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Abstract

The identification of Parkinson’s disease (PD)-associated genes has created a powerful platform to 

begin to understand and nominate pathophysiological disease mechanisms. Herein, we discuss the 

genetic and experimental evidence supporting endolysosomal dysfunction as a major pathway 

implicated in PD. Well-studied familial PD-linked gene products, including LRRK2, VPS35, and 

α-synuclein, demonstrate how disruption of different aspects of endolysosomal sorting pathways 

by disease-causing mutations may manifest into PD-like phenotypes in many disease models. 

Newly-identified PD-linked genes, including auxilin, synaptojanin-1 and Rab39b, as well as 

putative risk genes for idiopathic PD (endophilinA1, Rab29, GAK), further support endosomal 

sorting deficits as being central to PD. LRRK2 may represent a nexus by regulating many distinct 

features of endosomal sorting, potentially via phosphorylation of key endocytosis machinery (i.e. 

auxilin, synaptojanin-1, endoA1) and Rab GTPases (i.e. Rab29, Rab8A, Rab10) that function 

within these pathways. In turn, LRRK2 kinase activity is critically regulated by Rab29 at the Golgi 

complex and retromer-associated VPS35 at endosomes. Taken together, the known functions of 

PD-associated gene products, the impact of disease-linked mutations, and the emerging functional 

interactions between these proteins points to endosomal sorting pathways as a key point of 

convergence in the pathogenesis of PD.
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Genetics lead the way to understanding Parkinson’s disease pathogenesis

As the global population grows and ages, neurological disorders have become the largest 

source of disability and the second largest cause of death worldwide (Collaborators., 2019). 

Of these disorders Parkinson’s disease (PD) is one of the fastest growing with nearly 22% 

increase in age-standardized prevalence between 1990 and 2016 (Collaborators., 2018). PD 

is the most common neurodegenerative movement disorder affecting 10 million people 

worldwide and projected to affect nearly 1 million in North America alone by 2020 (Marras 
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et al., 2018, Dorsey and Bloem, 2018, Dorsey et al., 2018). Clinically, PD is largely 

diagnosed via cardinal motor symptoms, including resting tremor, bradykinesia, rigidity and 

postural instability (Lang and Lozano, 1998a, Lang and Lozano, 1998b). Pathologically, PD 

is characterized by the relatively selective loss of dopaminergic neurons in the substantia 
nigra pars compacta (SNpc) resulting in dopamine depletion of the nigrostriatal pathway and 

brainstem Lewy pathology (Lang and Lozano, 1998a, Lang and Lozano, 1998b). Despite 

urgent clinical need and impending societal health burden, current therapies are purely 

palliative and often lose efficacy as disease progresses. The lack of tractable therapeutic 

success is likely due to our nascent understanding of disease etiology. Over the past 200 

years since PD was originally described, many pathogenic mechanisms have been proposed 

based on genetic, epidemiological, experimental and pathological evidence including; 

endolysosomal dysfunction, mitochondrial deficits, synaptic dysfunction, protein 

aggregation, and inflammation, to name a few (Meissner et al., 2011, Moore et al., 2005). 

Yet today, it remains uncertain what causes the selective loss of nigral dopaminergic neurons 

and other neuronal populations in people with PD.

Although the majority of PD is idiopathic, PD can also occur in a familial manner due to the 

Mendelian inheritance of distinct genetic mutations, with the identification of at least 15 

genes to date. While familial PD due to autosomal dominant inheritance (i.e. LRRK2, 

VPS35, SNCA) is usually similar to idiopathic disease with typical late-onset, clinical 

symptoms and neuropathology, autosomal recessive PD (i.e. Parkin, PINK1, DJ-1) tends to 

be early-onset, slowly progressive, and most often lacks Lewy pathology (Hernandez et al., 

2016, Blauwendraat et al., 2019). Genome-wide association studies (GWAS) for idiopathic 

PD have also highlighted common genetic variants (~90 SNPs) in loci involved in PD risk, 

that include genes linked to familial PD (i.e. SNCA, LRRK2) as well as within candidate 

genes that cluster in similar biological pathways (Nalls et al., 2014, Chang et al., 2017, Nalls 

et al., 2019). The genes linked to familial PD or nominated by GWAS provide key insight 

into the molecular and cellular mechanisms that regulate age-related neuronal vulnerability 

and Lewy pathology in PD, and collectively implicate the endolysosomal system as an 

important subcellular location and pathway for disease pathogenesis (Table 1). In this 

review, we will discuss the most well-studied familial PD genes involved in the 

endolysosomal system; LRRK2, VPS35 and α-synuclein, and their connections to other, 

recently identified PD-linked endosomal genes. Currently, human genetic and cell biological 

studies provide the strongest evidence for disease pathogenesis through endolysosomal 

dysfunction (Abeliovich and Gitler, 2016).

Role of familial PD genes in endosomal sorting pathways

The endolysosomal system:

In order to understand how alterations in familial PD genes cause disease, an understanding 

of how they play roles within, or interact with, the endosomal system is required. Briefly, 

proteins enter the endosomal system from two main directions, either via endocytosis at the 

plasma membrane or from the trans-Golgi network (TGN) (Figure 1). Endocytic vesicles 

from either direction fuse with endosomes, adding their contents and/or membrane-bound 

“cargo” proteins into the endosomal lumen. Once in the endosomal system, cargo can be 
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recycled back to the plasma membrane or TGN, transported to a new destination or remain 

in the endosome as it acidifies and matures into a lysosome for eventual degradation. At this 

stage the lysosome may fuse with other organelles such as autophagosomes for organelle or 

protein degradation and clearance. Perturbations to this system can result in cargo that 

abnormally remains in the maturing endosome and is eventually degraded in the lysosome. It 

is hypothesized that the accumulation of protein cargo or pathogenic proteins with time may 

eventually contribute to lysosome dysfunction and cell death. A number of PD models 

support this concept as perturbation of PD-linked proteins have been shown to consistently 

disrupt endolysosomal functions resulting in the accumulation and/or swelling of different 

vesicular structures.

For retrieval and recycling from the endosome, cargo must be recognized and sorted to other 

compartments. Recognition of cargo in the endosomal membrane is performed by three 

main complexes, including the retromer, retriever and ESCRT (endosomal sorting complex 

required for transport) (Seaman, 2012, McNally and Cullen, 2018, Vietri et al., 2020). 

Briefly, both retromer and retriever select cargo from early and recycling endosomes for 

retrograde transport, subsequently preventing cargo from undergoing lysosomal degradation. 

Although retromer and retriever are functionally and structurally similar (i.e. heterotrimers 

that include a VPS29 subunit), each complex recognizes a specific set of protein cargo for 

recycling (Seaman, 2012, McNally and Cullen, 2018, McNally et al., 2017). In contrast, the 

ESCRT complex is less cargo-selective and instead gathers ubiquitinated proteins upon late 

endosomes for inclusion into intra-luminal vesicles (ILV). Cargo-enriched ILVs are 

contained in multivesicular bodies for future degradation by the lysosome (Wollert and 

Hurley, 2010, Christ et al., 2017). Here, we focus on VPS35 and the retromer due to their 

importance to endosomal sorting and familial PD (Williams et al., 2017).

Vacuolar protein sorting-associated protein 35 (VPS35):

Retromer is a heteropentameric complex responsible for selecting cargo in the early 

endosome for retrograde transport to the plasma membrane or TGN. VPS35, VPS26, and 

VPS29 form the cargo-selective complex (CSC) which is required for the identification of 

cargo for recycling (Seaman, 2012). VPS35 is the largest component of the CSC consisting 

of an α-solenoid that makes up a central backbone that binds to VPS26 at its N-terminus and 

VPS29 at its C-terminus (Hierro et al., 2007, Kovtun et al., 2018). The CSC trimer 

associates with a sorting nexin (SNX) dimer, consisting of either SNX1 or SNX2 and SNX5 

or SNX6, to form a pentamer (Cullen and Korswagen, 2011). Although the CSC is required 

for cargo recognition, it is unable to associate with the endosomal membrane on its own and 

requires membrane recruitment via the SNX dimer and Rab7A (Seaman, 2012). A 

proportion of the retromer associates with FAM21, a component of the pentameric Wiscott-

Aldrich syndrome protein and SCAR homolog (WASH) complex, to recruit WASH to the 

endosomal membrane where it mediates F-actin polymerization and the formation of patches 

required for the partitioning of cargo into endosomal tubules for sorting (Seaman et al., 

2013, Seaman and Freeman, 2014).

One classical retromer cargo is the cation-independent mannose-6 phosphate receptor 

(CIMPR) that binds newly synthesized acid hydrolases in the TGN, including cathepsin D, 
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for transport to the maturing endolysosome (Arighi et al., 2004, Seaman, 2004). Note that 

the mechanism involved in sorting proteins to the endosome does not involve the retromer. 

As the endolysosome matures and acidifies, the cathepsin D ligand is released into the 

lumen. CIMPR is subsequently identified by the retromer and recycled to the TGN for reuse. 

Similarly, cargo that undergo endocytosis at the plasma membrane often consist of receptors 

and ion channels, including the glucose transporter (GLUT1), AMPA receptor subunits 

(GluR1/R2), or the β2-adrenergic receptor, although in neurons there is also a large degree 

of specialized endocytosis at synapses including pre- and post-synaptic compartments (Choy 

et al., 2014, Steinberg et al., 2013, Temkin et al., 2011). In both locations, clathrin-coated 

pits form at the plasma membrane to remove receptors and transporters following ligand 

binding and/or activation. Following endocytosis, receptor cargo are sequestered into early 

endosomes where they remain until being recycled back to the cell surface through 

recognition and sorting by the retromer and WASH complexes, or sorted for degradation via 

the lysosome. These examples indicate that cargo retrieval is important for protein recycling 

and efficient sorting but also to maintain normal lysosomal health.

Mutations in VPS35 were first identified to cause autosomal dominant, familial PD less than 

a decade ago, but this and other discoveries have promoted great interest into the role of 

endosomal sorting in PD (Zimprich et al., 2011, Vilarino-Guell et al., 2011). Several putative 

mutations in VPS35 have been identified to date, but only a single missense mutation 

(p.Asp620Asn, D620N, c.1858G>A) has been confirmed as pathogenic based upon 

segregation with disease in multiple PD families (Deng et al., 2012, Kumar et al., 2012, 

Sharma et al., 2012, Zimprich et al., 2011, Vilarino-Guell et al., 2011, Williams et al., 2017). 

Familial PD due to VPS35 mutations is clinically similar to idiopathic disease with late-

onset, slow progression, and a good response to levodopa therapy. Only a single VPS35-

linked PD subject has been assessed at autopsy albeit incompletely without assessment of 

the brainstem, and therefore the neuropathological hallmarks associated with VPS35 
mutations are not yet clear (Wider et al., 2008, Struhal et al., 2014). PET imaging of the 

caudate putamen in VPS35-linked PD subjects is consistent with degeneration of the 

nigrostriatal dopaminergic pathway (Wider et al., 2008, Deng et al., 2013). A dominant 

pattern of inheritance combined with a lack of familial mutations that produce deleterious 

truncations, rearrangements or exonic deletions, may suggest that heterozygous VPS35 
mutations most likely cause disease through a toxic gain-of-function or dominant-negative 

mechanism (Williams et al., 2017). However, the pathogenic effects of the D620N mutation 

in different cells and models are still being investigated.

At the present time, the only known molecular defect induced by the D620N mutation is a 

reduced interaction of VPS35 with the WASH complex via impaired binding to FAM21 

(McGough et al., 2014, Zavodszky et al., 2014). The D620N mutation does not alter the 

protein stability of VPS35, alter retromer assembly or distribution in cells or brain, and does 

not induce global defects in retromer cargo sorting including sortilin or sorLA (Tsika et al., 

2014). However, altered sorting of CIMPR, AMPA receptors or ATG9A have been reported 

in certain cell types expressing D620N VPS35 (Follett et al., 2016, MacLeod et al., 2013, 

Munsie et al., 2015, Zavodszky et al., 2014). The effects of the D620N mutation on the 

interaction of VPS35 with other retromer cargo or accessory proteins is not yet clear, 

whereas it is not known whether the reduction in WASH complex recruitment contributes to 
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cellular damage (Zavodszky et al., 2014). While D620N VPS35 retains many of the 

functions of its wild-type counterpart (Williams et al., 2017), there are examples where the 

D620N protein may act in a loss-of-function manner depending on the specific phenotypic 

or cellular context (Linhart et al., 2014, MacLeod et al., 2013, Zavodszky et al., 2014). 

Together, these studies indicate that D620N VPS35 may produce subtle functional deficits 

most consistent with a partial loss-of-function effect but how or whether these effects are 

sufficient to manifest neurodegeneration remains unknown.

Rodent models have further helped to understand the pathogenic mechanism of the D620N 

mutation. The viral-mediated overexpression of human D620N VPS35 within the 

nigrostriatal pathway of adult rats is sufficient to induce dopaminergic neurodegeneration 

and axonal pathology (Tsika et al., 2014), consistent with a gain-of-function or partial 

dominant-negative mechanism. Furthermore, the recent development of D620N VPS35 
knockin mice indicate that homozygous D620N mice exhibit normal development, survival 

and motor function (Chen et al., 2019, Ishizu et al., 2016, Cataldi et al., 2018). This contrasts 

with the embryonic lethality of VPS35 knockout mice (Chen et al., 2019, Wen et al., 2011), 

demonstrating that the D620N VPS35 protein is largely functional and unlikely to manifest 

via a loss-of-function. In addition, both heterozygous and homozygous D620N VPS35 
knockin mice display equivalent and progressive dopaminergic neuronal degeneration, 

axonal damage and somatodendritic tau pathology with advanced age (Chen et al., 2019). A 

recent study provides evidence for LRRK2 hyperactivation in tissues from D620N VPS35 
knockin mice as indicated by increased phosphorylation of the LRRK2 substrate Rab10 as 

well as LRRK2 autophosphorylation (i.e. at Ser1292) (Mir et al., 2018). LRRK2 

hyperactivation is equivalent between heterozygous and homozygous knockin mice (Mir et 

al., 2018), which together with neuropathological observations in these mice (Chen et al., 

2019), support a toxic gain-of-function mechanism for the D620N mutation and exclude a 

loss-of-function mechanism.

In general, the loss of VPS35 expression is known to be detrimental in different cells and 

animal models (Williams et al., 2017), indicating a critical requirement of VPS35 function 

for normal cellular health and viability. Earlier studies have focused on the role of VPS35 

loss-of-function in Alzheimer’s disease (AD) since vulnerable brain regions of AD subjects 

exhibit decreased VPS35 protein levels (Small et al., 2005, Wen et al., 2011, Muhammad et 

al., 2008). In PD, studies have explored a potential functional interaction between PD-linked 

LRRK2 and VPS35, and have shown that PD-linked LRRK2 mutants can phenocopy the 

effects of VPS35 depletion in Drosophila and primary cortical neuronal models (Linhart et 

al., 2014, MacLeod et al., 2013). Further evidence that these two proteins may operate in a 

common pathway is supported by observations that the overexpression of wild-type VPS35 

(but not the D620N mutant) can rescue mutant LRRK2-induced neuronal phenotypes in 

these models (Linhart et al., 2014, MacLeod et al., 2013). Moreover, endogenous VPS35 

protein is reduced by PD-linked LRRK2 mutants in cells or brains of LRRK2 transgenic 

mice (MacLeod et al., 2013), however, there are conflicting data concerning whether VPS35 

levels are also reduced in human brains from idiopathic or LRRK2 mutant PD subjects 

(Tsika et al., 2014, Zhao et al., 2018). The concept that PD-linked LRRK2 mutations may 

exert their pathogenic effects in PD by decreasing VPS35 expression and impairing retromer 

function is attractive since, 1) this would indicate that LRRK2 and VPS35 interact and 
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operate in a common cellular pathway relevant to PD that manifests in retromer deficiency, 

and 2) that targeting this interaction could provide a single therapeutic strategy for different 

familial forms of PD, and potentially be relevant to idiopathic PD as well as AD. Additional 

studies are now warranted to further validate this potential LRRK2/VPS35 disease 

mechanism, especially using rodent models of PD and human brain tissue.

Due to the relevance of VPS35 loss to AD pathophysiology (Small et al., 2005, Small and 

Petsko, 2015, Li et al., 2019), there have been significant efforts to develop therapeutic 

compounds that can boost VPS35 levels and/or stabilize the retromer (Berman et al., 2015). 

While such compounds have been developed with AD in mind, it is not yet clear whether 

this approach could also be used in PD subjects, especially those harboring VPS35 
mutations. R33 and R55 are small molecule chemical chaperones that stabilize the 

interaction between VPS35 and VPS29 to increase retromer stability and boost its 

expression (Mecozzi et al., 2014, Berman et al., 2015). While these compounds are effective 

at increasing retromer and reducing Aβ peptide accumulation in cultured hippocampal 

neurons (Mecozzi et al., 2014), their pharmacokinetic properties and brain permeability for 

neuroprotective studies in rodent models of AD or PD are being evaluated (Li et al., 2020). 

While PD-linked LRRK2 mutations may drive retromer deficiency in some simple models 

(Linhart et al., 2014, MacLeod et al., 2013), studies in D620N VPS35 knockin rodent 

models do not necessarily suggest a loss-of-function mechanism (Chen et al., 2019). 

Therefore, the utility of retromer-stabilizing compounds for PD awaits further evaluation and 

mechanistic studies in PD-linked VPS35 rodent models.

The homozygous deletion of VPS35 in mice results in early embryonic lethality whereas 

heterozygous null (VPS35+/−) mice exhibit normal development and lifespan (Chen et al., 

2019, Tang et al., 2015a, Wen et al., 2011). Therefore, VPS35 is critically required for 

normal embryonic development and viability. VPS35+/− mice develop chronic and 

progressive nigrostriatal degeneration resulting in the modest loss of dopaminergic neurons 

(~20% loss) by 12 months of age but without overt neuronal loss in the hippocampus (Tang 

et al., 2015a). Furthermore, the conditional homozygous deletion of VPS35 selectively in 

DAT-positive dopaminergic neurons (VPS35DAT-Cre mice) induces early dopaminergic 

neuronal and axonal loss (~30%) by 2-3 months of age (Tang et al., 2015b), although it is 

unclear whether neuronal loss is progressive in this model. These studies indicate that 

VPS35 depletion in mice is sufficient to produce age-dependent PD-like neuropathology, 

and demonstrate that VPS35 is critically required for the normal maintenance and survival of 

dopaminergic neurons. However, what remains uncertain is whether VPS35 deletion 

selectively impacts dopaminergic neurons of the substantia nigra (A9 population), versus 

other dopaminergic (i.e. A10 ventral tegmental area) or non-dopaminergic neuronal 

populations, and how these effects specifically relate to the pathogenic mechanisms induced 

by the PD-linked D620N mutation. Recent studies have reported the conditional deletion of 

VPS35 selectively in microglia or forebrain neurons of mice. Deletion of VPS35 in 

microglial cells (VPS35CX3CR1-CreER) results in normal survival but increased microglial 

density and activity in the hippocampus, increased neuronal progenitor proliferation but 

decreased neuronal differentiation (Appel et al., 2018). Curiously, VPS35 deletion in 

CamKIIα-positive forebrain neurons results in glial activation (Qureshi et al., 2019), 

whereas deletion in embryonic pyramidal neurons (VPS35neurod6-Cre) impairs axonal and 
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dendritic terminal differentiation, and induces cortical atrophy and reactive gliosis (Tang et 

al., 2020). Together, these studies suggest that different brain cells are vulnerable to VPS35 
loss, including midbrain and forebrain neurons, although selective deletion in microglia is 

not sufficient alone to produce PD-like pathology implying that dopaminergic neuronal loss 

is likely to be a cell-autonomous mechanism (Tang et al., 2015a, Tang et al., 2015b). 

Whether VPS35 depletion is relevant to the mechanisms underlying PD-linked mutations 

requires additional investigation, especially given the difference in survival between 

homozygous VPS35 knockout and D620N VPS35 knockin mice (Chen et al., 2019, Wen et 

al., 2011), and the limited evidence for reduced VPS35 in PD brains (MacLeod et al., 2013, 

Tsika et al., 2014, Zhao et al., 2018).

While VPS35 plays a distinct role in retromer-dependent endosomal sorting and is directly 

linked to familial PD, it is also known to physically or functionally interact with proteins 

implicated in endosomal pathways and PD pathophysiology including LRRK2, α-synuclein, 

tau, parkin and Rab29, which will be addressed in later sections (Chen et al., 2019, Linhart 

et al., 2014, MacLeod et al., 2013, Miura et al., 2014, Williams et al., 2018, Dhungel et al., 

2015).

Leucine-rich repeat kinase 2 (LRRK2):

LRRK2 is reported to influence a number of cellular processes or pathways and its precise 

function within the endosomal system is incompletely understood. LRRK2 is enriched upon 

multiple intracellular membranes and vesicular compartments including early and late 

endosomal membranes (Biskup et al., 2006, Berger et al., 2010, Alegre-Abarrategui et al., 

2009, Stafa et al., 2014). Furthermore, LRRK2 is reported to interact with a number of PD-

linked gene products that can reside and/or function within the endosomal system, including 

VPS35, α-synuclein, auxilin/DNAJC6, synaptojanin-1 (SYNJ1), endophilinA1 (EndoA1) 

and Rab GTPases (i.e. Rab29, Rab32). LRRK2 can also regulate endocytosis and the sorting 

of receptors or cargo for recycling or lysosomal degradation in different mammalian cells 

(Gomez-Suaga et al., 2014, MacLeod et al., 2013, Wallings et al., 2019, Xiong et al., 2010). 

Together, these observations suggest LRRK2 may serve as a nexus in the endosomal system 

in PD, although the specific molecular mechanisms involved have not been elucidated.

Mutations in the LRRK2 gene cause late-onset, autosomal dominant PD and represent the 

most common cause of familial PD (Biskup and West, 2009, Healy et al., 2008, Paisan-Ruiz 

et al., 2004, Zimprich et al., 2004). Common genetic variation at the LRRK2 locus is also 

associated with increased risk for idiopathic PD (Nalls et al., 2014), indicating that LRRK2 
can serve as a pleomorphic risk locus. Similar to VPS35-linked PD, familial PD due to 

LRRK2 mutations is clinically indistinguishable from idiopathic disease although mutations 

can produce pleomorphic neuropathology (Biskup and West, 2009, Healy et al., 2008, 

Zimprich et al., 2004). LRRK2 is a large multi-domain protein that is notable for containing 

two distinct enzymatic domains, including a Ras-of-Complex (Roc) GTPase domain and a 

serine/threonine-directed protein kinase domain (Islam and Moore, 2017). LRRK2 belongs 

to the ROCO protein family that is defined by containing a Roc domain in tandem with a C-

terminal-of-Roc (COR) linker domain. At least seven missense mutations in LRRK2 have 

been identified that segregate with disease in families with PD, including N1437H, 
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R1441C/G/H, Y1699C, G2019S, and I2020T (Hernandez et al., 2016, Islam and Moore, 

2017). These pathogenic mutations cluster within the central Roc-COR-kinase catalytic 

domains and share the capacity to enhance LRRK2 kinase activity in cells via direct effects 

on the kinase activation loop (G2019S, I2020T) or indirectly by impairing GTP hydrolysis 

and prolonging the GTP-bound ‘on’ state (Islam and Moore, 2017, Sheng et al., 2012, Steger 

et al., 2017, Steger et al., 2016, West et al., 2005, West et al., 2007, Xiong et al., 2010). 

These observations have supported the development of LRRK2 kinase inhibitors as a 

potential therapeutic strategy for PD. Structurally-distinct LRRK2 kinase inhibitors can 

produce on-target pathology in rodents, resembling the phenotypes of LRRK2 knockout 

models (Baptista et al., 2013, Herzig et al., 2011, Tong et al., 2012, Tong et al., 2010), 

including pigmented and enlarged kidneys with lysosomal accumulation or lamellar bodies 

in lung pneumocytes (Andersen et al., 2018, Fuji et al., 2015). Such pathology is dose-

dependent, reversible after a short washout period, and does not impact kidney or lung 

function following chronic inhibitor administration (Andersen et al., 2018).

Despite a general consensus that familial LRRK2 mutations increase kinase activity in 

different cells (Steger et al., 2017, Steger et al., 2016), the mechanisms by which LRRK2 

activation induces neuronal damage are still being explored (Islam and Moore, 2017). 

Originally, most studies relied upon in vitro kinase assays to identify LRRK2 substrates, 

which include ArfGAP1, RPS15, MARK1 and β-tubulin (Gillardon, 2009, Islam and 

Moore, 2017, Krumova et al., 2015, Martin et al., 2014, Stafa et al., 2012, Xiong et al., 

2012), in addition to LRRK2 autophosphorylation at Ser1292 (Sheng et al., 2012, Kluss et 

al., 2018). With the exception of pSer1292-LRRK2, many of these earlier substrates have 

not been extensively validated in mammalian cells or brain tissue and await the development 

of phospho-specific substrate antibodies. Recent proteome-wide mass spectrometry studies 

using embryonic fibroblast cells derived from G2019S LRRK2 knockin mice have identified 

at least 14 Rab GTPases as the first bona fide cellular substrates of LRRK2, including 

Rab8A, Rab10, Rab12 and Rab29 (Steger et al., 2017, Steger et al., 2016). Rab 

phosphorylation occurs on a highly conserved threonine or serine residue with the Switch II 

catalytic motif (i.e. Thr73 in Rab10). These Rabs are discreetly distributed across 

intracellular membranes within the endolysosomal system where they are thought to play 

roles in vesicular membrane recognition, sorting and fission/fusion events (Bonet-Ponce and 

Cookson, 2019). Phospho-specific Rab antibodies and PhosTag methodology have been 

developed as important tools for monitoring LRRK2 activity in different cells and tissues 

and for evaluating the efficacy of LRRK2 kinase inhibitors (Ito et al., 2016, Kluss et al., 

2018, Lis et al., 2018). While increased LRRK2-dependent Rab phosphorylation has been 

detected in different tissues from PD-linked mutant LRRK2 knockin and transgenic rodent 

models (Ito et al., 2016, Lis et al., 2018, Steger et al., 2017, Steger et al., 2016), the 

significance of Rab phosphorylation for mediating cellular processes such as endolysosomal 

sorting as well as neuronal damage are still emerging. Whether Rabs represent the only or 

most relevant substrates of LRRK2 kinase activity, especially within brain cells, is not yet 

known as detection of robust Rab phosphorylation in the brain has proven challenging 

(Steger et al., 2016, Kelly et al., 2018). Nevertheless, roles for the LRRK2-mediated 

phosphorylation of certain Rabs (i.e. Rab8A, Rab10, Rab29) have recently emerged in 

mediating ciliogenesis and centrosomal cohesion deficits, the response to lysosomal stress, 
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and the recruitment and activation of LRRK2 at the TGN (Liu et al., 2018, Purlyte et al., 

2018, Steger et al., 2017, Dhekne et al., 2018, Eguchi et al., 2018, Gomez et al., 2019, Lara 

Ordonez et al., 2019, Beilina et al., 2014).

Although LRRK2 has been implicated in myriad cellular processes, the removal of LRRK2 

does not clearly indicate a required function in vivo. LRRK2 knockout rodents are viable 

and do not exhibit PD-related neuropathology or behavioral deficits (Andres-Mateos et al., 

2009, Hinkle et al., 2012, Baptista et al., 2013, Pellegrini et al., 2018, Herzig et al., 2011, 

Tong et al., 2010). This is consistent with the idea that familial mutations act via a gain-of-

function mechanism, given that PD-linked mutations commonly enhance kinase activity and 

mutant LRRK2 overexpression promotes neuronal damage in primary culture models and 

certain transgenic or viral-mediated rodent models (Blauwendraat et al., 2018, Steger et al., 

2016, West et al., 2005, West et al., 2007, Greggio et al., 2006, Smith et al., 2006, Ramonet 

et al., 2011, Dusonchet et al., 2011, Lee et al., 2010, Tsika et al., 2015). However, LRRK2 
knockout rodents consistently develop enlarged, darkly pigmented kidneys with lysosomal 

accumulation, and type II pneumocytes in lung bearing lamellar bodies, though without an 

obvious impact on organ function (Hinkle et al., 2012, Herzig et al., 2011, Baptista et al., 

2013, Ness et al., 2013, Andersen et al., 2018, Tong et al., 2012, Tong et al., 2010, Boddu et 

al., 2015). The accumulation of lysosomal-like vesicles in knockout rodents supports an 

important role for LRRK2 in regulating the endolysosomal pathway.

Further cementing a role for LRRK2 in endosomal sorting pathways is the intriguing 

connection with the PD-related proteins, Rab29 and VPS35. Rab29 (a.k.a. Rab7L1) is 

normally enriched upon the TGN where it plays a role in the recruitment of LRRK2 (Beilina 

et al., 2014, Liu et al., 2018, Purlyte et al., 2018). This recruitment is dependent on LRRK2 

kinase activity, with increased relocalization of PD-linked LRRK2 mutants that are kinase 

hyperactive, and requires membrane- and GTP-bound Rab29 (Gomez et al., 2019, Liu et al., 

2018). In turn, Rab29 binding to the N-terminal region of LRRK2 is required for kinase 

activation including Ser1292 autophosphorylation and Rab phosphorylation (Purlyte et al., 

2018). Rab29 itself also serves as a substrate of LRRK2 (Liu et al., 2018, Purlyte et al., 

2018). Rab29 recruitment and activation of LRRK2 to the TGN may serve to stabilize 

membrane and GTP-bound Rabs and regulate their interactions with effector proteins (Liu et 

al., 2018). This process has been implicated in the clearance of Golgi-derived vesicles via 

the autophagy-lysosomal system (Beilina et al., 2014). A similar Rab29-dependent 

mechanism has also been suggested to occur at the lysosomal membrane that recruits and 

activates LRRK2 in response to lysosomal stress to maintain their homeostasis via 

lysosomal secretion (Eguchi et al., 2018). A recent study suggests that Rab29-mediated 

membrane association is the most important determinant for LRRK2 recruitment and 

activation rather than the membrane type or subcellular location per se (Gomez et al., 2019).

Distinct from Rab29 function, VPS35 and the retromer mediate endosomal cargo recycling 

to the TGN (Seaman, 2012). As discussed earlier, familial LRRK2 mutants are reported to 

induce a retromer deficiency by interacting with and decreasing VPS35 protein levels in cell 

lines or brains of R1441C LRRK2 transgenic mice via an unknown mechanism (MacLeod et 

al., 2013). G2019S LRRK2 can disrupt endosomal sorting of the retromer cargo CIMPR in 

primary neurons, and this can be rescued by VPS35 overexpression (MacLeod et al., 2013). 
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Similarly, VPS35 overexpression can rescue the pathogenic effects of G2019S LRRK2 on 

neurite outgrowth in primary cultures and dopaminergic neuronal loss in Drosophila 
(MacLeod et al., 2013). In Drosophila models, VPS35 or VPS26 overexpression can rescue 

eye phenotypes, reduced lifespan and locomotor deficits induced by I2020T LRRK2, 

whereas VPS35 gene silencing can phenocopy I2020T LRRK2 in flies (Linhart et al., 2014). 

These observations support the idea that PD-linked LRRK2 mutations and VPS35 loss-of-

function may act through similar mechanisms. Lastly, PD brains harboring G2019S LRRK2 
mutations reveal decreased VPS35 protein levels in frontal and occipital cortex relative to 

idiopathic PD or control brains (Zhao et al., 2018), although an earlier study found no 

difference in VPS35 levels in frontal cortex of G2019S PD brains (Tsika et al., 2014). These 

studies provide initial support for a functional interaction of LRRK2 and VPS35 in vivo and 

further suggest that PD-linked LRRK2 mutations may exert their pathogenic effects via 

retromer disruption. Additional validation of this mechanism is now required in rodent 

models of PD, potentially including neuroprotection studies in mutant LRRK2 models with 

retromer-stabilizing chemical chaperones (i.e. R33/R55) (Mecozzi et al., 2014).

Further complicating our understanding of a LRRK2/VPS35 molecular pathway is the recent 

observation that D620N VPS35 knockin mice unexpectedly display robust LRRK2 

hyperactivation in cells and tissues as indicated by increased Rab phosphorylation (Rab8a, 

Rab10, Rab12) and LRRK2 Ser1292 autophosphorylation (Mir et al., 2018). Notably, 

LRRK2 activation in these D620N VPS35 mice is greater (~6-fold) than that produced in 

R1441C or G2019S LRRK2 knockin mice (~4- or 2-fold, respectively), and surprisingly 

endogenous VPS35 is even required in part for the increased LRRK2 kinase activity in 

R1441C LRRK2 mice (Mir et al., 2018). Rab phosphorylation in VPS35 knockin mice was 

shown to be dependent on LRRK2 using the potent and selective kinase inhibitor MLi-2 

(Mir et al., 2018). LRRK2 hyperactivation could also be detected in human primary 

neutrophils and monocytes derived from PD subjects harboring a heterozygous D620N 
VPS35 mutation (Mir et al., 2018). This new study supports a previously unappreciated role 

for the retromer in critically regulating LRRK2 activity and supports a putative model where 

VPS35 may lie upstream of LRRK2. The mechanism by which D620N VPS35 activates 

LRRK2 is not yet known, and whether this occurs through a direct interaction, via an 

interaction with an intermediate regulatory protein or complex, and/or by altering LRRK2 

membrane occupancy or subcellular localization, awaits further study. Strategies to correct 

the pathogenic effects associated with the D620N VPS35 protein or LRRK2 kinase 

inhibition may provide therapeutic opportunities for treating both VPS35- and LRRK2-

linked familial PD. It will be important in future studies to confirm and reconcile the 

observations that familial LRRK2 mutations can induce retromer deficiency whereas VPS35 
mutations can induce LRRK2 activation (MacLeod et al., 2013, Mir et al., 2018), although 

both potential mechanisms are not necessarily mutually exclusive. Also, it will be important 

to address how the LRRK2/VPS35 pathway impacts upon specific endolysosomal functions 

and its relevance to disease pathogenesis.

SNCA / α-synuclein:

Missense mutations and multiplications of the SNCA gene encoding the α-synuclein protein 

cause autosomal dominant PD (Polymeropoulos et al., 1997, Kruger et al., 1998, Singleton 
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et al., 2003, Chartier-Harlin et al., 2004, Zarranz et al., 2004, Appel-Cresswell et al., 2013, 

Lesage et al., 2013). α-Synuclein fibrils are a major component of Lewy bodies and 

neurites, one of the pathological hallmarks of PD (Spillantini et al., 1997, Spillantini et al., 

1998). GWAS have identified common variation at the SNCA locus as a risk factor for 

idiopathic PD (Simon-Sanchez et al., 2009, Zhang et al., 2018, Nalls et al., 2014), indicating 

that SNCA serves as a pleomorphic risk gene similar to LRRK2. α-Synuclein mutations 

were first linked to familial PD in 1997 (Polymeropoulos et al., 1997), making α-synuclein 

the most widely studied PD-related protein, yet the primary function of α-synuclein and how 

it contributes to the molecular pathogenesis of PD is still a matter of some debate. While the 

process of α-synuclein fibrillization and aggregation into Lewy pathology, and the 

propagation of α-synuclein species between cells, are intrinsically linked to disease (Burre 

et al., 2018), interference with these events in humans is eagerly awaited to confirm their 

importance as key pathogenic mechanisms (McFarthing and Simuni, 2019).

α-Synuclein is a small 140 residue protein lacking enzymatic domains that is enriched at 

presynaptic nerve terminals and interacts with proteins involved in the synaptic vesicle 

machinery suggesting a role in synaptic vesicle trafficking (Burre et al., 2018, Burre, 2015). 

Overexpression of α-synuclein reduces neurotransmitter release by inhibiting synaptic 

vesicle reclustering after endocytosis leading to a reduction in the synaptic vesicle recycling 

pool (Nemani et al., 2010), whereas α-synuclein knockout mice have limited alterations in 

synaptic transmission (Abeliovich et al., 2000). Multimeric forms of α-synuclein have been 

reported to assemble upon membranes where they can act as a SNARE complex chaperone 

at the presynaptic terminal (Burre et al., 2014). Familial PD-linked mutations in α-synuclein 

result in an increased propensity to aggregate into oligomeric and/or fibrillar species that 

promote neurotoxicity (Burre et al., 2018). Therefore, in terms of endosomal sorting, α-

synuclein aggregation impairs its normal endocytic function at synapses while aggregates 

themselves can serve as endocytic cargo and in turn interfere with endosomal sorting (Burre, 

2015). α-Synuclein species can propagate from neuron-to-neuron in a “prion-like” manner 

in experimental models, and this process is reported to involve both exocytosis and 

endocytosis (Ma et al., 2019).

Intriguingly, recent studies have linked α-synuclein-induced neuronal degeneration to both 

LRRK2 and VPS35. The genetic deletion or pharmacological kinase inhibition of LRRK2 

was shown to rescue dopaminergic neuronal loss induced by the AAV-mediated delivery of 

human α-synuclein in rats (Daher et al., 2015, Daher et al., 2014). These studies suggest that 

endogenous LRRK2 is critical for mediating the pathogenic effects of α-synuclein in this 

model. It is less clear whether endogenous LRRK2 plays a similar role in α-synuclein 

pathology induced by preformed fibrils in rodents, although G2019S LRRK2 overexpression 

is reported to worsen α-synuclein pathology and propagation in these models (Bieri et al., 

2019, Henderson et al., 2019, Volpicelli-Daley et al., 2016). VPS35 is also reported to 

genetically interact with α-synuclein where VPS35 deletion in yeast and C.elegans models 

exacerbates the toxic effects of human α-synuclein (Dhungel et al., 2015). In addition, the 

viral-mediated overexpression of wild-type VPS35 was shown to attenuate hippocampal 

neuronal loss, gliosis and α-synuclein pathology that develop in a well-established 

transgenic mouse model expressing human wild-type α-synuclein (Dhungel et al., 2015). 

These observations suggest a potentially critical role for VPS35 and the retromer in 
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mediating α-synuclein pathology and neurotoxicity, although it is not yet clear whether α-

synuclein-induced toxicity manifests via a retromer deficiency similar to the effects of 

familial LRRK2 mutations. It is of interest that D620N VPS35 knockin mice do not develop 

α-synuclein pathology within their lifespan, but instead develop somatodendritic tau 

pathology (Chen et al., 2019), and it will be important to determine whether Lewy pathology 

is a feature of VPS35-linked PD brains (Wider et al., 2008). Furthermore, the D620N VPS35 
mutation is not sufficient to alter the lethal neurodegenerative phenotype that develops in 

human A53T α-synuclein transgenic mice (Chen et al., 2019). These studies suggest that the 

interaction between α-synuclein and VPS35 is likely complex and/or context-dependent and 

now awaits additional studies further clarifying the nature of their interaction. In addition to 

interactions within the endosomal pathway, α-synuclein is also reported to be selectively 

translocated into lysosomes for degradation by the chaperone-mediated autophagy (CMA) 

pathway (Cuervo et al., 2004). Aggregation-prone mutant α-synuclein can bind to the 

LAMP2a receptor on lysosomal membranes and serve to block uptake by CMA and inhibit 

degradation (Cuervo et al., 2004). LRRK2 is also reported to inhibit CMA by interfering 

with the LAMP2a translocation complex (Orenstein et al., 2013). Together, these studies 

suggest roles for α-synuclein in endolysosomal pathways, including interactions with PD-

linked LRRK2 and VPS35, and such pathways are important for mediating the pathogenic 

effects of α-synuclein aggregates.

Emerging endosomal evidence in PD: synaptic vesicle endocytosis and 

Rab GTPases

Synaptic vesicle endocytosis (SVE):

Synaptic vesicle endocytosis (SVE) plays an important role in the uptake of clathrin-coated 

vesicles at the presynaptic terminal for delivery to the endosomal system (Dittman and 

Ryan, 2009, Saheki and De Camilli, 2012). In neurons, this is critical for recycling 

neurotransmitter receptors and other proteins required for synaptic transmission, for example 

the dopamine receptor. After SVE these proteins are sorted and trafficked by the endosomal 

system in a process identical to that in the soma (Figure 1). First, endophilin is recruited to 

the plasma membrane by adaptor proteins to regulate membrane curvature and for 

recruitment of the membrane scission protein, dynamin. Once vesicle fission occurs, 

endophilin recruits the dual lipid phosphatase synaptojanin-1 to clathrin-coated vesicles 

(CCVs) to dephosphorylate membrane lipids (i.e. phosphoinositides), which serves to 

facilitate the release of adaptor proteins and allows auxilin/Hsc70 to bind to CCVs and 

mediate clathrin uncoating. Notably, a number of PD-linked mutations have recently been 

identified in genes involved in SVE and endosomal sorting, including auxilin (DNAJC6) and 

synaptojanin-1 (SYNJ1), whereas cyclin-G-associated kinase (GAK) and endophilinA1 

(EndoA1) have been nominated as PD risk loci by GWAS (Table 1) (Nguyen et al., 2019).

Auxilin/DNAJC6: Mutations in the DNAJC6 gene encoding auxilin were first discovered 

in two Palestinian brothers resulting in juvenile-onset, autosomal recessive PD (Edvardson et 

al., 2012). Additional mutations have since been identified in other PD families that cause 

mRNA splicing defects or exonic deletions that consequently decrease auxilin protein levels 

and act via a loss-of-function mechanism. While PD patients with DNAJC6 mutations 
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display cardinal motor symptoms, some also develop epilepsy and intellectual disability 

(Koroglu et al., 2013, Olgiati et al., 2016). The phenotypic variation indicates widespread 

neurological problems beyond the nigrostriatal pathway indicating that DNAJC6 mutations 

can manifest atypical forms of PD.

Auxilin is part of the evolutionarily conserved DNAJ/Hsp40 family that stimulates the 

ATPase activity of Hsc70 to mediate the uncoating of CCVs following endocytosis (Saheki 

and De Camilli, 2012). Clathrin coat removal is required for vesicles to fuse and enter the 

endosomal pathway for cargo sorting. Auxilin knockout models display defects in clathrin-

mediated endocytosis, including the accumulation of CCVs and empty clathrin cages, and 

exhibit dopaminergic neurodegeneration (Yim et al., 2010, Song et al., 2017, Hirst et al., 

2008). Auxilin reduction in Drosophila results in climbing deficits, reduced lifespan, and 

dopaminergic neurodegeneration that phenocopies, and is exacerbated by, α-synuclein 

overexpression (Song et al., 2017). Interestingly, auxilin knockout mice display a 3-fold 

increase in the auxilin homolog GAK, that also serves as a co-chaperone for Hsc70 in 

clathrin uncoating (Yim et al., 2010). Auxilin is further tied to PD pathogenesis via its 

interaction with LRRK2. Auxilin can be phosphorylated by LRRK2 at Ser627 that results in 

differential binding to clathrin and impaired SVE (Nguyen and Krainc, 2018). This results in 

the accumulation of oxidized dopamine in iPSC-derived dopaminergic neurons from PD 

subjects harboring LRRK2 R1441C, R1441G or G2019S mutations (Nguyen and Krainc, 

2018). Auxilin R857G knockin mice have recently been developed as a model of PD that 

develop motor deficits, impaired synaptic recycling, dystrophic Golgi morphology and lipid 

accumulation (Roosen DA, 2019). Similar to the effects of LRRK2 phosphorylation, PD-

linked mutations in auxilin selectively impair the interaction with clathrin but not clathrin 

adaptor proteins (Roosen DA, 2019).

Cyclin-G-associated kinase (GAK): GAK is an auxilin homolog and performs similar 

functions in SVE, including recruitment of Hsc70 to mediate clathrin uncoating. In contrast 

to auxilin, which is primarily expressed in neurons, GAK is ubiquitously expressed and its 

deletion selectively in the brain or germline is lethal (Lee et al., 2008). In auxilin knockout 

mice, GAK can compensate for auxilin in some capacities indicating some functional 

redundancy (Yim et al., 2010), but auxilin does not appear to be sufficient to rescue GAK 

knockout in vivo. GAK has gained attention in PD since common variation at the GAK/
TMEM175 locus has been linked to increased PD risk by GWAS (Nalls et al., 2014, Yu et 

al., 2015, Nalls et al., 2019). GAK can form a functional complex with LRRK2 and Rab29 

in cells and mouse brain, that participates in the clearance of Golgi-derived vesicles (Beilina 

et al., 2014). Carriers of PD risk variants at the GAK locus are associated with the increased 

expression of α-synuclein in the frontal cortex (Dumitriu et al., 2011). Although GAK 
represents an interesting and compelling risk gene for PD directly involved in the endosomal 

system, it is not clear whether PD risk variants at this locus impact the expression of GAK, 

TMEM175 or both genes (Nalls et al., 2019, Nalls et al., 2014). TMEM175 encodes a 

lysosomal potassium pump that would also fit with pathogenic mechanisms implicated in 

PD (Jinn et al., 2019, Krohn et al., 2020). Future studies of risk-associated variants will 

attempt to understand how the GAK/TMEM175 locus contributes to PD.
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Synaptojanin-1 (SYNJ1): Similar to auxilin, SYNJ1 mutations cause early-onset, 

autosomal recessive Parkinsonism with some cases also displaying seizures or other atypical 

symptoms (Krebs et al., 2013, Quadri et al., 2013, Chen et al., 2015, Kirola et al., 2016). 

Synaptojanin-1 is a lipid phosphatase that dephosphorylates membrane lipids (i.e. 

phosphatidylinositol-4,5-bisphosphate) to initiate the release of adaptor proteins from CCVs 

(Drouet and Lesage, 2014). Once adaptor proteins are removed from CCVs, auxilin/Hsc70 

can bind and mediate clathrin uncoating. Mutations in SYNJ1 (i.e. R258Q, R459P) are rare 

with those located in the Sac 1 domain leading to decreased phosphatase activity (Drouet 

and Lesage, 2014). Although synaptojanin-1 and auxilin have different functions, their 

sequential roles in SVE may explain why knockout of either gene causes similar phenotypes. 

Both SYNJ1 and auxilin knockout mice similarly display neurological deficits, motor 

abnormalities and accumulate CCVs at the synaptic terminal (Yim et al., 2010, Cremona et 

al., 1999, Kim et al., 2002). R258Q SYNJ1 knockin mice also display SVE deficits, the 

accumulation of clathrin-coated intermediates, a compensatory elevation of auxilin, parkin 

and endoA1 proteins, and dystrophic dopaminergic axonal terminals (Cao et al., 2017). 

Alternatively, Drosophila models harboring an R258Q SYNJ1 knockin display normal 

synaptic vesicle cycling but instead exhibit deficits in synaptic autophagosome maturation 

and modest dopaminergic neuronal loss (Vanhauwaert et al., 2017), indicating that SYNJ1 
mutations may impact both endocytosis and autophagy pathways. Synaptojanin-1 was first 

identified by phospho-proteome profiling as a LRRK2 substrate in Drosophila brain and 

human synaptojanin-1 can be phosphorylated by LRRK2 at Thr1173 in vitro (Islam et al., 

2016). Functionally, synaptojanin-1 phosphorylation by LRRK2 at a second site (Thr1205) 

was reported to disrupt its interaction with endoA1 that is required for SVE (Pan et al., 

2017). Furthermore, SYNJ1 haploinsufficiency in G2019S LRRK2 transgenic mice impaired 

sustained exocytosis in midbrain neurons and caused mild alterations in motor function (Pan 

et al., 2017). Therefore, similar to auxilin, synaptojanin-1 interactions and function can also 

be modulated by LRRK2. Auxilin and SYNJ1 further highlight the importance of SVE and 

the endosomal pathway in the development of early-onset PD, whereas the interaction with 

LRRK2 also links both SVE proteins to typical late-onset PD.

EndophilinA1 (EndoA1): Common variation at the SH3GL2 locus that encodes endoA1 

has been identified as a risk factor for idiopathic PD by GWAS (Chang et al., 2017). Prior to 

this, endoA1 has long been of interest in PD due to its proximity to other PD-linked proteins 

including synaptojanin-1, LRRK2, and parkin (Islam et al., 2016, Trempe et al., 2009, Matta 

et al., 2012). In SVE, endoA1 plays an intermediary role between initial vesicle invagination 

and dynamin-dependent scission, and the recruitment of synaptojanin-1 and auxilin to 

initiate CCV uncoating (Figure 1). Similar to auxilin and synaptojanin-1, endoA1 can also 

be phosphorylated by LRRK2 at Ser75, which alters its association with and the tubulation 

of vesicle membranes that result in SVE deficits in Drosophila (Matta et al., 2012, Ambroso 

et al., 2014). The connection of endoA1 to PD further supports the concept that multiple 

steps in the SVE pathway are important to the pathophysiological mechanisms underlying 

PD.
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Rab GTPases:

The role of Rab GTPases in PD has gained recent interest following their identification as 

LRRK2 kinase substrates, human genetic evidence linking certain Rabs to PD, and due to 

their roles in the endolysosomal pathway (Bonet-Ponce and Cookson, 2019). Mutations in 

RAB32 and RAB39B have recently been identified to cause familial PD whereas common 

variation at or near the RAB29 (PARK16) locus may contribute to the risk of idiopathic PD. 

There is also emerging evidence that these Rabs may functionally interact with other PD-

linked gene products, namely LRRK2, VPS35 or α-synuclein. Herein, we briefly summarize 

evidence for a role of Rab GTPases in PD pathophysiology, but for a more thorough review 

please refer to (Gao et al., 2018, Bonet-Ponce and Cookson, 2019).

Rab39B: The function of Rab39B is largely uncharacterized, although it is enriched in the 

brain and highly expressed in neurons, and localizes to the secretory network including the 

endoplasmic reticulum and cis-Golgi interface, the TGN and recycling endosomes 

(Giannandrea et al., 2010, Gambarte Tudela et al., 2019). Mutations in RAB39B were first 

identified to cause early-onset, X-linked dominant PD in Australian and Wisconsin kindreds 

due to a ~45 kb deletion encompassing the entire RAB39B gene or a T168K mutation, 

respectively (Wilson et al., 2014). Although affected family members exhibit typical PD 

symptoms and Lewy pathology, they also develop intellectual disability. These findings were 

later confirmed through the identification of a nonsense mutation (Trp186Stop) in RAB39B 
in a French subject, and a missense mutation (G192R) in seven affected members of a US 

family with PD (Lesage et al., 2015, Mata et al., 2015). While most mutations decrease 

Rab39B levels due to reduced protein stability, gene deletions or truncations (Gao et al., 

2020), the G192R mutation induces Rab39B mislocalization in cells (Mata et al., 2015). PD-

linked mutations in Rab39B therefore manifest disease through a loss-of-function 

mechanism. Rab39B gene silencing in cultured primary neurons decreased neurite branching 

and the number of growth cones (Giannandrea et al., 2010), and surprisingly reduced the 

steady-state levels of α-synuclein and the density of α-synuclein-positive puncta in dendritic 

processes (Wilson et al., 2014). These findings suggest that Rab39B depletion can 

dysregulate α-synuclein homeostasis, and this effect now awaits confirmation in rodent 

models with Rab39B deletion.

Rab32: A missense mutation (S71R) in RAB32 has been suggested to cause familial PD 

(Gustavsson E, 2017). Rab32 is also connected to PD via its direct interaction with the N-

terminal armadillo domain of LRRK2, where they colocalize upon recycling endosomes and 

transport vesicles (Waschbusch et al., 2014, McGrath et al., 2019). The putative PD-linked 

S71R mutation in Rab32 disrupts a highly conserved residue within the catalytic Switch II 

region, that in related Rabs is known to serve as a robust site of phosphorylation by LRRK2 

(Steger et al., 2016). Rab32 was recently shown to interact with SNX6, one of the 

components of the retromer-associated SNX dimer, to influence retromer-dependent sorting 

of CIMPR to the TGN (Waschbusch et al., 2019). Rab32 therefore provides an interesting 

new link to PD that may cooperate with LRRK2 and the retromer to regulate endosomal 

sorting.
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Rab29 (Rab7L1): Common variation at the PARK16 locus is associated with an increased 

risk for idiopathic PD (Satake et al., 2009, Simon-Sanchez et al., 2009, Chang et al., 2017, 

Nalls et al., 2014). Although five genes are nominated within the PARK16 locus, RAB29 is 

of special interest due to its genetic and functional interaction with LRRK2 and its known 

role in endosomal sorting (Beilina et al., 2014, Liu et al., 2018, MacLeod et al., 2013, 

Purlyte et al., 2018). Genetic studies initially suggested that PD risk variants at the PARK16 
and LRRK2 loci are highly interrelated in terms of their transcriptional impact in brain and 

risk associations (MacLeod et al., 2013). RAB29 was nominated as the critical risk gene at 

the PARK16 locus with PD risk variants suggested to alter mRNA splicing and lower Rab29 

expression (MacLeod et al., 2013). Accordingly, Rab29 silencing in cultured primary 

neurons was shown to phenocopy the effects of G2019S LRRK2 on inhibition of neurite 

outgrowth, the accumulation of enlarged lysosomes, and altered sorting of CIMPR 

(MacLeod et al., 2013, Wang et al., 2014). Rab29 overexpression could oppositely rescue 

these G2019S LRRK2-induced phenotypes in neurons (MacLeod et al., 2013). Similarly, in 

Drosophila, G2019S LRRK2 overexpression and silencing of the Rab29 ortholog Lightoid 
produce similar phenotypes, including reduced survival and dopaminergic neuronal loss, 

whereas Rab29 overexpression can rescue the effects of G2019S LRRK2 in flies (MacLeod 

et al., 2013). Lastly, mice lacking LRRK2, RAB29 or both genes exhibit similar phenotypes 

including enlarged and pigmented kidneys and the accumulation of lysosome-related 

pathology in kidneys and lungs (Kuwahara et al., 2016). These phenotypes were slightly less 

severe in RAB29 knockout animals but were not additive in the LRRK2/RAB29 double 

knockout mice, suggesting that LRRK2 and Rab29 may function in the same pathway 

(Kuwahara et al., 2016).

In agreement with a common LRRK2/Rab29 pathway, Rab29 is now known to interact with 

and recruit LRRK2 to the TGN where it becomes phosphorylated, a process that is enhanced 

by PD-linked LRRK2 mutations and requires membrane- and GTP-bound Rab29 (Beilina et 

al., 2014, Liu et al., 2018, MacLeod et al., 2013). The Rab29 interaction with LRRK2 

stimulates its kinase activity including LRRK2 autophosphorylation and Rab 

phosphorylation (i.e. Rab8A, Rab10) (Liu et al., 2018, Purlyte et al., 2018). Rab29 therefore 

serves as a master regulator of LRRK2 activity and localization in cells (Purlyte et al., 

2018). Rab29 and LRRK2 function together in the endolysosomal pathway that may be 

important for understanding the pathophysiological mechanisms driving PD.

Conclusion and future directions

Substantial human genetic and experimental evidence now points to endosomal sorting 

pathways as important to the pathophysiology of PD (Abeliovich and Gitler, 2016, Bandres-

Ciga et al., 2019, Gao et al., 2018, Shahmoradian et al., 2019, Bonet-Ponce and Cookson, 

2019). As discussed, LRRK2 may function as a nexus within these pathways, where it can 

influence many distinct functions of endosomal sorting via protein interactions with the key 

endosomal machinery and phosphorylation of Rabs that decorate these intracellular vesicles 

and membranes (Islam et al., 2016, Matta et al., 2012, Nguyen and Krainc, 2018, Steger et 

al., 2017, Steger et al., 2016). LRRK2 may also regulate α-synuclein-induced neurotoxicity 

(Bieri et al., 2019, Daher et al., 2014, Daniel et al., 2015, Volpicelli-Daley et al., 2016), 

potentially via the convergence of these proteins upon lysosomal function (Cuervo et al., 
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2004, Orenstein et al., 2013), and may regulate VPS35 levels and retromer function 

(MacLeod et al., 2013). LRRK2 activity can in turn be regulated by these sorting factors, 

with Rab29 serving as a master regulator to recruit and activate LRRK2 at the TGN and 

potentially lysosomes (Beilina et al., 2014, Eguchi et al., 2018, Liu et al., 2018, Purlyte et 

al., 2018), and PD-linked mutations in VPS35 leading to LRRK2 hyperactivation (Mir et al., 

2018). It is unclear at this juncture how these functional interactions will translate into 

identifying new therapeutic targets and strategies, since endosomal sorting pathways are 

dynamic, multifaceted and increasingly complex . It may not be sufficient to simply improve 

bulk output, such as by improving lysosomal function, as many cargo require sorting and 

recycling from the endosome to other compartments to prevent their inappropriate lysosomal 

degradation. Such a strategy may be appropriate for the removal of neurotoxic proteins, such 

as oligomeric or aggregated α-synuclein, as suggested by studies that improve CMA by 

LAMP2a overexpression (Xilouri et al., 2013). Restoring or improving the function of single 

endosomal protein components, such as auxilin, synaptojanin-1 or endoA1, may not lead to 

general improvements in endosomal function.

What is perhaps needed is a key focus on the consequences of disease-causing mutations in 

PD-linked gene products that are likely to impact endosomal function more broadly. For 

example, in the case of LRRK2, this could generally involve inhibiting or normalizing 

overactive kinase activity, or interfering with key downstream kinase substrates (i.e. Rab8A 

or Rab10) or master regulators of LRRK2 activity (i.e. Rab29) (Liu et al., 2018, Purlyte et 

al., 2018, Steger et al., 2017, Steger et al., 2016). Additional general strategies might include 

inhibition of LRRK2 activity via modulation of GTPase activity, disrupting dimerization or 

downregulation by antisense oligonucleotides (Nguyen and Moore, 2017). Likewise, 

approaches for normalizing VPS35 and retromer function might include retromer-stabilizing 

chemical chaperones (i.e. R33/R55), improving retromer membrane recruitment (by 

inhibition of TBC1D5 that leads to enhanced GTP- and membrane-bound Rab7A) or by 

restoration of specific retromer cargo depletion or accumulation (Follett et al., 2016, 

Mecozzi et al., 2014, Seaman et al., 2018, Zavodszky et al., 2014). Some of these retromer-

targeted approaches may also serve to attenuate LRRK2 kinase activity (Mir et al., 2018). 

Much will now depend on establishing whether PD-linked VPS35 mutations act via a loss- 

or gain-of-function mechanism to induce neurodegeneration in PD (Chen et al., 2019, 

Williams et al., 2017). An improved molecular and cellular understanding of how PD-linked 

gene products regulate endosomal sorting pathways in different brain and peripheral cells, 

and the functional interactions or points of convergence between these proteins, will prove 

pivotal in the design of effective therapeutics and for biomarker development for PD. 

Endosomal sorting pathways are likely to provide a critical point of convergence for 

understanding the pathophysiological mechanisms driving familial and sporadic PD.
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Figure 1: 
PD-related proteins (bolded) in endolysosomal sorting pathways. A) In the neuronal soma 

ligands, receptors and transporters are taken up via endocytosis at the plasma membrane. As 

endosomes mature, lysosomal hydrolases, including cathepsin D, are delivered to the late 

endosome and lysosome from the trans-Golgi (TGN) as vesicles become more acidic 

(indicated by deepening purple). The retromer associates with early endosomes to identify 

cargo for retrograde transport (bold arrows) to the TGN or plasma membrane. Cargo that fail 

to be retrieved from endosomes accumulate and eventually undergo degradation in 

lysosomes. LRRK2 is cytoplasmic but is enriched upon different vesicular membranes in a 

dimeric, active conformation. Certain Rab GTPases are phosphorylated by LRRK2 with 

Rab29 regulating LRRK2 recruitment to the TGN and stressed lysosomes. PD-linked Rab32 

and Rab39b may play a role within the Golgi complex. B) At the synapse, PD-associated 

proteins are responsible for clathrin-mediated synaptic vesicle endocytosis. 1) EndophilinA1 

regulates membrane curvature and recruits dynamin-1 for constriction of plasma membrane 

buds and 2) eventual fission of clathrin-coated vesicles (CCV). 3) Synaptojanin-1 is 

recruited by endophilinA1 to dephosphorylate membrane lipids and release adaptor proteins 

(not shown), allowing auxilin to bind. 4) Auxilin and its cofactor Hsc70 remove the clathrin 

coat to produce synaptic vesicles that can fuse with endosomes or be loaded with 

neurotransmitters. Endocytosis represents one potential route for intake of misfolded or 

aggregated α-synuclein. Created using BioRender.com.
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Table 1:

PD-associated genes and their functions within endosomal pathways.

Gene/
locus
name

Protein name Phenotype Function References

SNCA (PARK1) α-synuclein AD LO PD Synaptic vesicle 
exocytosis; SNARE 
chaperone

(Polymeropoulos et al., 1997, Kruger et al., 1998, 
Zarranz et al., 2004, Appel-Cresswell et al., 2013, 
Lesage et al., 2013)

SNCA (PARK4) α-synuclein AD EO PD (Singleton et al., 2003, Chartier-Harlin et al., 2004)

LRRK2 (PARK8) LRRK2 AD LO PD Kinase, GTPase (Paisan-Ruiz et al., 2013, Zimprich et al., 2004)

PARK16 Rab29 (Rab7L1) PD risk, GWAS Rab GTPase (Nalls et al., 2014, Tucci et al., 2010, MacLeod et al., 
2013)

VPS35 (PARK17) VPS35 AD LO PD Endosomal cargo 
sorting - retromer

(Deng et al., 2012, Vilarino-Guell et al., 2011, 
Sharma et al., 2012, Zimprich et al., 2011)

DNAJC6 (PARK19) Auxilin AR Juvenile PD Clathrin uncoating (Edvardson et al., 2012, Song et al., 2017)

SYNJ1 (PARK20) Synaptojanin-1 AR EO PD Lipid phosphatase (Krebs et al., 2013, Quadri et al., 2013, Olgiati et al., 
2014, Chen et al., 2015, Kirola et al., 2016)

RAB32 Rab32 AD, LO PD Rab GTPase (Gustavsson E, 2017)

RAB39B Rab39B X-linked EO PD Rab GTPase (Lesage et al., 2015, Wilson et al., 2014)

GAK (DNAJC26) GAK PD risk, GWAS Clathrin uncoating (Chen et al., 2013, Beilina et al., 2014)

Key: AD, autosomal dominant; AR, autosomal recessive; LO, late-onset; EO, early-onset; PD, Parkinson’s disease; GWAS, genome-wide 
association study.
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