in the 
leucine-rich repeat kinase 2 gene is not associated with multiple 
system atrophy. Mov Disord. 2007;22(4):546–549.

105. Katzeff JS, Phan K, Purushothuman S, et al. Cross-examining candi-
date genes implicated in multiple system atrophy. Acta 
Neuropathol Commun. 2019 Jul 24;7(1):117.

106. McFarthing K, Rafaloff G, Baptista MAS, et al. Parkinson’s disease 
drug therapies in the clinical trial pipeline: 2021 update. J Park Dis. 
2021;11(3):891–903.

107. Yiannopoulou KG, Anastasiou AI, Zachariou V, et al. Reasons for 
failed trials of disease-modifying treatments for alzheimer disease 
and their contribution in recent research. Biomedicines. 2019 Dec 
9;7(4):97. 

• This comprehensive review provides an in-depth discussion on 
the reasons why clinical trials for Alzheimer’s disease therapies 
have failed. This is particularly important, as it foreshadows 
what may be in store for those pursuing drug trial success in 
Parkinson’s disease.

10 J. H. KLUSS ET AL.


	Kluss2022_PhDThesis_corrected
	Manuscripts_combined
	First 2019
	LRRK2 links genetic and sporadic Parkinson's disease
	Abstract
	Introduction
	Genetics
	LRRK2 mutations cause autosomal dominant PD and can be a risk factor for sPD
	GWAS suggest modified expression of LRRK2 is associated with sporadic PD

	Higher LRRK2 activity is found in both genetic and sporadic PD patients and is reflected in in vitro and in vivo models
	The role of LRRK2 in PD-related inflammation
	The role of LRRK2 mutations in vesicular trafficking
	Kinase activity: a push towards new LRRK2-targeting drug therapies

	Perspectives
	Author Contribution
	Funding
	Competing Interests
	References


	Second 2020
	Introduction 
	Materials and Methods 
	Animals 
	Antibodies 
	Brain Lysis and Western Blotting 
	Immunofluorescence 
	Statistical Analysis 

	Results 
	LRRK2 Expression in Midbrain, Striatum, and Cortex 
	Changes in Ser935 and Ser1292 Phosphorylation in G2019S and R1441C Knockin Brains at Different Ages 
	Changes in Ser935-Lrrk2, Ser1292-Lrrk2, and Thr73-Rab10 Phosphorylation in G2019S and R1441C Knockin Lungs and Kidneys 
	Age-Dependent Increase of Lrrk2 Phosphorylation and Steady State Levels in BAC-Lrrk2 G2019S Brains 

	Discussion 
	References

	Third 2020
	Fourth 2021
	Abstract
	Background
	Methods
	Animals
	Acute MLi-2 dosing
	Chronic in-diet dosing
	Statistical analyses
	Immunoblotting
	Tissue preparation for proteomics and phosphoproteomics
	Phosphoproteomics and bioinformatics analysis

	Results
	Relative sensitivity of LRRK2 autophosphorylation and Rab GTPase phosphorylation to MLi-2 inhibition in�vivo
	Time course of acute MLi-2 administration reveals that phosphorylation of Rab GTPases recovers faster than LRRK2 phosphorylation
	In-diet MLi-2 administration can diminish G2019S-dependent hyperphosphorylation to wild type levels
	Chronic MLi-2 treatment in G2019S KI mice results in sustained LRRK2 and Rab12 dephosphorylation
	Unbiased proteomics reveal both therapeutic and dysregulatory effects in endolysosomal, trafficking, and mitochondrial pathways with chronic LRRK2 inhibition in mice
	Validation of endolysosomal, trafficking, and mitochondrial proteins in chronically LRRK2 inhibited mice reveal both a rescue of mutant-driven effects and dysregulatory patterns in�vivo

	Discussion
	Conclusion
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Competing interests
	Author details
	References
	Publisher’s Note

	Fifth 2021
	Sixth 2022
	Directing LRRK2 to membranes of the endolysosomal pathway triggers RAB phosphorylation and JIP4 recruitment
	1 Introduction
	2 Methods
	2.1 Cell culture
	2.2 Reagents and treatments
	2.3 Cloning
	2.4 Transfection and siRNA knockdown
	2.5 Antibodies
	2.6 Confocal microscopy
	2.7 Immunostaining
	2.8 SDS PAGE and Western Blotting
	2.9 Statistical analysis

	3 Results
	3.1 Trapping LRRK2 to Golgi or lysosomal membranes results in enhanced kinase activity
	3.2 Phosphorylated RAB proteins accumulate at intracellular membranes via trapped LRRK2
	3.3 JIP4 can be recruited to multiple cellular membranes dependent on LRRK2 kinase activity
	3.4 RAB29 is not necessary for LRRK2 activation at the lysosome

	4 Discussion
	Author contributions
	Declaration of Competing Interest
	Acknowledgements
	References


	Seventh 2022
	Abstract
	1.  Introduction
	2.  Type Iand type II LRRK2 kinase inhibitors
	2.1.  Ongoing clinical trials using kinase inhibitors

	3.  Complications of systemic employment of LRRK2 kinase inhibitors: what preclinical studies tell us
	3.1.  Molecular effects of acute and chronic LRRK2 inhibition
	3.2.  Morphological changes in peripheral tissues

	4.  Alternative approaches to reduce LRRK2 kinase activity
	4.1.  Antisense oligonucleotides
	4.2.  LRRK2 GTPase modulators
	4.3.  Nanobodies

	5.  Conclusion
	6.  Expert opinion
	Funding
	Declaration of interest
	Reviewer disclosures
	References





