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ABSTRACT 

 

Identifying key molecular mechanisms and targets for therapeutic development in sporadic 

neurodegenerative diseases has been challenging. Therefore, in-depth investigation of genetic 

forms of disease can provide valuable insight into pathogenic disease mechanisms. The discovery 

of genetic forms of Parkinson’s disease (PD) has highlighted the importance of the 

autophagy/lysosomal and mitochondrial/oxidative stress pathways in disease pathogenesis. 

However, recently identified PD-linked and risk genes, including DNAJC6 (auxilin), SYNJ1 

(synaptojanin 1), and SH3GL2 (endophilin A1), have also highlighted disruptions in synaptic 

vesicle endocytosis as a significant contributor to disease pathogenesis. Additionally, the roles of 

other PD genes such as LRRK2, PRKN (parkin), and VPS35 in the regulation of synaptic vesicle 

endocytosis are beginning to emerge. Here, we will discuss the recent work on the contribution of 

dysfunctional synaptic vesicle endocytosis to midbrain dopaminergic neurons’ selective 

vulnerability and highlight pathways that mediate the interplay between mitochondrial, lysosomal, 

and synaptic dysfunction in the pathogenesis of PD.   

Although defects in synaptic vesicle endocytosis have implicated synaptic dysfunction in 

PD pathogenesis, how synaptic dysfunction contributes to the vulnerability of human 

dopaminergic neurons has not been previously explored. We demonstrate that the commonly 

mutated, PD-linked leucine-rich repeat kinase 2 (LRRK2) mediates the phosphorylation of auxilin 

in its clathrin-binding domain at position Ser627. Kinase activity-dependent LRRK2 

phosphorylation of auxilin led to differential auxilin binding to clathrin resulting in disrupted 

synaptic vesicle endocytosis and decreased synaptic vesicle density in LRRK2 patient-derived 

dopaminergic neurons. Moreover, impaired synaptic vesicle endocytosis contributed to the 

accumulation of oxidized dopamine that in turn mediated pathogenic effects such as decreased 
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glucocerebrosidase activity and increased aSynuclein levels in mutant LRRK2 neurons. 

Importantly, these pathogenic phenotypes were partially attenuated by restoring wild-type auxilin 

function in mutant LRRK2 dopaminergic neurons. Together, this work suggests that mutant 

LRRK2 disrupts synaptic vesicle endocytosis leading to altered dopamine metabolism and 

dopamine-mediated toxic effects in patient-derived dopaminergic neurons and highlights the 

importance of synaptic dysfunction in the pathogenesis of Parkinson’s disease.  
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CHAPTER 1. 

INTRODUCTION 

 

Parkinson’s disease (PD) 

It is estimated that over 10 million people worldwide live with Parkinson’s disease (PD) 

(Tysnes & Storstein, 2017). In the United States alone, about 1 million people are afflicted, making 

it the second most common neurodegenerative disease affecting the aging population (Marras et 

al., 2018). PD is characterized by the loss of A9 midbrain dopaminergic neurons in the substantia 

nigra pars compacta (SNc) and the appearance of αSynuclein (αSyn) inclusions termed Lewy 

bodies throughout the brain (Tysnes & Storstein, 2017). A9 midbrain dopaminergic neurons are 

distinct from other dopaminergic neuronal subtypes, such as those located in the ventral tegmental 

area (VTA) and nucleus accumbens (NAc), in that they produce large amounts of neuromelanin, 

a dark polymer pigment, and a key pathological marker of PD is the loss of black pigmentation in 

the SNc (Fedorow et al., 2005). Dopaminergic neurons of the SNc play an important role in the 

regulation of voluntary movements and degeneration of these neurons leads to the development of 

cardinal motor symptoms of PD, including resting tremors, slowed movement (bradykinesia), and 

rigidity (Tysnes & Storstein, 2017).  

The discovery of genetic forms of PD has highlighted the importance of the 

autophagy/lysosomal and mitochondrial/oxidative stress pathways in disease pathogenesis. In 

addition, recently identified PD-linked and risk genes, including DNAJC6 (auxilin), SYNJ1 

(synaptojanin 1), and SH3GL2 (endophilin A1), have also highlighted disruptions in synaptic 

vesicle endocytosis as a significant contributor to disease pathogenesis. However, how these 

pathways converge in PD pathogenesis remains to be explored.    
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Genetics of Parkinson’s disease 

SNCA, encoding αSynuclein (αSyn), was the first gene to be discovered and linked to PD 

through autosomal dominant inheritance (Byers et al., 2011; Chartier-Harlin et al., 2004; 

Polymeropoulos et al., 1997). Mutations in or multiplication of SNCA led to aberrant protein 

function and several studies have shown that αSyn accumulation negatively affects several cellular 

pathways, including vesicle trafficking, lysosomal, and mitochondrial function (Cooper et al., 

2006; Devi, Raghavendran, Prabhu, Avadhani, & Anandatheerthavarada, 2008; Mazzulli et al., 

2011). Mutations in PRKN (parkin) are the most common among autosomal recessive PD (Kitada 

et al., 1998). Parkin has E3 ubiquitin ligase activity and plays a role in maintaining mitochondrial 

integrity along with PINK1 (Y. Chen & Dorn, 2013; Narendra et al., 2010; Yoshii, Kishi, Ishihara, 

& Mizushima, 2011). PINK1 is located across both inner and outer mitochondrial membranes and 

interacts with parkin to mediate autophagy of damaged mitochondria (Y. Chen & Dorn, 2013; 

Narendra et al., 2010), otherwise known as mitophagy. Mutations in PINK1 or parkin impair the 

clearance of dysfunctional mitochondria leading to the accumulation of reactive oxygen species 

(ROS) and cellular oxidative stress (Barodia, Creed, & Goldberg, 2017; Blesa, Trigo-Damas, 

Quiroga-Varela, & Jackson-Lewis, 2015; Wang, Nartiss, Steipe, McQuibban, & Kim, 2012; B. 

Xiao et al., 2017). In response to increased oxidative stress, DJ-1, a mainly cytosolic redox sensor 

with antioxidant function, translocates to mitochondria where it may act in parallel with the 

PINK1/parkin pathway to induce mitophagy (Thomas et al., 2011), although the exact mechanism 

is still unknown. Loss of function mutations in DJ-1 cause early-onset PD and increased 

fragmented mitochondria have been reported in DJ-1 mutant models (McCoy & Cookson, 2011; 

X. Wang et al., 2012). Altogether, there is strong genetic evidence implicating loss of 

mitochondrial function, decreased clearance of damaged mitochondria through mitophagy, as well 
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as an accumulation of reactive oxygen species (ROS) leading to oxidative stress as cellular 

mechanisms that go awry in PD.  

Mutations in ATP13A2 result in Kufor-Rakeb syndrome, an early-onset form of PD along 

with dementia (Crosiers et al., 2011; Di Fonzo et al., 2007). ATP13A2 gives rise to a lysosomal P-

type ATPase that belongs to a family of transporters (van Veen et al., 2014). Although its substrates 

are still being identified, studies suggest that ATP13A2 transport function is necessary for 

maintaining lysosomal function (Tsunemi & Krainc, 2014).  Loss of ATP13A2 function results in 

decreased lysosomal degradative capacity that is attenuated with overexpression of the protein 

(Dehay et al., 2012; Tsunemi & Krainc, 2014). GBA1, which encodes the lysosomal hydrolase, 

glucocerebrosidase (GCase), is the most common risk factor for PD (Crosiers et al., 2016; Goker-

Alpan et al., 2006; Hernandez, Reed, & Singleton, 2016). Reduced GCase activity was also shown 

to be involved in conjunction with accumulated αSyn in a toxic positive feedback loop that further 

impaired lysosomal function (Mazzulli et al., 2011). Moreover, SCARB2 was also identified as a 

susceptibility factor in PD development and this gene encodes the lysosomal membrane protein, 

LIMP2, which is responsible for trafficking GCase to the lysosome (Alcalay et al., 2016; Do et al., 

2011; Hopfner et al., 2013; Rothaug et al., 2014). Taken together, aberrations in these genes have 

highlighted the role of lysosomal dysfunction in the development of PD. 

The collective identification of several genetic forms and risk factors of PD has strongly 

implicated mitochondrial and lysosomal dysfunction as key cellular processes that are involved in 

PD pathogenesis. In addition, multiple PD-linked genes involved in synaptic vesicle endocytosis 

(SVE) have recently been identified. These include mutations in DNAJC6 (auxilin) and SYNJ1 

(synaptojanin 1) which were initially described in atypical parkinsonism patients (Edvardson et 

al., 2012; Kirola, Behari, Shishir, & Thelma, 2016; Koroglu, Baysal, Cetinkaya, Karasoy, & Tolun, 

2013; Krebs et al., 2013; Olgiati et al., 2014; Olgiati et al., 2016; Quadri et al., 2013). 
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Homozygosity mapping of two patients with juvenile parkinsonism revealed a deleterious splice 

site mutation c.801-2, A>G in DNAJC6 which led to a significant decrease in mRNA levels 

(Edvardson et al., 2012). A separate study found a patient with a DNAJC6 homozygous truncating 

mutation, Q734X, leading to ~20% loss of the C-terminus including its functional J-domain 

responsible for binding its interaction partner hsc70 (Koroglu et al., 2013). Thus far, these 

mutations have linked DNAJC6 to juvenile cases of atypical parkinsonism. However, recent 

investigations reported additional DNAJC6 mutations, R927G and T741T, linked to early-onset 

PD cases (Olgiati et al., 2016). These mutations resulted in lowered auxilin expression and were 

predicted to decrease its overall function (Olgiati et al., 2016).  

In addition, R258Q and R459P mutations in SYNJ1 were recently reported in several 

independent studies to be associated with juvenile or early-onset PD (Kirola et al., 2016; Krebs et 

al., 2013; Olgiati et al., 2014; Quadri et al., 2013). These mutations are located in the Sac1 domain 

of synaptojanin 1 and impair its phosphatase activity (Kirola et al., 2016; Krebs et al., 2013). 

Interestingly, synaptojanin 1 haploinsufficiency led to delayed SVE in mouse midbrain 

dopaminergic but not cortical neurons suggesting that loss of synaptojanin 1 function could, in 

part, contribute to dopaminergic neuron vulnerability in PD pathogenesis (Pan et al., 2017). Lastly, 

SH3GL2 (endophilin A1) was identified in a PD risk locus of a large-scale genome-wide 

association study (GWAS) meta-analysis, linking yet another gene involved in SVE regulation to 

PD (Chang et al., 2017). Collectively, these synaptic endocytic genes implicate defective SVE as 

a contributor to degeneration of midbrain dopaminergic neurons in patients. 

 

Synaptic dysfunction in Parkinson’s disease 

Synaptic vesicle endocytosis (SVE) is the regeneration of synaptic vesicles from the 

plasma membrane following neurotransmission (Saheki & De Camilli, 2012). SVE begins with 
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the recruitment of clathrin by adaptor proteins such as adaptor protein 2 (AP-2) to the cytoplasmic 

surface of the plasma membrane (Cousin & Robinson, 2001; Cremona et al., 1999; Saheki & De 

Camilli, 2012). This adaptor protein regulates cargo sorting to ensure that the proper proteins are 

internalized along with the vesicle. Next, membrane benders such as endophilin A1 insert into the 

plasma membrane through the BAR domain and begin to mold and direct the invagination of the 

nascently forming vesicle (Figure 1) (Pechstein et al., 2015; Saheki & De Camilli, 2012). As the 

vesicle takes on a round and uniform shape, endophilin A1 subsequently interacts with dynamin 

and recruits synaptojanin 1 to the membrane interface (Hill, van Der Kaay, Downes, & Smythe, 

2001; Milosevic et al., 2011; Saheki & De Camilli, 2012; Schuske et al., 2003; W. Song & 

Zinsmaier, 2003; Sundborger et al., 2011; Verstreken et al., 2003). Through its GTPase activity, 

dynamin stimulates the fission of the CCV from the plasma membrane (Ferguson et al., 2007). 

Once the CCV is free, synaptojanin 1 uses its phosphatase function to dephosphorylate membrane 

lipids (Krebs et al., 2013; Saheki & De Camilli, 2012). These dephosphorylation events release 

AP-2 and allow auxilin to bind the CCV through its PTEN-like and clathrin-binding domains 

(Guan, Dai, Harrison, & Kirchhausen, 2010; Rapoport, Boll, Yu, Bocking, & Kirchhausen, 2008; 

Saheki & De Camilli, 2012). Auxilin is a co-factor for hsc70 and its J-domain is responsible for 

recruitment of the ATPase to stimulate clathrin-coat removal (Eisenberg & Greene, 2007; Greener 

et al., 2001; Ma et al., 2002; Saheki & De Camilli, 2012). Once the CCV is uncoated, the nascent 

vesicle is then packaged with neurotransmitters and quickly transported to different synaptic 

vesicle pools in anticipation of the next neuronal stimulation.  

Other modes for synaptic vesicle retrieval have also been well-described including kiss-

and-run and several variations of bulk endocytosis such as ultrafast and activity-dependent bulk 

endocytosis (Cousin, 2017; Milosevic, 2018; Saheki & De Camilli, 2012). These mechanisms are 

initially clathrin-independent and happen on a much faster timescale and have also been found to 
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be regulated by proteins like dynamin, endophilin A1, and synaptojanin 1 (Watanabe et al., 2018; 

Y. Wu et al., 2014).  

 

Figure 1.  Recently identified Parkinson’s disease genes play a role in synaptic vesicle endocytosis. 
The regeneration of synaptic vesicles following neurotransmission involves the concerted effort of different 
synaptic proteins recently linked to or identified as a risk factor for Parkinson’s disease (indicated in red in 
the figure legend) 1. Invagination/Constriction: Following the recruitment of adaptor and clathrin-coat 
proteins to the plasma membrane, endophilin A1 regulates the curvature of the emerging vesicle. 
Endophilin A1 is also responsible for recruitment of dynamin to the neck of the clathrin-coated vesicle 
(CCV). 2. Fission:  Dynamin then constricts the neck and mediates CCV fission from the plasma 
membrane. Endophilin A1 also recruits synaptojanin 1, whose phosphatase activity dephosphorylates 
synaptic vesicle membrane lipids to release adaptor proteins allowing auxilin to bind to the CCV. 3. 
Clathrin-Uncoating: Auxilin is a cofactor for hsc70, which simulates the removal of the clathrin-coat 
through its ATPase activity. 4. Packaging: Once the clathrin-coat is fully removed, dopamine can now be 
packaged into the nascent vesicle. 5. Vesicular Dopamine: Dopamine sequestration inside the vesicle 
prevents it from becoming elevated and oxidized in the cytosol. 
   

Animal knockout mouse models of DNAJC6, SYNJ1, and SH3GL2 have all exhibited 

endocytic defects at the synapse, highlighting the importance of proper SVE control in maintaining 

axon terminal integrity (Cao, Milosevic, Giovedi, & De Camilli, 2014; Kim et al., 2002; Milosevic 

et al., 2011; Yim et al., 2010). It was previously reported that the presynaptic compartment of 

auxilin knockout mice displayed characteristics of defective SVE including reduced synaptic 

5. Vesicular
Dopamine

1. Invagination/
Constriction

2. Fission 3. Clathrin-Uncoating 4. Packaging

Synapse

Synaptic cleft

dopaminedynamin synaptojanin 1endophilin A1 auxilin hsc70 clathrin
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vesicle density and increased CCVs and membraneless clathrin cages (Hirst et al., 2008; Yim et 

al., 2010). Interestingly, follow-up studies found that embryonic mouse lethality resulting from 

genetic ablation of both GAK, an auxilin homolog and PD risk gene, and DNAJC6 could be rescued 

by overexpression of the GAK C-terminal fragment carrying both the clathrin-binding and J 

domains (Park et al., 2015). Although GAK and auxilin have redundant clathrin-uncoating actions 

in the cell, this data suggests that GAK overexpression can potentially mitigate auxilin dysfunction 

in PD. Furthermore, lack of auxilin in Drosophila led to specific age-related locomotor deficits 

and accelerated aSyn-mediated dopaminergic neuron loss in this model (L. Song et al., 2017). 

This result implies that nigral neurons are more sensitive to loss of auxilin function. Consistent 

with previous reports, the synapses of SYNJ1 R258Q knock-in mice revealed drastic endocytic 

defects and higher levels of endocytic intermediates such as CCVs (Cao et al., 2017). Additionally, 

dystrophic axon terminals were observed in the dorsal striatum of these mice which is the site of 

SNc dopaminergic neuron projections in the brain (Cao et al., 2017). Moreover, auxilin and parkin 

(PRKN), protein levels were reported to be elevated in synaptojanin 1 mutant mice (Cao et al., 

2017). Endophilin A1 knockout mouse models also exhibited elevated parkin levels, as well as 

accumulated CCVs, highlighting a potential functional connection between these SVE proteins 

and parkin (Cao et al., 2014).  

The regeneration of synaptic vesicles through SVE is essential to sustain neurotransmission 

and is therefore a highly regulated process. SVE is controlled by a large group of structurally 

distinct proteins termed dephosphins, which are regulated through phosphorylation–

dephosphorylation events (Cousin & Robinson, 2001). Under basal conditions, SVE proteins are 

constitutively phosphorylated, which inhibits them from associating with other proteins in the 

endocytic pathway (Cousin & Robinson, 2001). When the neuron is stimulated, Ca2+ influx 

activates the Ca2+-dependent calcineurin activity, which rapidly dephosphorylates endocytic 
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proteins to enable their interaction and recruitment to endocytic sites (Cottrell et al., 2016; Cousin 

& Robinson, 2001; X. S. Wu et al., 2014). SVE protein inactivation through rephosphorylation 

occurs on a much slower timescale in a stepwise progression. This process has been shown to be 

mediated in part by Cdk5 and Minibrain kinase (C. K. Chen et al., 2014; Lee, Wenk, Kim, Nairn, 

& De Camilli, 2004; Tan et al., 2003). However, there remains a significant gap in our knowledge 

of other possible protein kinases which are responsible for proper control of SVE. In this work, we 

explored the role of LRRK2 kinase in the regulation of synaptic function and its relevance in PD 

pathogenesis. 

 

Role of leucine-rich repeat kinase 2 (LRRK2) in Parkinson’s disease pathogenesis 

In 2004, a familial mutation that presented as classical PD across four generations was 

successfully mapped to a locus on chromosome 12 (Funayama et al., 2002; Zimprich et al., 2004). 

This locus contained the coding sequence for leucine-rich repeat kinase 2 (LRRK2), a protein with 

both serine/threonine kinase and GTPase activity. On average, patients experienced disease onset 

in or near the fifth decade of life and Lewy body deposits could be observed upon autopsy of 

patient brains, indicating that mutations in LRRK2 led to classical PD phenotypes.  

LRRK2 has a central catalytic core consisting of the Ras of Complex (ROC), C-terminal 

of ROC (COR), and kinase domains. The most common mutations, G2019S and R1441C/G/H, 

map to its kinase and GTPase domains, respectively (Figure 2). LRRK2 is unique in that patient 

carriers account for nearly 5% of all familial PD cases, and about 2% of sporadic cases (Di Fonzo 

et al., 2005; Gilks et al., 2005), the highest among any other gene described for PD. In some patient 

populations such as Ashkenazi Jews or North African Arabs, the incidence of PD development 

among LRRK2 mutation carriers is as high as 40% (Lesage et al., 2006; Ozelius et al., 2006). 

Furthermore, LRRK2 patients present with all classical phenotypes seen in sporadic patients, 
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making LRRK2 a relevant protein that could help to identify key cellular pathways that go awry 

in PD pathogenesis.  

 

Figure 2.  Schematic diagram of leucine-rich repeat kinase 2 (LRRK2) domains. LRRK2 is a large 
multi-domain protein that is about 280 kDA in size. It contains a central catalytic core comprised of the Ras 
of Complex (ROC), C-terminal of ROC (COR), and kinase domains. These domains are responsible for 
mediating the dual GTPase and kinase function of LRRK2. The most common pathogenic LRRK2 
mutations G2019S and R1441C/G/H affect the kinase and GTPase domains, respectively. LRRK2 also 
contains the ankyrin (ANK), leucine-rich repeat (LRR), WD40 interaction domains which allow it to 
associate with a range of proteins.  
 

LRRK2 is a large multi-domain protein which allows it to interact with and regulate many 

different proteins. The most common mutation, G2019S, is located within the binding pocket of 

the kinase domain (Figure 2) (Webber et al., 2011). Several functional studies have shown that 

this mutation leads to an increase in kinase activity (Greggio, 2012; Ray et al., 2014; Webber et 

al., 2011; West et al., 2007). The second most common mutation, R1441C/G/H, results in loss of 

ROC domain GTPase function by reducing GTP cycling and favoring its binding to GTP (Figure 

2) (Lewis et al., 2007; West et al., 2007). Follow-up studies also showed that intact GTPase activity 

is necessary to regulate kinase activity and therefore mutations perturbing this function have 

recently been shown to increase kinase function, as well (Greggio, 2012; Steger et al., 2016; West 

et al., 2007). Interestingly, the R1441C/G/H mutation was also shown to lead to a higher 

occurrence of autophosphorylation mediated by its own kinase domain (Sheng et al., 2012; Webber 

et al., 2011). Taken together, these results implicate important cross regulatory events between the 

different catalytic domains of LRRK2. Aside from the central catalytic core, LRRK2 also has 

leucine-rich repeat (LRR), ankyrin (ANK), and WD40 domains (Figure 2), which mediate its 
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interaction with a wide-range of proteins. Based on the identified interaction partners of LRRK2 

so far, roles for this protein have been described in vesicular trafficking, mitochondrial 

maintenance, and autophagy to the lysosome. 

LRRK2 is mainly a cytosolic protein, but through its interaction domains, it can be 

localized to vesicular membranes (Biskup et al., 2006). A recent large-scale phosphoproteomics 

study on LRRK2 identified a small subset of Rab GTPases as substrates for LRRK2 kinase activity 

(Steger et al., 2016). Rab GTPases are the main regulators of vesicular trafficking to and from 

prominent cellular structures like the trans-Golgi network, endosomes, lysosomes, as well as the 

plasma membrane (Hutagalung & Novick, 2011). In addition, an independent study identified 

Rab5b as a LRRK2 substrate (Shin et al., 2008; Yun et al., 2015). This GTPase is localized to early 

endosomes where it mediates clathrin-mediated endocytosis and synaptic vesicle recycling in 

neurons (Shin et al., 2008). 

In addition to Rab5b, LRRK2 has also been implicated in Rab7 function (Gomez-Suaga et 

al., 2014). LRRK2 mutants were shown to delay endosomal trafficking to the lysosome using the 

classical epidermal growth factor receptor (EGFR)-mediated degradative pathway assay (Gomez-

Suaga et al., 2014). This study found that mutant LRRK2 regulation of Rab7 ultimately impaired 

its function and that deficits could be perturbed by overexpressing an active form of Rab7 (Gomez-

Suaga et al., 2014). In addition, Rab7-dependent lysosome-mitochondria contacts were recently 

reported (Wong, Ysselstein, & Krainc, 2018), suggesting that LRRK2 may be further involved in 

regulating dynamic inter-organelle contacts. Both mitochondria and lysosomes have been 

previously linked to Ca2+ buffering in the cell which is important for maintaining A9 midbrain 

dopaminergic neurons pacemaking function (Guzman, Sanchez-Padilla, Chan, & Surmeier, 2009). 

Interestingly, LRRK2 mutant overexpression led to an increase in mitochondrial calcium uniporter 

(MCU) levels which resulted in increased Ca2+ flux into the mitochondria (Verma et al., 2017). As 
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high levels of Ca2+ store in mitochondria have been shown to lead to its impairment (Zaichick, 

McGrath, & Caraveo, 2017), this further implicates mutant LRRK2 in mitochondrial dysfunction.    

While the discovery of mutations in DNAJC6 and SYNJ1 directly implicate synaptic 

dysfunction in PD pathogenesis, recent studies suggest that other PD genes including LRRK2 and 

VPS35 may also be potential regulators of SVE. Normal LRRK2 serine/threonine kinase activity 

is critical for proper SVE, as chemical inhibition of LRRK2 was shown to delay endocytosis 

(Arranz et al., 2015). In addition, LRRK2 mutant mice displayed an accumulation of CCVs and 

decreased synaptic vesicle density in dopaminergic terminals (Xiong et al., 2018). Many synaptic 

interacting partners and substrates have been described for LRRK2, but those specifically involved 

in SVE regulation have only recently been identified. Dynamin, which mediates the fission of 

CCVs from the plasma membrane, was identified as a LRRK2 interactor, highlighting a potential 

role for LRRK2 in the regulation of dynamin GTPase activity (Stafa et al., 2014). Moreover, 

LRRK2 was shown to phosphorylate endophilin A1 at positions T73 and S75 located in its BAR 

domain (Matta et al., 2012). Subsequent investigations confirmed that LRRK2-mediated 

phosphorylation of endophilin A1 at S75 acted as a critical switch in mediating endophilin A1 

function at the synapse (Ambroso, Hegde, & Langen, 2014). Recent synaptic proteomic analysis 

of LRRK2 mutant knock-in Drosophila models have also identified synaptojanin 1 as a LRRK2 

kinase substrate (Islam et al., 2016). LRRK2 phosphorylates synaptojanin 1 at positions T1131 

and T1205 located in its proline-rich sequence recognition domain resulting in defective 

synaptojanin 1–endophilin A1 interaction (Islam et al., 2016; Pan et al., 2017). Interestingly, 

another study found that phosphorylation of synaptojanin 1 at S1029 mediates the regeneration of 

distinct synaptic vesicle pools, suggesting that phosphorylation–dephosphorylation events of 

different residues can result in protein involvement in separate parts of SVE (Geng, Wang, Lee, 

Chen, & Chang, 2016). Importantly, we recently identified auxilin as a novel substrate for LRRK2 
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kinase activity in iPSC-derived dopaminergic neurons (Nguyen & Krainc, 2018). We found that 

S627, located in auxilin’s clathrin-binding domain, is a LRRK2-mediated phosphorylation site and 

that dephosphorylation of this site led to increased auxilin association with clathrin (Nguyen & 

Krainc, 2018). Thus, LRRK2 kinase activity regulates several aspects of SVE, which could be 

exacerbated by LRRK2 disease-linked mutations, leading to downstream toxic effects that 

contribute to the degeneration of dopaminergic neurons.  

 LRRK2 has also been functionally linked to VPS35, a PD-linked gene that encodes a major 

component of the retromer complex involved in the recycling of proteins from the 

endosome/lysosome to the trans-Golgi network and from the endosome to the plasma membrane 

(Burd & Cullen, 2014; Follett et al., 2014). PD-associated mutations in VPS35, which display 

decreased function, functionally elevate wild-type LRRK2 kinase activity (Mir et al., 2018). 

Additionally, loss of the Drosophila homolog VPS35 leads to deficits in synaptic vesicle recycling 

involving LRRK2 which could be rescued upon VPS35 or LRRK2 overexpression (Inoshita et al., 

2017). Taken together, these studies reveal the existence of multiple layers of SVE regulation 

modulated by PD-linked genes previously implicated in mitochondrial and lysosomal dysfunction. 

These studies also suggest that the more common PD-linked gene, LRRK2, may mediate the 

convergence of these dysfunctional pathways in the process of neurodegeneration. 

 

Conclusions 

In-depth investigation of genes linked to PD provides valuable mechanistic insight into 

pathogenesis for therapeutic development. In particular, recently identified mutations in DNAJC6 

(auxilin) and SYNJ1 (synaptojanin 1) in patients with juvenile and early-onset atypical 

parkinsonism further strengthened the importance of synaptic dysfunction in PD pathogenesis 

(Edvardson et al., 2012; Kirola et al., 2016; Koroglu et al., 2013; Krebs et al., 2013; Olgiati et al., 
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2016; Quadri et al., 2013), as both genes are involved in clathrin-dependent synaptic vesicle 

endocytosis which replenishes synaptic vesicles following neuronal activity. Moreover, LRRK2, 

the most commonly mutated protein in familial and sporadic PD, has also been implicated in 

synaptic function (Biskup et al., 2006; Di Fonzo et al., 2005; Gilks et al., 2005). Pathogenic PD-

linked mutations in LRRK2, R1441C/H/G and G2019S, perturb its kinase activity which is 

important for SVE and neurotransmission (Arranz et al., 2015; Henry et al., 2015; Hinkle et al., 

2012; Tong et al., 2009; Webber et al., 2011; West et al., 2007), and several SVE proteins including 

synaptojanin 1 and endophilin A1 are LRRK2 kinase substrates (Ambroso et al., 2014; Islam et 

al., 2016; Matta et al., 2012; Pan et al., 2017), suggesting that LRRK2 globally regulates SVE via 

its kinase activity.  

Synaptic vesicle pools can be regenerated at the axon terminal through clathrin-mediated 

SVE, a process tightly controlled by phospho-regulated proteins (Cousin & Robinson, 2001; 

Saheki & De Camilli, 2012). This pathway initiates when clathrin is recruited to the plasma 

membrane via AP-2 (Figure 1). A new clathrin-coated vesicle then invaginates from the plasma 

membrane through the concerted effort of endophilin A1 and synaptojanin 1 and is subsequently 

cleaved off by dynamin 1. Following fission, auxilin binds and recruits hsc70 to remove the 

clathrin lattice thereby producing a synaptic vesicle that can be packaged with neurotransmitters. 

Importantly, loss of individual SVE proteins leads to similar synaptic defects, including increased 

retention of clathrin-coated vesicles and decreased synaptic vesicle density (Cao et al., 2014; 

Ferguson et al., 2007; Kim et al., 2002; Milosevic et al., 2011; Yim et al., 2010). We hypothesized 

that defective SVE in SNc dopaminergic neurons could ultimately lead to increased cytosolic 

dopamine (DA) due to inefficient DA packaging, which can be rapidly oxidized to drive 

downstream toxic effects and subsequent nigrostriatal neurodegeneration (Lotharius & Brundin, 
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2002). Previously, we have shown that one consequence of increased oxidized DA is the 

accumulation of aSyn, a major component of Lewy bodies in PD (Burbulla et al., 2017).  

However, the connection between synaptic dysfunction and DA-mediated toxic effects has 

not been previously examined in patient-derived dopaminergic neurons. In this study, we 

demonstrated that LRRK2 and auxilin interact and that LRRK2 kinase activity mediates auxilin 

phosphorylation in its clathrin-binding domain at Ser627 to regulate auxilin’s binding to clathrin 

during SVE (Nguyen & Krainc, 2018), suggesting that LRRK2 and auxilin functionally interact in 

mediating synaptic dysregulation in dopaminergic neurons. As mutant LRRK2 has also been 

previously linked to mitochondrial and lysosomal dysregulation (Gomez-Suaga et al., 2014; 

Verma et al., 2017), our studies further suggest that LRRK2 may mediate the convergence of these 

pathways in PD pathogenesis. 
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CHAPTER 2. 

LRRK2 PHOSPHORYLATION OF AUXILIN ALTERS ITS FUNCTION 

 

Summary 

 LRRK2 has been previously determined to be an important regulator of synaptic function 

through its localization and interaction with proteins involved in both endocytosis and exocytosis 

(Ambroso et al., 2014; Arranz et al., 2015; Belluzzi et al., 2016; Islam et al., 2016). However, the 

emergence of genome wide association study (GWAS) hits and familial, juvenile or early-onset 

Parkinson’s disease (PD) cases have linked synaptic genes particularly involved in clathrin-

mediated synaptic vesicle endocytosis (SVE) as important mediators of PD pathogenesis (Chang 

et al., 2017; Edvardson et al., 2012; Kirola et al., 2016; Koroglu et al., 2013; Krebs et al., 2013; 

Olgiati et al., 2014; Olgiati et al., 2016; Quadri et al., 2013). These genes SH3GL2, SYNJ1, and 

DNAJC6 encode endophilin A1, synaptojanin 1, and auxilin, respectively. These synaptic proteins 

are heavily enriched in neurons and have distinct roles in SVE to regulate the budding and 

uncoating of the nascent vesicle from the plasma membrane following the release of 

neurotransmitters (Figure 2) (Saheki & De Camilli, 2012). Notably, both endophilin A1 and 

synaptojanin 1 were recently identified as LRRK2 phosphosubstrates (Ambroso et al., 2014; Islam 

et al., 2016; Matta et al., 2012; Pan et al., 2017), suggesting that LRRK2 kinase activity is heavily 

involved in this process. Previous studies showed that LRRK2-mediated phosphorylation of 

endophilin A1 or synaptojanin 1 altered their ability to interact with the lipid membrane and/or 

downstream SVE interactors, therefore negatively affecting their function in SVE (Ambroso et al., 

2014; Pan et al., 2017). Furthermore, LRRK2 was linked to cyclin-G associated kinase (GAK) 
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which is a PD-risk gene and ~80% homologous to auxilin (Beilina et al., 2014; Lemmon, 2001), 

suggesting that LRRK2 might also interact with auxilin.  

Here we confirm previous results indicating that LRRK2 is localized to the synapse 

(Biskup et al., 2006). Additionally, we identified a novel interaction between LRRK2 and the 

synaptic protein, auxilin (Nguyen & Krainc, 2018). We determine that LRRK2 phosphorylates 

auxilin at position Ser627, which is located in its clathrin-binding domain (Nguyen & Krainc, 

2018). As auxilin is important for mediating the removal of the clathrin-coat by binding clathrin 

and recruiting hsc70, which is the ATPase that stimulates the removal of the clathrin-coat, we 

hypothesized that phosphoregulation of auxilin at position Ser627 would affect its clathrin-binding 

function. We show that LRRK2-mediated phosphorylation of auxilin leads to alterations in its 

association with clathrin but not its known binding partner, hsc70 (Nguyen & Krainc, 2018).  

 

Methods 

Cell culture.  HEK293 cells were cultured at 37°C and 5% CO2 in Dulbecco’s Modified Eagle 

Medium (DMEM) (Invitrogen, #11995-073) containing 10% heat-inactivated Fetal Bovine Serum 

(FBS) (Invitrogen, #16000-044) and 1X penicillin and streptomycin (Invitrogen, #15140-122). 

Cells were cultured and maintained up to 70% confluency before passaging. All culture passages 

were kept below P20. For experiments, cells were seeded at a density of 500K cells per well in a 

6-well plate tissue culture-treated plate for transfections and immunoprecipitation experiments.  

 

Plasmids and primers.  The pDEST53-LRRK2-WT cDNA expression construct was obtained from 

Addgene (#25044) and the pLX304-DNAJC6-WT-V5 cDNA expression construct was obtained 

from Harvard PlasmID Database (#HsCD00414238). LRRK2 mutant constructs were generated 

using the Agilent site-directed mutagenesis kit (Fisher Scientific, #NC1220413), according to 
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manufacture protocols and further Sanger sequenced using the following Integrated DNA 

Technologies primers: LRRK2-WT-Flag For 5’-gatgatgataaagcccttatggctagtggc-3’ and Rev 5’-

atctttataatccatgaattcggagcctgcttttttg-3’, LRRK2 R1441C For 5’-

cttggctcttcaatataaaggcttgcgcttcttcttc-3’ and Rev 5’-gaagaagaagcgcaagcctttatattgaagagccaag-3’, 

LRRK2 G2019S For 5’-caaagattgctgactacagcattgctcagtactgc-3’ and Rev 5’- 

gcagtactgagcaatgctgtagtcagcaatctttg-3’, LRRK2 K1906M For 5’-

gaaggagaagaagtggctgtgatgatttttaataaacatacatcac-3’ and Rev 5’-

gtgatgtatgtttattaaaaatcatcacagccacttcttctccttc-3’, Auxilin S627A For 5’-

cctccacctctgcggctccaaccctaaga-3’ and Rev 5’-tcttagggttggagccgcagaggtggagg-3’, Auxilin S627D 

For 5’- cacctccacctctgcggatccaaccctaagagtg-3’ and Rev 5’- cactcttagggttggatccgcagaggtggaggtg-

3’, Auxilin S49A For 5’-cagcggcgcgggctcccgcccgac-3’ and Rev 5’-gtcgggcgggagcccgcgccgctg-

3’, Auxilin S49D For 5’-gcagcggcgcgggatcccgcccgaca-3’ and Rev 5’-

tgtcgggcgggatcccgcgccgctgc-3’, Auxilin S59A For 5’-ccggaccgcgccgccaccatggacagc-3’ and Rev 

5’-gctgtccatggtggcggcgcggtccgg-3’, and Auxilin S59D For 5’-tccggaccgcgccgacaccatggacagct-3’ 

and Rev 5’-agctgtccatggtgtcggcgcggtccgga-3’. Sequencing primers for LRRK2 mRNA R1 5’-

cgtgaacaccagcagatcctcc-3’, F1 5’-atggctagtggcagctgtca-3’, F2 5’-tgagagagtctcagaggagc-3’, F3 5’-

ccgcatgctgggcactaaat-3’, F4 5’-ctggtcctagcagctttgaa-3’, F5 5’-gggagcagatgccaatcaagc-3’, F6 5’-

ccgagatgccgtattacagcg-3’, F7 5’-cctgagaacctcactgatgtgg-3’, F8 5’-ccctcctgagattggctgtc-3’, F9 5’-

gacgcagcgagcattgtacc-3’, F10 5’-cccagcactgcagttaagtg-3’, F11 5’-gggccaagttgtggaccaca-3’, F12 

5’-caggacaaagccagcctcac-3’, F13 5’-atttggctgggctgtgggca-3’, F14 5’-ggtggtagacactgctctct-3’. 

Sequencing primers for DNAJC6 mRNA R1 5’-catgtcaaagagacctccccc-3’, F1 5’-

atgagcctcctcgggagcta-3’, F2 5’-attaggcaggctcccagtct-3’, F3 5’-ttgaggtcaaccattgggag-3’, F4 5’-

ggctcctcccaccaattctg-3’, F5 5’-agcaaacccaccacaccaac-3’, F6 5’-actgggcaaccctatgaaca-3’. 
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Antibodies.  For immunofluorescence: DNAJC6 (auxilin) 1:1000 (Sigma, #HPA031182), LRRK2 

1:100 (Novus Biologicals, #NB300-268), synaptophysin 1:500 (EMD Millipore, #MAB5258). For 

Western Blot: DNAJC6 (auxilin) 1:1000 (ThermoFisher, #PA5-26981), clathrin heavy chain 

(2410) 1:1000 (Cell Signaling, #P1663), b-actin (AC-15) 1:5000 (Abcam, #ab6276), LRRK2 

(MJFF 68-7) 1:1000 (Abcam, #ab181386), hsc70 (B-6) 1:2000 (Santa Cruz, #sc-7298), GAPDH 

(6C5) 1:5000 (EMD Millipore, #MAB374), pan-phosphoserine (16B4) 1:1000 (Santa Cruz, #sc-

81514), and pan-phosphoserine 1:1000 (EMD Millipore, #AB1603).  

 

Generation of protein lysates and SDS-PAGE/Western blotting.  Cells were briefly washed with 

ice-cold 1X PBS and lysed using 1% Triton X-100 lysis buffer [1% Triton X-100, 10% glycerol, 

1 mM EDTA, 150 mM NaCl, 50 mM HEPES, pH 7.4] + 1X cOmpleteä protease inhibitor cocktail 

(Sigma, #11836170001 Roche). Samples were incubated on ice for 30 minutes and vortexed 

briefly every 10 minutes to ensure full lysis of samples. Samples were then centrifuged at max 

RPM (~20,000 x g) for 20 minutes and the subsequent supernatant was used for 

immunoprecipitation experiments (see below) and then Western blot analysis, respectively. Boiled 

protein samples were separated on precasted 4-12% Tris-glycine, 4-20% Tris-glycine or 3-8% 

Tris-acetate gels (Invitrogen, #XP04120, #XP04205, #EA03752-5). Proteins were transferred to 

PVDF or nitrocellulose membranes using the semi-dry method with the Trans-blotâ Turboä 

transfer system (Biorad). Following transfer, membranes were blocked with 5% milk in 1X Tris-

buffered saline [50 mM Tris, pH 7.4, 150 mM NaCl] with 0.1% Tween (TBST) for 1 hour at room 

temperature. Membranes were subsequently washed 3X with 1X TBST for 5 minutes each and 

then immunoblotted overnight in primary antibody at 4°C, shaking. The following day, 

membranes were washed four times with 1X TBST for 5 minutes and incubated in secondary HRP 
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antibody (Jackson Laboratories) for 1 to 1.5 hours shaking at room temperature. Membranes were 

washed three times with 1X TBST for 10 minutes each with one additional wash step in water for 

10 minutes. Membranes were then imaged using Clarity and femto chemiluminescence substrate 

(Biorad, #170-5061 and Thermo Fisher Scientific, #34095, respectively) on the ChemiDoc XRS+ 

imaging station (Biorad). Analysis and quantification of protein bands was done using Image Lab 

5.0.  

 

Immunofluorescence.  Cells seeded on nitric acid treated, poly-D-lysine (Sigma, #P1149), and 

laminin coated (Invitrogen, #23017-015) coverslips were fixed using 3% paraformaldehyde in 1X 

PBS for 15 to 20 minutes at room temperature. Cells were then permeabilized using 

permeabilization buffer [10% FBS in 1X PBS + 0.1% fresh saponin] for 30 minutes at room 

temperature. Samples were then incubated in primary antibody diluted in permeabilization buffer 

either for 30 minutes at room temperature or overnight at 4°C. Coverslips were then washed three 

times with 1X PBS for 5 minutes each wash. Secondary antibodies corresponding to the primary 

antibodies were diluted in permeabilization buffer and added to the samples for 45 minutes to 2 

hours at room temperature. Samples were washed three times with 1X PBS for 5 minutes each 

wash and then mounted onto Superfrostâ Plus microscope slides (Fisherbrand, #12-550-15) using 

DAPI Fluoromount-Gâ (Southern Biotech, #0100-20). Samples were left at 4°C for at least 24 

hours before imaging. Images were obtained on a Leica DMI4000B confocal microscope.  

 

Immunoprecipitation.  HEK293 cells (please refer to above for plating density) were transfected 

using Lipofectamineä 2000 (Invitrogen, #11668-019), according to manufacture protocols at a 

lipid to DNA ratio of 1:3. 48 hours following transfection, cells were briefly washed with ice-cold 
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1X PBS, scraped and lysed using 1 ml of 1% Triton X-100 lysis buffer [1% Triton X-100, 10% 

glycerol, 1 mM EDTA, 150 mM NaCl, 50 mM HEPES, pH 7.4] + 1X cOmpleteä protease 

inhibitor cocktail (Sigma, #11836170001 Roche). Samples were incubated on ice for 30 minutes 

and vortexed briefly every 10 minutes to ensure full lysis of samples. Samples were then 

centrifuged at max RPM (~20,000 x g) for 20 minutes. The supernatant was added to prewashed 

anti-V5 agarose beads or anti-FLAGâ M2 agarose beads (Sigma, #A7345 and #A4596, 

respectively). Protein lysate and beads were left to rotate overnight at 4°C. V5 or Flag-tagged 

agarose beads were briefly pelleted and washed with 1 mL of 1% Triton X-100 lysis buffer for 5 

minutes rotating for a total of three times. Immunoprecipitated proteins were eluted from beads by 

adding equal volumes of 2X SDS sample buffer [125 mM Tris, pH 6.8, 15% glycerol, 4% SDS, 

0.5 mM dithiothreitol, bromophenol blue] then subsequently boiled for 10 minutes at 95°C in 

preparation for SDS-PAGE and Western blotting analysis. 

 

Preparation of samples for MS.  HEK293 cells in 10 cm plates were cotransfected with Flag-tagged 

auxilin wild-type and corresponding LRRK2 wild-type or mutant R1441C or G2019S cDNA 

constructs using Lipofectamine for at least 48 hours, as stated previously according to the 

manufacturer’s protocol. For the LRRK2 kinase inhibitor experiment, cells were transfected with 

Flag-tagged auxilin wild-type and either left untreated or were treated with DMSO or 

GSK2578215A at a final concentration of 2 µM (Sigma, #SML0660). After 48 hours, cells were 

washed with 1X PBS and lysed in 1 mL of DOC lysis buffer [0.5% deoxycholic acid, 1% Triton 

X-100, 50 mM Tris, pH 7.4, 150 mM NaCl, 10 mM NaF, 1 mM EGTA, and 1 mM EDTA] + 1X 

cOmpleteä protease inhibitor cocktail. Auxilin was purified using prewashed Flag-tagged agarose 

beads, as described above. Proteins were eluted from the beads using dye-free sample buffer [62.5 
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µl 1M Tris-HCl, 200 µl 10% SDS, 687.5 µl water, 50 µl b-mercapthoethanol] at 65°C for 10 

minutes with short vortexing in-between. Proteins in suspension were diluted with 50 mM Tris, 

pH 6.8 and precipitated using 100% (w/v) trichloroacetic acid (TCA) overnight on ice at 4°C. 

Precipitated proteins were subsequently pelleted at 15,000 x RPM for 30 minutes. Ice-cold acetone 

was used to wash and fully dry the pellet for mass spectrometry processing.  

 

Tandem mass spectrometry (MS).  The precipitated protein pellets were initially solubilized in 100 

μl of 8 M urea for 30 minutes followed by the addition of 100 μl of 0.2% ProteaseMAX (Promega) 

for 2 hours. All protein extracts were subsequently reduced and alkylated as previously described 

(E. I. Chen, McClatchy, Park, & Yates, 2008), followed with the addition of 300 μl of 50 mM 

ammonium bicarbonate, 5 μl 1% ProteaseMAX and 0.5 μg sequence-grade trypsin (Promega). 

Using a thermomixer at 37°C (Eppendorf), the samples were left to digest overnight. For Orbitrap 

Fusion Tribrid MS analysis, tryptic peptides were further purified using Pierce C18 spin columns 

(Thermo Scientific) and using a Thermo EASY nLC 1000 UPLC pump, 3 μg of peptide was auto-

sampler onto a vented Acclaim Pepmap 100, 75 μ m Å~ 2 cm, nanoViper trap column coupled to 

a nanoViper analytical column (Thermo-164570, 3 μ m, 100 Å, C18, 0.075 mm, 500 mm) with a 

stainless steel emitter tip assembled on the Nanospray Flex Ion Source with a spray voltage of 

2,000 V. For this protocol, Buffer A contained 94.785% H2O with 5% acetonitrile and 0.125% 

formic acid. Buffer B contained 99.875% acetonitrile with 0.125% formic acid. The 

chromatographic run was for a total of 4 hours under the following profile: 0–7% over 7 min, ramp 

to 10% over 6 min, ramp to 25% over 160 min, ramp to 33% over 40 min, ramp to 50% over 7 

min, ramp to 95% for 5 min and stay at 95% for an additional 15 minutes. Some additional MS 

parameters include: ion transfer tube temperature to 300°C, Easy-IC internal mass calibration, 

default charge state set to 2, and cycle time set to 3 sec. The Detector type was set to Orbitrap with 



 36 
60,000 resolution, with wide quad isolation, mass range set to normal, scan range set to 300–1,500 

(m/z), max injection time set to 50 ms, AGC target set to 200,000, microscans set to 1, S-lens RF 

level set to 60, without source fragmentation, and data type set to positive and centroid. 

Monoisotopic precursor selection was set as on, including charge states equal to 2–6 (rejecting 

unassigned). Dynamic exclusion was enabled and set to 1 for 30 sec and 45 sec exclusion duration 

at 10 p.p.m. for high and low. Precursor selection decision was set to most intense, top 20, isolation 

window set to 1.6, scan range set to auto normal, first mass set to 110, collision energy set to 30%. 

The ion trap detector was used for CID, with ion trap resolution set to 30 K, ion trap scan rate set 

to rapid, maximum injection time set to 75 ms, AGC target set to 10,000, and Q set to 0.25. Finally, 

ions were injected for all available parallelizable time. Spectrum raw files werethen extracted into 

ms1 and ms2 files using the in-house program RawXtractor or RawConverter 

(http://fields.scripps.edu/downloads.php) (He, Diedrich, Chu, & Yates, 2015) and the tandem mass 

spectra were searched against UniProt human database (downloaded on 03-25-2014) (The UniProt 

Consortium 2015) and matched to sequences using the ProLuCID database search program 

(ProLuCID ver. 3.1) (Eng, McCormack, & Yates, 1994; Xu et al., 2015). ProLuCID searches were 

done using an Intel Xeon cluster running on the Linux operating system. For search space, all fully 

and half-tryptic peptide candidates that fell within the no miscleavage, mass tolerance window 

constraint were included. Carbamidomethylation (+ 57.02146 Da) of cysteine was considered as a 

static modification and a differential modification of 79.9663 on serine, threonine, or tyrosine. 

Validity of peptide/spectrum matches (PSMs) were assessed in DTASelect2 (using two 

SEQUEST-defined parameters, the cross-correlation score (XCorr), and normalized difference in 

cross-correlation scores (DeltaCN) (Cociorva, D, & Yates, 2007; Eng et al., 1994; Tabb, 

McDonald, & Yates, 2002). The search results were grouped resulting in 12 distinct subgroups by 

charge state (+ 1, + 2, + 3, and greater than + 3) and tryptic status (fully tryptic, half-tryptic, and 
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nontryptic). In each of these subgroups, the distribution of Xcorr, DeltaCN, and DeltaMass values 

for (1) direct and (2) decoy database PSMs were first obtained and subsequently direct and decoy 

subsets were separated through discriminant analysis. Generally, full separation of the direct and 

decoy PSM subsets is not possible; therefore, peptide match probabilities were calculated on the 

basis of a nonparametric fit of the direct and decoy score distributions. A peptide confidence of 

0.95 was used and set as the minimum threshold. The false discovery rate (FDR) was then 

calculated as the percentage of reverse decoy PSMs among all the PSMs that passed the confidence 

threshold. Each protein identified was required to have a minimum of one half-tryptic peptide. 

This peptide also had to be an excellent match with an FDR less than 0.001 which represents at 

least one excellent peptide match. Following this last filtering step, final protein FDRs were 

determined to be below 1% for each sample analysis based on decoy hits.  

 

In vitro kinase assay.  Flag-tagged LRRK2 wild-type, LRRK2 R1441C, and kinase-dead K1906M 

mutant cDNA constructs were overexpressed in HEK293 cells and purified using anti-FLAGâ 

M2 agarose beads after 48 hours. In addition, V5-tagged auxilin wild-type and phosphodeficient 

auxilin S627A cDNA constructs were overexpressed in HEK293 cells and purified using anti-V5 

agarose beads, as mentioned above. Equal amounts of beads were added at a 1:2 kinase to substrate 

ratio in kinase activity assay buffer [25 mM Tris, pH 7.4, 1 mM EDTA, 1mM, EGTA, 5 mM 

MgCl2] supplemented with or without 1 mM ATP up to a final reaction volume of 50 µl. 

Experimental samples were then incubated at 37°C for 90 minutes. The kinase reaction was 

terminated by adding an equal amount of 2X SDS sample buffer. Samples were then boiled and 

analyzed by SDS-PAGE and Western blotting analysis. Analysis was done comparing wild-type 

LRRK2 with wild-type auxilin or phosphodeficient auxilin S627A and LRRK2 R1441C or kinase-

dead mutant LRRK2 K1906M with wild-type auxilin or phosphodeficient auxilin S627A with 1 
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mM ATP (phosphoserine signal without 1 mM ATP was initially subtracted). All results were 

normalized to the wild-type LRRK2 with wild-type auxilin experimental condition. 

 

Statistical Analysis.  One-way ANOVA with Tukey’s post-hoc test was used for three or more 

dataset quantifications, unless indicated in figure legends. Two-tailed Student’s t-test was utilized 

in two dataset analyses. Statistical calculations were performed with GraphPad Prism 7 Software 

(http://www.graphpad.com), p values £ 0.05 were considered significant, and all error bars in 

figures represent the standard error mean (SEM).  

 

Results 

LRRK2 reportedly cofractionates with the presynaptic protein synapsin and 

phosphorylates several SVE proteins (Ambroso et al., 2014; Biskup et al., 2006; Islam et al., 2016; 

Matta et al., 2012; Pan et al., 2017; Stafa et al., 2014). Using primary, rat hippocampal neurons, 

we show that both auxilin and LRRK2 colocalize with synaptophysin, a protein marker of the 

presynaptic terminal (Figure 3). The synaptic LRRK2 substrates endophilin A1 and synaptojanin 

1 are encoded by SH3GL2 and SYNJ1, respectively (Ambroso et al., 2014; Islam et al., 2016; Matta 

et al., 2012; Pan et al., 2017). Recently, SH3GL2 was listed as a high PD-risk gene and several 

genetic mutations have been identified in SYNJ1 leading to early-onset parkinsonism (Chang et 

al., 2017; Kirola et al., 2016; Krebs et al., 2013; Olgiati et al., 2014; Quadri et al., 2013). From this 

we hypothesized that LRRK2 might have important kinase function at the synapse and that PD-

linked mutations which alter kinase activity would affect synaptic integrity through proteins 

specifically involved in SVE regulation.  
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Figure 3.  LRRK2 and auxilin colocalize in the presynaptic compartment. Rat hippocampal neurons 
were immunostained at div 7 days in culture. Neurons were immunostained using antibodies against auxilin 
and LRRK2. Synaptophysin was used as a marker of the presynaptic compartment. Merged images show 
abundant colocalization of auxilin and synaptophysin, as well as colocalization of LRRK2 and 
synaptophysin indicating that both proteins can localize at the synapse.  
 
 

During SVE, both endophilin A1 and synaptojanin 1 interact to mediate the invagination 

and fission of a nascent clathrin-coated vesicle from the plasma membrane (Figure 1) (Saheki & 

De Camilli, 2012; Schuske et al., 2003). Auxilin, involved in the last step of SVE, is responsible 

for binding to the clathrin-coat and then recruiting hsc70, the ATPase that provides the energy to 

remove the clathrin-coat (Eisenberg & Greene, 2007; Morgan, Prasad, Jin, Augustine, & Lafer, 

2001; Rapoport et al., 2008; Saheki & De Camilli, 2012). Mutations in DNAJC6, which encode 

auxilin, were recently discovered in juvenile or early-onset atypical parkinsonism patients 

(Edvardson et al., 2012; Koroglu et al., 2013; Olgiati et al., 2016). Interestingly, auxilin is highly 

homologous to cyclin G-associated kinase (GAK) (Lemmon, 2001), a PD-risk gene which was 

previously shown to interact in complex with LRRK2 (Beilina et al., 2014; Nagle et al., 2016; 

Nalls et al., 2014; Rhodes, Sinsheimer, Bordelon, Bronstein, & Ritz, 2011). To determine whether 

LRRK2 also specifically interacts with auxilin, we generated V5-tagged wild-type auxilin and 

overexpressed wild-type auxilin protein in HEK293 cells. We found that auxilin co-

immunoprecipitated endogenous LRRK2, as well as hsc70, its known interaction partner, but not 
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GAPDH (Figure 4B). Together, these results suggest that a percentage of LRRK2 is localized to 

the synapse and that LRRK2 interacts with auxilin to potentially regulate synaptic function.  

The LRRK2 G2019S mutation leads to an increase in kinase activity while the 

R1441C/H/G mutation has been shown to alter LRRK2 kinase activity by decreasing its GTPase 

function by disrupting GDP/GTP cycling which is essential for kinase activity (Greggio, 2012; 

Henry et al., 2015; Lewis et al., 2007; Webber et al., 2011; West et al., 2007). Additionally, 

compared to wild-type LRRK2, both mutations have been shown to modulate several SVE 

phosphosubstrates (endophilin A1 and synaptojanin 1) acting upstream of auxilin (Ambroso et al., 

2014; Islam et al., 2016; Matta et al., 2012; Pan et al., 2017).  

Auxilin is a highly phosphoregulated protein containing numerous serine and threonine 

residues in both its PTEN-like and clathrin-binding domains (Figure 4A). To examine whether 

auxilin might be a substrate of LRRK2 kinase activity, we coexpressed V5-tagged wild-type 

auxilin with either wild-type LRRK2, LRRK2 G2019S or LRRK2 R1441C constructs and 

immunoprecipitated auxilin from HEK293 cells. Using a pan-phosphoserine antibody, which 

recognizes all phosphorylated serine residues, we found that coexpression of wild-type auxilin 

with either LRRK2 G2019S or LRRK2 R1441C led to an increase in phosphoserine signal 

compared to coexpression with wild-type LRRK2 (Figure 5). Taken together, this suggests that 

the presence of mutant LRRK2 increases auxilin phosphorylation state compared to wild-type 

LRRK2. Importantly, wild-type auxilin coexpressed with an empty plasmid also showed basal 

levels of pan-phosphoserine signal, suggesting that auxilin may have additional kinases that may 

regulate its phosphorylation state (Figure 5). 
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Figure 4.  LRRK2 phosphorylates auxilin in its clathrin-binding domain at Ser627. (A) Schematic of 
auxilin protein mapping the Ser627 phosphosite to its clathrin-binding domain (clathrin-binding motifs are 
underlined). (B) Western blot analysis of co-immunoprecipitated proteins with V5-tagged wild-type (WT) 
auxilin from HEK 293 cells, probed for auxilin, LRRK2, hsc70 (positive control), and GAPDH (loading 
control). Left panels represent 1% input of whole cell lysate. (C) Representative tandem mass spectra 
identifying phosphorylated Ser627 site in auxilin. B-ions containing the phosphate group are indicated (red 
triangle) (overexpression, n=2; LRRK2 kinase inhibitor, GSK2578215A (2 µM), n=1). (D) Western blot 
analysis of purified Flag-tagged LRRK2 WT or LRRK2 R1441C (RC) and V5-tagged auxilin WT or 
phosphodeficient auxilin S627A from HEK 293 cells following in vitro phosphorylation assays with or 
without 1 mM ATP probed for LRRK2, auxilin, and pan-phosphoserine (P-serine). All experimental 
conditions were run on the same Western blot. (E) Quantification of pan-phosphoserine auxilin signal in 
(D) normalized to total auxilin levels. All results were analyzed using one-way ANOVA statistical analysis 
(*p < 0.05, **p < 0.005, ****p < 0.00005), with all error bars representing SEM, n=3. 
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Figure 5.  Mutant LRRK2 overexpression increases auxilin phosphorylation state. HEK 293 cells were 
cotransfected with V5-tagged auxilin wild-type (WT) and either LRRK2 WT, LRRK2 G2019S (GS) or 
LRRK2 R1441C (RC). Auxilin was purified using an antibody against V5. Western blot analysis of 
immunoprecipitated samples probed for pan-phosphoserine (P-Serine), auxilin, LRRK2, and GAPDH 
(loading control). Representative blots are n=3 experiments.   
 
 
 

To identify potential LRRK2-mediated auxilin phosphorylation sites, we subjected purified 

Flag-tagged wild-type auxilin to tandem mass spectrometry. Flag-tagged wild-type auxilin was 

first coexpressed with either wild-type LRRK2-GFP, LRRK2 G2019S-GFP, LRRK2 R1441C-

GFP tagged or eGFP, and auxilin was immunoprecipitated using a Flag antibody (Figure 6A). 

From this analysis, we identified auxilin with an amino acid sequence coverage generally > 90% 

and identified a novel auxilin phosphorylation site at Ser627 in each experimental condition 

(Figure 4C, Table 1 and 2). As HEK293 cells have high, endogenous expression of wild-type 

LRRK2, we additionally performed phosphoanalysis of Flag-tagged wild-type auxilin purified 

from cells which were untreated or pretreated with DMSO or the LRRK2 kinase inhibitor, 

GSK2578215A, which attenuated endogenous wild-type LRRK2 kinase activity (Figure 6B-D) 

(Reith et al., 2012). We again identified the same Ser627 phosphosite in untreated and DMSO 

conditions, but not when the LRRK2 kinase inhibitor, GSK2578215A, was used, suggesting that 

phosphorylation of auxilin Ser627 is lost when LRRK2 kinase activity is abolished in the cell 

(Figure 6C, D and Table 2). Importantly, we identified that this phosphosite is localized in 
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auxilin’s clathrin-binding domain near a previously identified clathrin-binding motif (Figure 4A) 

(Scheele et al., 2003), suggesting that Ser627 phosphorylation may have important consequences 

for auxilin’s previously reported functions during clathrin-mediated SVE. From the first 

phosphoanalysis, we also identified two additional novel auxilin phosphosites at positions Ser49 

and Ser59 in close proximity to the start of the PTEN-like domain when wild-type auxilin was 

coexpressed with wild-type LRRK2 and LRRK2 R1441C, but not LRRK2 G2019S (Figure 8A). 

 

Figure 6.  LRRK2 mediates phosphorylation of auxilin at Ser627. (A) Schematic for Flag-tagged wild-
type auxilin coexpression with eGFP (negative control), GFP-tagged wild-type (WT) LRRK2, GFP-tagged 
mutant LRRK2 G2019S (GS) or GFP-tagged mutant LRRK2 R1441C (RC) cDNA constructs. Auxilin was 
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purified using anti-Flag agarose beads and TCA precipitated in preparation for mass spectrometry (MS) 
phosphoanalysis. (B) Schematic for mass spectrometry phosphoproteomics of Flag-tagged wild-type 
auxilin purified from HEK 293 cells left untreated or pretreated with DMSO or the LRRK2 kinase inhibitor, 
GSK2578215A (215A, 2 µM). Auxilin was purified using anti-Flag agarose beads and TCA precipitated in 
preparation for MS phosphoanalysis. (C) Western blot analysis of pS935 LRRK2, LRRK2, and b-actin 
levels following 18 hour treatment with LRRK2 kinase inhibitor, GSK2578215A (2 µM) in conjunction 
with mass spectrometry phosphoanalysis in Figure 4C. Loss of pS935 signal is indicative of LRRK2 kinase 
activity inhibition. (D) Quantification of ratio between pS935 LRRK2 and total LRRK2 protein levels first 
normalized to b-actin in (C). (E) Western blot analysis of purified Flag-tagged LRRK2 WT or kinase-dead 
LRRK2 K1906M (KM) and V5-tagged auxilin WT or phosphodeficient auxilin S627A from HEK 293 cells 
following in vitro phosphorylation assays with or without 1 mM ATP probed for LRRK2, auxilin, and pan-
phosphoserine (P-serine). All experimental conditions were run on the same Western blot. (F) 
Quantification of pan-phosphoserine auxilin signal in (E) normalized to total auxilin levels. (G) Western 
blot analysis of pS935 LRRK2, LRRK2, and b-actin levels following 18 hour treatment with LRRK2 kinase 
inhibitors, GSK2578215A (215A, 2 µM) or LRRK2-IN-1 (2IN1, 2 µM) done in conjunction for 
experiments in Figure 7 D-F. Loss of pS935 signal is indicative of LRRK2 kinase activity inhibition. (H) 
Quantification of ratio between pS935 LRRK2 and total LRRK2 protein levels first normalized to b-actin 
in (H). The results were analyzed using unpaired t test or one-way ANOVA statistical analysis (**p < 0.005, 
***p < 0.0005), with all error bars representing SEM, n=3. 

 

Previous studies have shown that truncated auxilin containing only the clathrin-binding 

and J-domains is sufficient for retaining auxilin function (Greener et al., 2001; Ma et al., 2002; J. 

Xiao, Kim, & Graham, 2006). Thus, to determine whether LRRK2-mediated phosphorylation 

might modulate auxilin’s clathrin-binding activity, we further examined the Ser627 

phosphorylation site. To first confirm Ser627 as a LRRK2-mediated phosphosite, we generated 

phosphodeficient auxilin S627A by mutating the serine residue to an alanine, rendering the site 

unable to be phosphorylated. We additionally, generated a Flag-tagged kinase-dead mutant 

LRRK2 K1906M, as previously reported (Webber et al., 2011). We overexpressed these cDNA 

constructs in HEK293 cells individually and immunoprecipitated V5-tagged wild-type auxilin or 

auxilin S627A and Flag-tagged wild-type LRRK2 or kinase-dead LRRK2 K1906M from HEK293 

cells and subjected the purified proteins to in vitro phosphorylation assays. We confirm that 

addition of wild-type LRRK2 to wild-type auxilin led to an increase in auxilin’s pan-phosphoserine 

signal in the presence of ATP (Figure 6E, F). Furthermore, mutation of the Ser627 phosphosite 

attenuated the increase in auxilin’s pan-phosphoserine signal in the presence of wild-type LRRK2 
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and ATP (Figure 6E, F). Importantly, kinase-dead LRRK2 K1906M did not result in any 

significant changes in auxilin’s pan-phosphoserine signal between either wild-type auxilin or 

phosphodeficient auxilin S627A (Figure 6E, F). As an additional control, we confirmed that wild-

type LRRK2 but not kinase-dead LRRK2 K1906M had increased pan-phosphoserine signal with 

the addition of ATP (Figure 6E, F). This is consistent with previous reports, that active LRRK2 

is able to autophosphorylate itself at several serine residues (Sheng et al., 2012; Webber et al., 

2011). We repeated similar in vitro phosphorylation assays using mutant LRRK2 R1441C. We 

found that the presence of mutant LRRK2 R1441C, which leads to an increase in kinase activity 

(Steger et al., 2016), led to a greater fold change in auxilin pan-phosphoserine signal compared to 

wild-type LRRK2 (Figure 4D, E). When LRRK2 R1441C was incubated with phosphodeficient 

auxilin S627A, no increase in pan-phosphoserine signal was observed (Figure 4D, E). Therefore, 

we show that expression of phosphodeficient auxilin S627A decreased auxilin phosphorylation 

state in both LRRK2 wild-type and mutant LRRK2 R1441C conditions (Figure 4D, E and Figure 

6E, F). Together, these data suggest that auxilin Ser627 is specifically targeted by LRRK2 kinase 

activity. 

To determine whether phosphorylation of auxilin at position Ser627 regulated its binding 

to clathrin, we generated a phosphomimetic auxilin S627D by mutating the serine to an aspartate 

residue which is chemically similar to phosphoserine. We then examined the ability of 

phosphodeficient auxilin S627A and phosphomimetic auxilin S627D to bind clathrin and hsc70, 

both of which are known interaction partners of auxilin, in co-immuoprecipitation experiments 

carried out in HEK293 cells. We found that phosphodeficient auxilin S627A co- 

immunoprecipitated significantly more endogenous clathrin compared to either wild-type auxilin 

or phosphomimetic auxilin S627D (Figure 7A, B). 
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Figure 7.  LRRK2 mediated regulation of auxilin alters its association with clathrin. (A) Western blot 
analysis of co-immunoprecipitated proteins with V5-tagged auxilin WT, auxilin S627A and S627D from 
HEK 293 cells probed for clathrin heavy chain (HC), auxilin, hsc70, and b-actin (loading control). Left 
panels represent 1% input of whole cell lysate. (B, C) Quantification of co-immunoprecipitated clathrin and 
hsc70 normalized to immunoprecipitated auxilin in (A). (D) Western blot analysis of co-
immunoprecipitated proteins with V5-tagged auxilin WT upon LRRK2 kinase inhibitor, GSK2578215A 
(215A, 2 µM) or LRRK2-IN-1 (2IN1, 2 µM), treatment in HEK 293 cells probed for clathrin HC, auxilin, 
hsc70, and b-actin. Left panels represent 1% input of whole cell lysate. (E, F) Quantification of co-
immunoprecipitated clathrin and hsc70 normalized to immunoprecipitated auxilin in (D). All results were 
analyzed using one-way ANOVA statistical analysis (*p < 0.05, **p < 0.005, ****p < 0.00005), with all 
error bars representing SEM, n=3. 

 

As expected, both phosphomutants did not differentially bind hsc70, as the phosphosite 

Ser627 is not located in the auxilin J-domain which binds directly to hsc70 (Figure 7A, C). To 

further examine whether de novo LRRK2-mediated phosphorylation of auxilin could affect its 

downstream function, we overexpressed V5-tagged wild-type auxilin in HEK293 cells and treated 

cells with either DMSO or two independent LRRK2 kinase inhibitors, GSK2578215A or LRRK2-

IN-1. We confirmed efficient inhibition of LRRK2 kinase activity by measuring the levels of 
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phosphorylated LRRK2 Ser935, which is autophosphorylated when LRRK2 is active (Figure 6G, 

H) (Webber et al., 2011). Upon inhibition of LRRK2 kinase activity, auxilin binding to clathrin 

was significantly increased (Figure 7D, E). This is consistent with our previous results that 

phosphodeficient auxilin S627A binds significantly more endogenous clathrin compared to both 

wild-type auxilin and phosphomimetic auxilin S627D (Figure 7A, B). Again, auxilin binding to 

endogenous hsc70 was not altered as a result of LRRK2 kinase inhibition, as expected (Figure 

7D, F). 

Although not necessary for proper auxilin function, previous studies have shown that the 

PTEN-like domain of auxilin is involved in sensing clathrin-coated vesicles (Figure 8A) (Guan et 

al., 2010). To determine whether the additional auxilin phosphosites (Ser49 and Ser59) identified 

through mass spectrometry analysis also regulated auxilin’s clathrin-binding function (Figure 8A), 

we generated the corresponding phosphomutant constructs as mentioned in previous studies and 

overexpressed phosphodeficient auxilin S49A and S59A and phosphomimetic auxilin S49D and 

S59D individually in HEK293 cells. We then co-immunoprecipitated endogenous clathrin and 

hsc70 by purifying V5-tagged wild-type auxilin and phosphomutants from HEK293 cells. Both 

phosphodeficient auxilin S49A and S59A did not bind more clathrin or hsc70 compared to wild-

type auxilin (Figure 8B-G). Conversely, phosphomimetic auxilin S59D led to significantly less 

binding with both endogenous clathrin and hsc70 (Figure 8E-G). The Ser59 phosphosite is located 

at the start of the PTEN-like domain and not in the domains responsible for binding clathrin and 

hsc70. Therefore, the decrease in binding to clathrin and hsc70 that was observed could potentially 

be due to altered protein folding induced by the S59D mutation. Taken together, these data suggest 

that LRRK2-mediated phosphorylation of auxilin in the clathrin-binding domain at Ser627 

preferentially alters its ability to bind clathrin during SVE. 
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Figure 8.  Functional analyses of additional LRRK2-mediated phosphosites. (A) Schematic of auxilin 
protein mapping additional LRRK2-mediated phosphorylation sites near its PTEN-like domain. (B) 
Western blot analysis of co-immunoprecipitated proteins with V5-tagged wild-type auxilin, auxilin S49A 
and S49D following 48 hr overexpression in HEK 293 cells. The Western blot was probed with clathrin 
heavy chain (HC), auxilin, hsc70, and b-actin (loading control) antibodies. Left panels represent 1% input 
of whole cell lysate prior to immunoprecipitation. (C) Quantification of co-immunoprecipitated clathrin 
normalized to immunoprecipitated auxilin in (B). (D) Quantification of co-immunoprecipitated hsc70 
normalized to immunoprecipitated auxilin in (B). (E) Western blot analysis of co-immunoprecipitated 
proteins with V5-tagged wild-type auxilin, auxilin S59A and S59D following 48 hr overexpression in HEK 
293 cells. The Western blot was probed with clathrin heavy chain (HC), auxilin, hsc70, and b-actin (loading 
control) antibodies. Left panels represent 1% input of whole cell lysate prior to immunoprecipitation. (F) 
Quantification of co-immunoprecipitated clathrin normalized to immunoprecipitated auxilin in (E). (G) 
Quantification of co-immunoprecipitated hsc70 normalized to immunoprecipitated auxilin in (E). The 
results were analyzed using one-way ANOVA statistical analysis (*p < 0.05, **p < 0.005), with all error 
bars representing SEM, n=3. 
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Conclusions 

  We showed that auxilin and LRRK2 interact and that auxilin phosphorylation state is 

mediated by LRRK2 kinase activity. LRRK2-mediated phosphorylation of auxilin at Ser627, 

located within its clathrin-binding domain, leads to differential association of auxilin with clathrin. 

Moving forward, we hypothesized that mutant LRRK2 regulation of auxilin ultimately leads to 

loss of its function in SVE.  

LRRK2 has been shown to interact with and phospho-regulate several SVE proteins 

including endophilin A1 and synaptojanin 1, both of which have distinct roles upstream of auxilin 

(Saheki & De Camilli, 2012). Moreover, LRRK2 G2019S-mediated phosphorylation of endophilin 

A1 alters its ability to associate with membranes while LRRK2 R1441C knock-in Drosophila 

models displayed an altered presynaptic proteome and LRRK2-mediated phosphorylation of 

synaptojanin 1 (Ambroso et al., 2014; Islam et al., 2016; Matta et al., 2012; Pan et al., 2017), 

suggesting that LRRK2 has an important regulatory kinase role for multiple proteins at the 

presynaptic terminal.  

Interestingly, LRRK2 has also been shown to interact in complex with GAK (Beilina et 

al., 2014), a ubiquitously expressed clathrin-uncoating protein localized at the trans-Golgi network 

(Beilina et al., 2014; Greener, Zhao, Nojima, Eisenberg, & Greene, 2000). GAK is highly 

homologous to auxilin and is also a PD risk factor (Beilina et al., 2014; Lemmon, 2001; Nagle et 

al., 2016; Nalls et al., 2014; Rhodes et al., 2011). Here, we show that LRRK2 and auxilin also 

interact and that the presence of mutant LRRK2 increases auxilin phosphorylation state. Through 

tandem mass spectrometry, we determined that wild-type LRRK2 and PD-linked LRRK2 mutants 

R1441C and G2019S phosphorylate auxilin at Ser627 and that this phosphorylation was abolished 

by the LRRK2 kinase inhibitor, GSK2578215A. Generation of a phosphodeficient auxilin S627A 

resulted in a significantly reduced auxilin phosphorylation state in the presence of wild-type 
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LRRK2, LRRK2 R1441C or kinase-dead LRRK2 K1906M. As the Ser627 phosphosite is located 

within auxilin’s clathrin-binding domain, which is important for recognizing and binding to 

clathrin-coated vesicles (Rapoport et al., 2008; Scheele et al., 2003), we further found that 

inhibition of endogenous LRRK2 kinase activity or expression of phosphodeficient auxilin S627A, 

but not phosphomimetic auxilin S627D, resulted in increased auxilin association with clathrin. 

These data thus further validate auxilin Ser627 as a LRRK2-kinase activity dependent phosphosite 

that is important in modulating auxilin binding to clathrin. 
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CHAPTER 3. 

SYNAPTIC DYSFUNCTION IN LRRK2 PATIENT-DERIVED NEURONS 

 

Summary 

 We previously showed that LRRK2 is able to interact with and regulate auxilin function 

through phosphorylation (Figure 4B, C). However, it is not known how dysregulation of auxilin 

function affects dopaminergic neurons in PD pathogenesis. Previous studies have shown that 

LRRK2-mediated regulation of other synaptic proteins involved in SVE, such as endophilin A1 

and synaptojanin 1, led to delayed endocytosis (Matta et al., 2012; Pan et al., 2017). This data is 

consistent with endophilin A1 or mutant synaptojanin 1 knockin/knockout mice, which also 

showed delayed endocytosis upon loss of functional protein (Cao et al., 2014; Cao et al., 2017; 

Kim et al., 2002; Milosevic et al., 2011). Altogether, these data suggest that mutant LRRK2 

regulation of wild-type SVE proteins can also lead to dysfunctions at the synapse. In our studies, 

we generated and analyzed the role of synaptic dysfunction in human-derived dopaminergic 

neurons from induced pluripotent stem cells (iPSCs) harboring the LRRK2 R1441C/G or G2019S 

mutations.  

We found that LRRK2 mutant dopaminergic neurons displayed decreased SVE proteins 

including auxilin, adaptor protein 2 (AP-2), dynamin 1, and endophilin A1 as compared to controls 

(Figure 11A-F). Additionally, using a well-established endocytic assay through FM 1-43 styryl 

dye uptake, we show that endocytic rates are delayed in LRRK2 mutant dopaminergic neurons 

(Figure 11G, H). A previous study found that auxilin knockout mice displayed endocytic defects 

including decreased synaptic vesicle density and the appearance of membraneless clathrin cages 

at the presynaptic terminal (Hirst et al., 2008; Yim et al., 2010). We submitted LRRK2 R1441C 
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and control dopaminergic neurons for electron microscopy analysis to assess the synaptic 

architecture. Similar to auxilin knockout mice, we observed decreased synaptic vesicle density, as 

well as enlarged vesicles and the appearance of membraneless clathrin cages (Figure 12A, C). 

This suggests that mutant LRRK2-mediated regulation of auxilin leads to loss of normal auxilin 

function.  

Newly synthesized and recycled dopamine (DA) is rapidly packaged into an incoming 

population of nascent vesicles to prevent its oxidation (Lotharius & Brundin, 2002). Therefore, we 

hypothesized that disruptions in the SVE pathway would lead to deficiencies in DA packaging and 

increased cytosolic DA in human-derived dopaminergic neurons. Using a sensitive near infrared 

fluorescence (nIRF) assay (Mazzulli, Burbulla, Krainc, & Ischiropoulos, 2016), we measured the 

levels of oxidized DA in LRRK2 mutant and control neurons. We found that LRRK2 mutant 

neurons displayed higher levels of oxidized DA in a time dependent manner (Figure 13A-C and 

Figure 15A, B). In addition, downstream pathological phenotypes were also observed in LRRK2 

mutant dopaminergic neurons including increased aSyn accumulation and decreased GCase 

activity (Figure 13D-F and Figure 15C-E). Importantly, these phenotypes were attenuated when 

wild-type auxilin and not phosphomimetic S627D or phosphodeficient S627A auxilin was 

overexpressed in dopaminergic neurons (Figure 16 and Figure 17). To further confirm that SVE 

dysfunction leads to the generation of oxidized DA in dopaminergic neurons, we infected neurons 

with independent lentiviral auxilin shRNAs and found increased oxidized DA accumulation 

through loss of auxilin function (Figure 19). This indicates that disruptions in SVE in part lead to 

the accumulation of toxic oxidized DA species in human neurons.  
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Methods 

iPSC culture and midbrain-dopaminergic neuron differentiation.  LRRK2 patient fibroblasts were 

obtained from the NINDS Human Cell and Data Repository (formerly Coriell). Patient fibroblasts 

were reprogrammed using retroviruses at the Human Embryonic and Induced Pluripotent Stem 

Cell Facility at Northwestern University. iPSCs were routinely characterized through g-band 

karyotype analysis by Cell Line Genetics (https://www.clgenetics.com/) and Sanger sequenced by 

the Comprehensive Cancer Center DNA Sequencing and Genotyping facility at the University of 

Chicago (http://cancer-seqbase.uchicago.edu/) to ensure proper maintenance of LRRK2 mutations 

(Figure 10). LRRK2 mutant cell lines used in this study include: Coriell lines ND32975 clone 2 

and ND32976 clone 1 and 2 – LRRK2 c.4321C>G (p.R1441G), L295-4 – LRRK2 c.4321C>T 

(p.R1441C), ND29423-3 – LRRK2 c.6055G>A (p.G2019S), and control lines PPS31F clone 1 

(control 1), KT clone 6 (control 2), 2131 (control 3), and 2132 (control 4). Controls 3 and 4 are 

previously published cells lines (Burbulla et al., 2017). LRRK2 iPSCs were differentiated along 

with healthy control lines into dopaminergic neurons according to previously published protocols 

(Burbulla et al., 2017; Kriks et al., 2011). Prior to the start of differentiation, iPSCs were accutased 

and seeded onto 6-well plates at a density of 1 million cells per well. iPSCs were fed daily until 

cells had reached 80% confluency in order to initiate the differentiation protocol (day 0). Cells 

were fed a combination of LDN193189, SB431542, sonic hedgehog (SHH), purmorphamine, 

FGF8, CHIR99021 factors. On day 13, cells were transferred to poly-D-lysine/laminin coated 10 

cm plates. Cells were fed every 3rd day by half volume feeding with Neurobasal + SM1 supplement 

and bDNF, ascorbic acid, gDNF, TGF-b3, cAMP, DAPT factors. On day 25, cells were finally 

passaged onto poly-D-lysine/laminin coated tissue culture plates. Dopaminergic neurons were 

maintained in culture at 37°C with 5% CO2 and continuously fed by half volume feeding every 3rd 
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or 4th day with Neurobasal + SM1 supplement and bDNF, ascorbic acid, gDNF, TGF-b3, cAMP, 

DAPT factors until day 40, then the media was switched over to Neurobasal + SM1 supplement 

until cells were ready to be assayed (day 40+).  

 

Plasmids and primers.  Sequencing primers were obtained from Integrated DNA Technologies: 

Sequencing primers for LRRK2 gDNA exon 31 For 5’-tcttttcttcttctgaagtctgct-3’ and Rev 5’-

ttctctaccagcctaccatgt-3’, LRRK2 gDNA exon 41 For 5’-aagatttcctgtgcattttctggc-3’ and Rev 5’-

tcacatctgaggtcagtggttatc-3’. Sequencing primers for DNAJC6 mRNA R1 5’-

catgtcaaagagacctccccc-3’, F1 5’-atgagcctcctcgggagcta-3’, F2 5’-attaggcaggctcccagtct-3’, F3 5’-

ttgaggtcaaccattgggag-3’, F4 5’-ggctcctcccaccaattctg-3’, F5 5’-agcaaacccaccacaccaac-3’, F6 5’-

actgggcaaccctatgaaca-3’. 

 

Antibodies.  For immunofluorescence: DNAJC6 (auxilin) 1:1000 (Sigma, #HPA031182), LRRK2 

1:100 (Novus Biologicals, #NB300-268), synaptophysin 1:500 (EMD Millipore, #MAB5258), 

tomm20 1:200 (Abcam, #ab78547), Oct4 1:100 (Abcam, #ab19857), SSEA1 1:100 (EMD 

Millipore, #MAB4304), Nanog 1:50 (R&D Systems, #AF1997), tra-1-81 1:100 (EMD Millipore, 

#MAB4381). For Western Blot: DNAJC6 (auxilin) 1:1000 (Sigma, #HPA031182), DNAJC6 

(auxilin) 1:1000 (ThermoFisher, #PA5-26981), AP-2 1:2000 (BD Transduction, #610501), 

clathrin heavy chain (2410) 1:1000 (Cell Signaling, #P1663), dynamin 1 1:1000 (ThermoFisher, 

#PA1-660), endophilin A1 (E1E6Q) 1:1000 (Cell Signaling, #65169), synaptophysin 1:2000 

(EMD Millipore, #MAB5258), b-actin (AC-15) 1:5000 (Abcam, #ab6276), hsc70 (B-6) 1:2000 

(Santa Cruz, #sc-7298), GAPDH (6C5) 1:5000 (EMD Millipore, #MAB374), aSynuclein (LB509) 
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1:1000 (Invitrogen, #180215), aSynuclein (C-20) 1:1000 (Santa Cruz, #sc-7011-R), and tyrosine 

hydroxylase 1:2000 (Calbiochem, #657012).  

 

Immunofluorescence.  Cells seeded on nitric acid treated, poly-D-lysine (Sigma, #P1149), and 

laminin coated (Invitrogen, #23017-015) coverslips were fixed using 3% paraformaldehyde in 1X 

PBX for 15 to 20 minutes at room temperature. Cells were then permeabilized using 

permeabilization buffer [10% FBS in 1X PBS + 0.1% fresh saponin] for 30 minutes at room 

temperature. Samples were then incubated in primary antibody diluted in permeabilization buffer 

either for 30 minutes at room temperature or overnight at 4°C. Coverslips were then washed three 

times with 1X PBS for 5 minutes each wash. Secondary antibodies corresponding to the primary 

antibodies were diluted in permeabilization buffer and added to the samples for 45 minutes to 2 

hours at room temperature. Samples were washed three times with 1X PBS for 5 minutes each 

wash and then mounted onto Superfrostâ Plus microscope slides (Fisherbrand, #12-550-15) using 

DAPI Fluoromount-Gâ (Southern Biotech, #0100-20). Samples were left at 4°C for at least 24 

hours before imaging. Images were obtained on a Leica DMI4000B confocal microscope.  

 

FM™1-43 styryl dye uptake assay.  Cells were briefly washed twice with HBSS media containing 

Ca2+ and then incubated in the same assay medium for 10 minutes at 37°C. The assay medium was 

aspirated and then cells were incubated in HBSS with Ca2+ containing 60 mM KCl along with 5 

µg/mL of FM™ 1-43X styryl dye (ThermoFisher, #F35355) solubilized in water for 1 minute at 

37°C. Cells were then incubated in HBSS with Ca2+ containing 5 µg/mL of FM™1-43X styryl dye 

for an additional 15 minutes at 37°C. Following this incubation step, the cells were quickly 

washed, 2 times, using HBSS without Ca2+ and subsequently incubated in this media overnight at 
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4°C to wash out any nonspecific dye binding. The next day, cells were fixed using 3% 

paraformaldehyde for 20 minutes and mounted onto Superfrostâ Plus microscope slides 

(Fisherbrand, #12-550-15) using DAPI Fluoromount-Gâ (Southern Biotech, #0100-20). Images 

were obtained on a Leica DMI4000B confocal microscope. The intensity values reported were 

normalized to the length of each neurite determined in the analysis per condition.  

 

Transmission electron microscopy (TEM).  DA neurons on treated coverslips were fixed with 2% 

paraformaldehyde, 2% glutaraldehyde in 100 mM phosphate buffer, pH 7 initially for 1 hour at 

room temperature and then overnight at 4°C. TEM preparation of DA neurons was done at the 

Center for Advanced Microscopy supported by the NCI CCSG P30 CA060553 grant awarded to 

the Robert H. Lurie Comprehensive Cancer Center at Northwestern University. TEM imaging was 

done on the CAM/FEI Spirit G2 TEM microscope and analyzed using Image J software.   

 

Oxidized dopamine (DA) measurement.  Oxidized DA was quantitated using the near-infrared 

fluorescent (nIRF) assay as previously described (Mazzulli et al., 2016). DA neurons were washed 

and collected with ice-cold 1X PBS and then centrifuged at 300 x g for 5 minutes to sediment cells 

into a pellet. The sample pellets were lysed using 1% Triton X-100 lysis buffer containing 1X 

cOmpleteä protease inhibitor cocktail (Sigma, #11836170001 Roche) and further homogenized 

using a dounce glass-tissue homogenizer. Homogenized samples were centrifuged at 100,000 x g 

for 30 minutes at 4°C in a Beckman CoulterÒ Optimaä Max-XP ultracentrifuge. A BCA assay 

was performed on the supernatant collected from each sample to determine the total amount of 

protein. The insoluble fraction was extracted from the pellet using 2% SDS in 50 mM Tris, pH 7.4 

in proportion to the amount of total protein. The resuspended samples were then boiled at 100°C 
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for 10 minutes, briefly sonicated, and boiled again for an additional 10 minutes before being 

centrifuged at 150,000 x g for 30 minutes at 4°C in the Beckman CoulterÒ Optimaä Max-XP 

ultracentrifuge. The pellets were further treated with 1N NaOH overnight at 55°C in an amount 

proportional to the total amount of protein. The next day, samples were lyophilized, followed by 

a wash with water, and lyophilized again before being resuspended in water and blotted onto 

Biodyneâ B nylon membrane (Pall Life Sciences, #60208) for nIRF imaging and analysis on the 

Odysseyâ CLx (LI-COR Biosciences) and Image Studio Lite software, respectively. The standard 

curve used to determine the total levels of oxidized DA species was generated through serial 

dilutions of a known concentration of oxidized DOPAC, and finally fitted to a polynomial 

function. Oxidized DOPAC was generated by adding equimolar amounts of sodium periodate, 

followed with an incubation step at room temperature for 30 minutes. 

 

Glucocerebrosidase (GCase) activity assay.  DA neuronal pellets were resuspended in 50 µl of 

radioimmunoprecipitation (RIPA) assay buffer [50 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton 

X-100, 0.1% SDS, 0.5% sodium deoxycholate] + 1X cOmpleteä protease inhibitor cocktail. 

Samples were left on ice for 30 minutes with brief vortexing every 10 minutes to ensure full lysis 

of proteins. The samples were centrifuged at 3000 x RPM for 10 minutes to sediment nuclear 

components and dead cells and the remaining supernatant was collected for subsequent BCA and 

activity assays. 10 µg of protein lysate was incubated with 10 µl of 10% bovine serum albumin 

(BSA), and 20 µl of 5 mM of artificial enzyme substrate 4-methylumbelliferyl b-glucophyranoside 

(4-MU) (Sigma, #M36333) diluted in activity assay buffer [0.25% taurocholate, 0.25% Triton X-

100, 1 mM EDTA, citrate/phosphate buffer, pH 5.4]. Each experimental condition was made up 

to 90 µl with activity assay buffer and either 10 µl of water or the specific GCase inhibitor, 
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conduritol B epoxide (CBE) (final concentration 100 µM) was added for a final volume of 100 µl. 

The components were mixed and incubated in a white 96-well, black bottomed plate (Thermo 

Fisher Scientific, #437796) for 30 minutes at 37°C. The reaction was stopped by adding 100 µl of 

1M glycine, pH 12.5 to each well. The resulting fluorescence was read on the SpectraMaxä i3 at 

wavelengths ex = 355 nm and em = 460 nm for 0.1 sec. The values from CBE treated samples was 

subtracted from water treated samples to obtain the specific GCase activity of each sample.  

 

Generation of lentiviral constructs.  Wild-type auxilin cDNA (Harvard PlasmID Database, 

#HsCD00414238) was subcloned into the pER4 lentiviral expression vector using standard 

subcloning procedures as outlined by Addgene (https://www.addgene.org/protocols/subcloning/). 

The subcloning primers used include EcoRI-Start 5’- ccggaattcatgagcctcctcgggagcta-3’ and End-

NotI 5’- ccggcggccgcatataagggcttttggccttgg-3’. Phosphomutant auxilin lentiviral expression 

vectors were generated through site-directed mutagenesis (Fisher Scientific, #NC1220413), 

accordingly to manufacture’s protocol. DNAJC6 shRNA and scramble lentiviral expression 

vectors were obtained from ThermoScientific (#RMM4534-EG72685). Lentiviral vectors were 

packaged and transfected into HEK 293FT cells using X-treme Gene HP DNA transfection 

(Roche, #06366236001) along with helper plasmids psPAX2 (Addgene, #12260) and pLP3 

(Invitrogen). Quantitation of retroviral antigens was determined using ZeptoMetrix Corporation 

RETROtek HIV-1 p24 Antigen ELISA kits (Fisher Scientific, #22-156-700). Concentrated viruses 

were aliquoted and kept at -80°C for future use. Neuronal cultures were transduced in 12-well 

tissue culture plates containing 500K cells at a MOI of 2 at day 70 or day 150 post-differentiation 

and analyzed at day 100 or day 180 post-differentiation.  
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Statistical Analysis.  One-way ANOVA with Tukey’s post-hoc test was used for three or more 

dataset quantifications, unless indicated in figure legends. Two-tailed Student’s t-test was utilized 

in two dataset analyses. Statistical calculations were performed with GraphPad Prism 7 Software 

(http://www.graphpad.com), p values £ 0.05 were considered significant, and all error bars in 

figures represent the standard error mean (SEM).  

 

Results 

We generated induced pluripotent stem cell (iPSC)-derived midbrain dopaminergic 

neurons (Figure 9), from reprogrammed PD patient fibroblasts harboring the R1441C/G or 

G2019S mutations along with healthy control cell lines, using previously published protocols 

(Figure 10) (Kriks et al., 2011; Takahashi & Yamanaka, 2006).  

Following differentiation at day 70 in culture, synaptic proteins primarily involved in SVE, 

such as auxilin, dynamin 1, AP-2, and endophilin A1 were significantly decreased in LRRK2 

R1441G dopaminergic neurons compared to healthy controls (Figure 11A-F). Importantly, the 

levels of synaptophysin, a presynaptic marker, and b-actin levels remained unaltered (Figure 

11A).  

To determine whether the loss of key synaptic proteins involved in SVE would affect the 

endocytic function of the mutant LRRK2 neurons, we utilized a well-established FM 1-43 styryl 

dye based endocytic capacity assay and found that activity-dependent endocytosis was 

significantly decreased in LRRK2 R1441C/G dopaminergic neurons as compared to controls 

(Figure 11G, H). Of the proteins decreased in mutant LRRK2 neurons, auxilin has been linked to 

juvenile or early-onset PD via recently identified mutations (Edvardson et al., 2012; Koroglu et 

al., 2013; Olgiati et al., 2016). 
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Figure 9.  Pluripotency marker expression in healthy controls and mutant LRRK2 induced 
pluripotent stem cells. (A) Immunostain of iPSCs from two healthy controls and one LRRK2 PD patient 
harboring the G2019S mutation. Cells were stained with Oct4 (red), SSEA1 (green), and DAPI nuclear 
stain (blue). Merged images are represented above. (B) Immunostain of iPSCs from two healthy controls 
and one LRRK2 PD patient harboring the G2019S mutation. Cells were stained with Tra 1-81 (red), Nanog 
(green), and DAPI nuclear stain (blue). Merged images are represented above. (C) Immunostain of iPSCs 
from three LRRK2 PD patients harboring either R1441C or G mutations. Cells were stained with Oct4 
(red), SSEA1 (green), and DAPI nuclear stain (blue). Merged images are represented above. (D) 
Immunostain of iPSCs from three LRRK2 PD patients harboring either R1441C or G mutations. Cells were 
stained with Tra 1-81 (red), Nanog (green), and DAPI nuclear stain (blue). Merged images are represented 
above. 
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Figure 10.  G-band karyotyping analysis and Sanger sequencing results for reprogrammed cell lines. 
(A, B) Standard G-band karyotype for control iPSCs 1 and 2. (C-F) Standard G-band karyotype for mutant 
LRRK2 R1441C/G and G2019S iPSCs. (G-J) Sanger sequencing results for control iPSCs 1 and 2. Results 
revealed normal genomic DNA sequences for LRRK2 exons 31 and 41 (exons that contain the R1441C/G/H 
and G2019S mutations, respectively). (K, L) Sanger sequencing results for mutant LRRK2 R1441G iPSCs. 
Results reveal heterozygous C to G mutation (“S”) in mutant LRRK2 R1441G iPSCs. (M) Sanger 
sequencing results for mutant LRRK2 R1441C iPSC. Results reveal heterozygous C to T mutation (“Y”) 
in mutant LRRK2 R1441C iPSC. (N) Sanger sequencing results for mutant LRRK2 G2019S iPSC. Results 
reveal heterozygous G to A mutation (“N”) in mutant LRRK2 G2019S iPSC. 
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To further determine whether an altered synaptic proteome and endocytic capacity might 

disrupt synaptic vesicle density and morphology in LRRK2 PD patient neurons, we analyzed 

iPSC-derived dopaminergic neurons by transmission electron microscopy (TEM). LRRK2 

R1441C dopaminergic neurons showed significantly reduced synaptic vesicle densities by ~40% 

compared to healthy control neurons (Figure 12A, C), and contained dense structures lacking 

distinct surrounding membranes, consistent with the membraneless clathrin cages that were 

observed in auxilin knockout mice (Hirst et al., 2008; Yim et al., 2010). This previous study found 

that the appearance of membraneless clathrin cages was the result of defective clathrin uncoating 

due to loss of auxilin function (Hirst et al., 2008; Yim et al., 2010). Additionally, the membraneless 

clathrin cages observed in mutant LRRK2 neurons was not the result of improper fixation, as 

synaptic plasma membranes were still clearly observed in these neurons. An increase in enlarged 

endosomal-like vacuoles were also observed in the presynaptic terminal of LRRK2 R1441C 

neurons, a further indication of defective SVE (Figure 12B, D) (Jakobsson et al., 2008; Zhang et 

al., 1998). 
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Figure 11.  Dopaminergic neurons from patients with LRRK2-linked PD exhibit decreased levels of 
SVE proteins. (A) Western blot analysis of day 70 dopaminergic neurons probed with auxilin, adaptor 
protein 2 (AP-2), clathrin heavy chain (clathrin HC), dynamin 1, and endophilin A1. Synaptophysin and b-
Actin were used as loading controls. (B-F) Quantification of Western blots in (A), normalized to both 
synaptophysin and b-Actin protein signals. (G) Representative images of FM 1-43 labeling in human 
dopaminergic neurons at day 120. Scale bar (white) = 5 µm. (H) Quantification of FM 1-43 intensity per 
length of neurite. All data from control lines (C) and similar LRRK2 R1441G (RG) or R1441C (RC) clones 
were grouped preceding statistical analysis. The results were analyzed using unpaired t test (*p < 0.05, **p 
> 0.005, ***p < 0.0005, ****p < 0.00005), with all error bars representing SEM, n=3. 
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Figure 12.  Synaptic abnormalities in mutant LRRK2 dopaminergic neurons. (A) Transmission 
electron microscopy (TEM) analysis of human dopaminergic neurons at day 100, scale bar 200 nm. Bottom 
two panels display higher magnification of insets in upper panel to show the presence of membraneless 
clathrin cages and enlarged endosomal-like (black asterisks) vacuoles in mutant neurons. Insets: synaptic 
vesicles are identified with white (control) and membraneless clathrin cages are indicated with yellow 
(mutant) arrowheads. (B) TEM analysis of enlarged endosomal-like vacuoles (black asterisks) in 
dopaminergic neurons. (C) Quantification of synaptic vesicle density in (A). (D) Quantification of the 
number of enlarged synaptic compartments per synapse in (B). All comparisons were made between control 
(C) and LRRK2 R1441C (RC) dopaminergic neurons and results were analyzed using an unpaired t test 
(***p < 0.0005, ****p > 0.00005), with error bars representing SEM, n=10 and 12 images, respectively. 
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The efficient packaging of dopamine (DA) into synaptic vesicles is dependent on properly 

regenerated synaptic vesicles at the presynaptic terminal (Figure 20) (Lotharius & Brundin, 2002). 

As we observed decreased synaptic vesicles in mutant LRRK2 neurons, we hypothesized that 

defective SVE might lead to elevated cytosolic DA levels, which can be further oxidized to 

generate toxic DA-quinones and aminochromes in the cell (Graham, 1978; Hastings, Lewis, & 

Zigmond, 1996). We found that oxidized DA levels were significantly increased in LRRK2 

R1441C/G and G2019S dopaminergic neurons compared to healthy control neurons in a time-

dependent manner (Figure 13A-C and Figure 15A, B). Importantly, tyrosine hydroxylase (TH) 

levels were unaltered, demonstrating that increased oxidized DA was not due to increased DA 

synthesis in LRRK2 mutant dopaminergic neurons (Figure 14A, B). Our previous work showed 

that increased oxidized DA modifies the lysosomal hydrolase, glucocerebrosidase (GCase), 

leading to decreased activity (Burbulla et al., 2017), and that increased aSynuclein (aSyn) levels 

are correlated with decreased GCase activity (Mazzulli et al., 2011). Both LRRK2 R1441C/G and 

G2019S dopaminergic neurons, which had increased levels of oxidized DA, additionally displayed 

decreased GCase activity and increased aSyn levels compared to healthy control neurons (Figure 

13D-F and Figure 15C-E).   
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Figure 13.  LRRK2 R1441C/G dopaminergic neurons display increased levels of oxidized DA, aSyn 
accumulation, and decreased GCase activity. (A) nIRF analysis of human dopaminergic neurons at day 
40 and 70. (B-C) Quantification of oxidized DA levels in dopaminergic neurons at day 40 and 70, 
respectively. (D) Western blot analysis of human dopaminergic neurons at day 100. The blot was probed 
with aSyn and b-actin antibodies. (E) Quantification of (D). (F) GCase activity in whole cell lysate of 
human dopaminergic neurons at day 100. All data from control (C) lines and similar LRRK2 R1441C (RC) 
or R1441G (RG) mutations were grouped preceding statistical analysis. The results were analyzed using 
unpaired t test or one-way ANOVA (**p < 0.005), with all error bars representing SEM, n=3. 
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Figure 14.  Tyrosine hydroxylase levels from iPSC-derived dopaminergic neurons. (A) Western blot 
analysis of corresponding human dopaminergic neurons at day 70 post-differentiation (Figure 12A, C). 
The Western blot was probed with tyrosine hydroxylase (TH), the enzyme that mediates dopamine 
synthesis, and b-actin (loading control). (B) Quantification of TH levels normalized to b-actin loading 
control. All data from control lines and similar mutation carrying LRRK2 R1441C (RC) clones were 
grouped preceding statistical analysis. The results were analyzed using unpaired t test, with all error bars 
representing SEM, n=3. 
 
 

 

Figure 15.  LRRK2 G2019S dopaminergic neurons display increased levels of oxidized DA, aSyn 
accumulation, and decreased GCase activity. (A) nIRF analysis of control and mutant LRRK2 G2019S 
dopaminergic neurons at day 100 post-differentiation. (B) Quantification of oxidized DA levels in mutant 
LRRK2 G2019S dopaminergic neurons compared to controls at day 100. (C) Western blot analysis of 
control and mutant LRRK2 G2019S dopaminergic neurons at day 100 post-differentiation. The blot was 
probed with aSyn (C-20) and GAPDH (loading control) antibodies. (D) Quantification of aSyn levels 
normalized to GAPDH for control and mutant LRRK2 G2019S dopaminergic neurons. (E) GCase activity 
in whole cell lysate of iPSC-derived dopaminergic neurons from two controls and a mutant LRRK2 G2019S 
patient at day 100 post-differentiation. All data from control lines were grouped preceding statistical 
analysis. The results were analyzed using unpaired t test (*p < 0.05, **p < 0.005), with all error bars 
representing SEM, n=3. 
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To examine whether increased oxidized DA observed in mutant LRRK2 dopaminergic 

neurons was mediated by mutant LRRK2 hyperphosphorylation of auxilin at Ser627, we generated 

phosphomutant auxilin S627A and S627D lentiviral constructs and transduced LRRK2 R1441C 

neurons at day 70 in culture (Figure 16E-H). We found that overexpression of phosphodeficient 

auxilin S627A was not sufficient to reduce the levels of accumulated oxidized DA while 

overexpression of phosphomimetic auxilin S627D further exacerbated the increase in oxidized DA 

levels in LRRK2 R1441C neurons (Figure 16A-D). Together, these data suggest that increased 

levels of phosphorylated auxilin at Ser627 contribute to the accumulation of oxidized DA similar 

to that observed in LRRK2 mutant neurons. Importantly, we overexpressed wild-type auxilin in 

healthy control and LRRK2 R1441G dopaminergic neurons and found that increased expression 

of wild-type auxilin led to significantly decreased oxidized DA (Figure 17A, B and Figure 18A, 

B). We further assessed the downstream phenotypes mediated by toxic oxidized DA accumulation 

and found that overexpression of wild-type auxilin further reduced aSyn levels and significantly 

increased GCase activity in mutant LRRK2 R1441G neurons (Figure 17C-E). Moreover, SVE 

synaptic protein levels in mutant LRRK2 neurons, such as AP-2, clathrin, dynamin 1, and 

endophilin A1 remained reduced, suggesting that wild-type auxilin expression was responsible for 

attenuating the previously observed pathogenic phenotypes (Figure 18A-F). Concomitantly, 

knockdown of endogenous auxilin via shRNA lentiviral expression in healthy control 

dopaminergic neurons led to the accumulation of oxidized DA compared to neurons transduced 

with a scramble control (Figure 19A-D). This supports our previous findings that deficiencies in 

SVE mediated through loss of auxilin function in part contributes to the accumulation of toxic 

oxidized DA species. Altogether, our results suggest that synaptic dysfunction mediated by mutant 

LRRK2 hyperphosphorylation of auxilin contributes to the accumulation of oxidized DA in mutant 

LRRK2 neurons which is attenuated by directly restoring auxilin function in SVE.  
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Figure 16.  Overexpression of phosphomutant auxilin does not attenuate increased oxidized DA levels 
in mutant LRRK2 neurons. (A, B) nIRF analysis of mutant LRRK2 dopaminergic neurons at day 120 
following transduction of either phosphodeficient or phosphomimetic auxilin for 30 days, starting at day 
90 post-differentiation. (C, D) Quantification of oxidized DA levels in (A, B). (E, F) Western blot analysis 
of dopaminergic neurons following transduction with phosphodeficient or phosphomimetic auxilin at day 
120. The blot was probed with auxilin and b-actin antibodies. (G, H) Quantification of (E, F). The results 
were analyzed using unpaired t test (*p < 0.05, **p < 0.005), with all error bars representing SEM, n=3. 
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Figure 17.  Overexpression of wild-type auxilin reduces oxidized DA and attenuates downstream 
phenotypes in mutant LRRK2 neurons. (A) nIRF analysis of human dopaminergic neurons at day 100 
following transduction of either empty (E) vector or wild-type (WT) auxilin for 30 days, starting at day 70 
post-differentiation. (B) Quantification of oxidized DA levels in (A). (C) Western blot analysis of 
dopaminergic neurons following transduction with auxilin WT at day 100. The blot was probed with aSyn 
and b-actin antibodies. (D) Quantification of (C). (E) GCase activity in whole cell lysate of transduced 
auxilin WT dopaminergic neurons at day 100. All data from control (C) lines and similar LRRK2 R1441C 
(RC) or R1441G (RG) mutations were grouped preceding statistical analysis. The results were analyzed 
using unpaired t test or one-way ANOVA (**p < 0.005, ***p < 0.0005, ****p <0.00005), with all error 
bars representing SEM, n=3. 
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Figure 18.  Synaptic protein expression following wild-type auxilin transduction in human 
dopaminergic neurons. (A) Western blot analysis of control and LRRK2 R1441G dopaminergic neurons 
transduced with either empty (E) or wild-type (WT) auxilin and day 100 post-differentiation. The Western 
blot was probed with auxilin, adaptor protein 2 (AP-2), clathrin heavy chain (HC), dynamin 1, and 
endophilin A1. Synaptophysin and b-Actin were used as loading controls. (B-F) Quantification of Western 
blots in (A), normalized to both synaptophysin and b-Actin protein signals. The results were analyzed using 
one-way ANOVA (*p < 0.05, **p < 0.005, ***p < 0.0005, ****p <0.00005), with all error bars representing 
SEM, n=3. 
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Figure 19.  Lentiviral shRNA-mediated auxilin knockdown leads to the accumulation of oxidized DA 
in control dopaminergic neurons.  (A) nIRF analysis of mutant LRRK2 dopaminergic neurons at day 100 
following transduction with two independent auxilin shRNA (1902 and 1903) for 30 days, starting at day 
70 post-differentiation. (B) Quantification of oxidized DA levels in (A). (C) Western blot analysis of 
dopaminergic neurons following transduction with auxilin shRNA at day 100. The blot was probed with 
auxilin and b-actin antibodies. (D) Quantification of (C). The results were analyzed using one-way ANOVA 
(*p < 0.05, **p < 0.005, ***p < 0.0005), with all error bars representing SEM, n=2. 
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Conclusions 

Mutations in SYNJ1 (synaptojanin 1) also lead to early-onset parkinsonism (Kirola et al., 

2016; Krebs et al., 2013; Olgiati et al., 2014; Quadri et al., 2013), and loss of either endophilin A1 

or synaptojanin 1 in knockout mouse models result in defective SVE (Cao et al., 2014; Kim et al., 

2002; Milosevic et al., 2011). In line with this, we found that dopaminergic neurons derived from 

LRRK2 R1441G patients had decreased levels of SVE proteins, including auxilin, AP-2, 

endophilin A1, synaptojanin 1, and dynamin 1, as well as decreased activity-dependent endocytic 

capacity implying that SVE is impaired. 

Using TEM, we also observed decreased synaptic vesicle density in presynaptic terminals 

of LRRK2 R1441C dopaminergic neurons indicative of defective SVE. This data is consistent 

with studies of knockout mouse models for endophilin A1, synaptojanin 1, dynamin 1, or auxilin 

(Cao et al., 2014; Ferguson et al., 2007; Kim et al., 2002; Milosevic et al., 2011; Yim et al., 2010). 

Additionally, auxilin knockout mouse models display an increased presence of membraneless 

clathrin cages, a unique structural feature that results from delays in SVE due to loss of auxilin 

function (Hirst et al., 2008; Yim et al., 2010). We observed a similar structural feature in LRRK2 

R1441C dopaminergic nerve terminals suggesting that synaptic defects in mutant LRRK2 neurons 

are mediated through auxilin loss of function. In addition to this, several studies have found that 

delays in SVE result in enlarged endosomal-like structures which we similarly observed in LRRK2 

R1441C dopaminergic neurons (Jakobsson et al., 2008; Zhang et al., 1998), providing further 

support that SVE is impaired through loss of auxilin function by PD-linked mutations in LRRK2.  
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Figure 20.  Summary diagram highlighting LRRK2’s involvement in synaptic dysfunction and 
Parkinson’s disease pathogenesis. Under normal, healthy conditions, wild-type LRRK2 phosphorylates 
auxilin at homeostatic levels. The balance between phosphorylated and unphosphorylated states allows 
auxilin to interact with clathrin-coated synaptic vesicles budding from the plasma membrane. Once the 
clathrin coat is removed, newly synthesized dopamine (DA) can be packaged into synaptic vesicles, thereby 
reducing the levels of cytosolic DA and consequently the levels of oxidized DA. In LRRK2 mutant 
conditions, which lead to increased kinase activity, auxilin is hyperphosphorylated preventing it from 
interacting with clathrin on newly budding vesicles. As a result, the clathrin coat cannot be removed and 
cystolic and subsequently oxidized DA accumulates within the cell. High levels of oxidize DA can lead to 
aSynuclein accumulation and decreased GCase activity resulting in dopaminergic neuron degeneration.  
 

Our recent data showed that dopamine plays an important role in dysfunction and 

degeneration of midbrain dopaminergic neurons (Burbulla et al., 2017). In the nerve terminal, DA 

is rapidly packaged into an incoming population of regenerated synaptic vesicles. Efficient 

vesicular function and storage of DA is critical for maintaining low levels of cytosolic DA (Figure 

20) (Lotharius & Brundin, 2002; Vergo, Johansen, Leist, & Lotharius, 2007). As cytosolic DA can 

be rapidly oxidized (Lotharius & Brundin, 2002), we observed increased levels of oxidized DA in 
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LRRK2 R1441C/G and G2019S dopaminergic neurons indicative of increased cytosolic DA 

levels. We also previously showed that increased oxidized DA can modulate GCase at a cysteine 

residue within its active domain and that increased aSyn levels correlate with decreased GCase 

activity (Burbulla et al., 2017; Mazzulli et al., 2011). Consistent with this, we also found decreased 

GCase activity and increased aSyn levels in mutant LRRK2 dopaminergic neurons. Importantly, 

by expressing wild-type auxilin but not phosphomutant auxilin S627A or S627D, the levels of 

oxidized DA could be reduced, and downstream DA-mediated effects attenuated, highlighting the 

importance of mutant LRRK2-mediated auxilin dysfunction in the generation of toxic oxidized 

DA following defective SVE.  

In conclusion, we find that LRRK2 kinase activity regulates the phosphorylation state of 

auxilin, an important mediator of SVE linked to juvenile and early-onset forms of atypical 

parkinsonism (Edvardson et al., 2012; Koroglu et al., 2013; Olgiati et al., 2016), resulting in 

disrupted SVE in LRRK2 patient-derived dopaminergic neurons. Moreover, these defects in 

synaptic function may further contribute to DA-mediated toxicity and ultimately drive 

dopaminergic neurodegeneration in LRRK2-linked PD.   
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CHAPTER 4. 

DISCUSSION 

 

Summary 

SVE is controlled by a class of structurally distinct proteins, termed dephosphins, that are 

regulated through phosphorylation–dephosphorylation events (Cousin & Robinson, 2001). This 

term was originally used to refer to a list of less than 10 proteins (Cousin & Robinson, 2001). 

However, new evidence revealed that more synaptic proteins involved in synaptic vesicle recycling 

are regulated by kinases, but whether they are also regulated by the Ca2+-dependent phosphatase, 

calcineurin, remains to be determined. Our results indicate that auxilin is highly phosphorylated 

within its PTEN-like and clathrin-binding domains (Figure 4A and Figure 8A). As previous 

studies have also identified phosphosites on endophilin A1 and synaptojanin 1, our results and 

others indicate that these proteins can be phosphoregulated during SVE (Ambroso et al., 2014; 

Islam et al., 2016; Matta et al., 2012; Pan et al., 2017). In addition, our unbiased phosphoanalysis 

of wild-type auxilin also identified many additional phosphorylation sites not regulated by LRRK2 

(data not shown). Therefore, future studies should focus on identifying additional kinases that may 

regulate SVE, either through auxilin or other key proteins involved in this process.  

In this study, our results indicate that LRRK2, a PD-linked gene (Funayama et al., 2002; 

Zimprich et al., 2004), encodes an important kinase that is involved in regulatory posttranslational 

modifications of synaptic proteins involved in SVE. It was previously shown that LRRK2 

phosphorylates both endophilin A1 and synaptojanin 1 (Ambroso et al., 2014; Islam et al., 2016; 

Matta et al., 2012; Pan et al., 2017), two independent synaptic proteins with distinct roles in SVE 

(Saheki & De Camilli, 2012). Here, we show that LRRK2 also phosphorylates auxilin (Nguyen & 
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Krainc, 2018), which is involved in the removal of the clathrin-coat (Eisenberg & Greene, 2007; 

Greener et al., 2001; Ma et al., 2002; Massol, Boll, Griffin, & Kirchhausen, 2006; Morgan et al., 

2001; Rapoport et al., 2008). Importantly, we show that LRRK2 phosphorylates auxilin in the 

clathrin-binding domain at Ser627 and that posttranslational modification of this site leads to 

altered auxilin binding to clathrin (Figure 7A-F). As mutations in LRRK2 lead to an increase in 

kinase activity (Steger et al., 2016), we conclude that enhancing the ratio of phosphorylated to 

unphosphorylated auxilin at position Ser627 results in loss of auxilin function in SVE (Figure 20). 

Interestingly, loss of function mutations in DNAJC6, the gene encoding auxilin, are linked to 

juvenile or early atypical parkinsonism independently of LRRK2 mutations (Edvardson et al., 

2012; Koroglu et al., 2013; Olgiati et al., 2016), suggesting that LRRK2 may act upstream of 

auxilin.  

Our work identifies a new mechanistic convergence between two PD-linked genes at the 

synapse, specifically in SVE. This highlights the importance of using genetics to discover novel 

disease mechanisms that may contribute to PD pathogenesis. For example, endophilin A1 

knockout mice displayed a significant increase in the E3 ubiquitin ligase parkin levels (Cao et al., 

2014). This study found that parkin is responsible for ubiquitinating endophilin A1 and its 

interaction partners (Cao et al., 2014). Although canonical E3 ubiquitin ligase activity targets 

proteins for degradation by the proteasome (Riley et al., 2013; Yoshii et al., 2011), several new 

lines of evidence suggest that ubiquitination may also facilitate interactions between SVE proteins 

(Cao et al., 2014; Fallon et al., 2006; Oldham, Mohney, Miller, Hanes, & O'Bryan, 2002; 

Stamenova et al., 2007; Trempe et al., 2009). As recent studies have independently linked several 

non-synaptic PD genes to SVE dysfunction (Inoshita et al., 2017; Kyung et al., 2018), future 

studies should focus on identifying the non-canonical functions of PD-linked genes, such as VPS35 

and PRKN, in SVE.  
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 We generated iPSC-derived dopaminergic neurons from LRRK2 patients harboring either 

the R1441C/G or G2019S mutations, both of which are the most common pathogenic mutations 

in LRRK2 (Funayama et al., 2002; Zimprich et al., 2004). LRRK2 mutant dopaminergic neurons 

displayed synaptic defects such as decreased SVE protein levels (auxilin, endophilin A1, dynamin 

1, and AP-2) and endocytic capacity (Figure 11A-H). These defects further led to decreased 

synaptic vesicle density and an increase in the levels of enlarged vesicles and membraneless 

clathrin cages reminiscent of those described in auxilin knockout mouse models (Figure 12A-D) 

(Hirst et al., 2008; Yim et al., 2010). Together, this indicates that mutant LRRK2 regulation of 

auxilin at Ser627 results in a loss of auxilin function during SVE.  

Furthermore, as functional SVE is important for the generation of synaptic vesicles to 

package newly synthesized DA that is generated in the cell (Lotharius & Brundin, 2002), 

disruptions in SVE potentially negatively affect DA neurotransmitter synthesis. As a result of SVE 

dysfunction, cytosolic DA accumulates within the cell and a subset of that cytosolic DA becomes 

oxidized or is metabolized by monoamine oxidase (MAO) (Meiser, Weindl, & Hiller, 2013). We 

show that cytosolic DA is increased in LRRK2 mutant neurons through the increase in oxidized 

DA levels (Figure 13A-C and Figure 15A, B). Additionally, accumulation of oxidized DA further 

led to downstream toxic events such as aSyn accumulation and decreased GCase activity (Figure 

13D-F and Figure 15C-E). Importantly, these phenotypes observed in the LRRK2 mutant 

dopaminergic neurons were attenuated when wild-type auxilin was overexpressed (Figure 17A-

E). However, overexpression of phosphodeficient (S627A) or phosphomimetic auxilin (S627D) 

were unable to reverse the phenotypes observed (Figure 16A-H). We conclude that the dynamic 

exchange between phosphorylated and desphosphorylated auxilin is necessary for its proper 

function. Therefore, preventing auxilin phosphorylation or desphosphorylation would exacerbate 

any mutant LRRK2-mediated loss of auxilin function in SVE.  
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Synaptic vesicle endocytosis dysfunction in dopaminergic neurodegeneration 

As SVE is not unique to dopaminergic neurons of the ventral midbrain, the specific 

vulnerability of this neuronal population in PD to deficits in SVE has not been clear. PD-linked 

SYNJ1 R258Q mouse models revealed delays in SVE and marked changes in dopaminergic axon 

terminals in the dorsal striatum, highlighting a region-specific vulnerability of these neurons to 

synaptojanin 1 dysfunction (Cao et al., 2017). Additionally, decreased synaptic densities and an 

accumulation of CCVs, specifically in dopaminergic neurons, were also reported in SYNJ1 

heterozygous knockout and LRRK2 G2019S transgenic mice leading to dystrophic axons and 

selective degeneration of these neurons (Pan et al., 2017).  

One possibility may be the sensitivity of dopaminergic neurons to the accumulation of 

cytosolic dopamine (DA). Acute overexpression of human aSyn, which was previously linked to 

SVE dysfunction, in a rat model led to the specific degeneration of striatal terminals in the absence 

of nigral cell death (Busch et al., 2014; Medeiros, Soll, Tessari, Bubacco, & Morgan, 2017; Phan 

et al., 2017; Vargas et al., 2014). This may be due in part to aSyn-induced dopamine leakage from 

synaptic vesicles (Plotegher et al., 2017; Ysselstein et al., 2015). DA is packaged into synaptic 

vesicles regenerated from SVE using a proton gradient created by vATPases located on the 

membrane surface of synaptic vesicles (Eiden, Schafer, Weihe, & Schutz, 2004). In contrast to 

previous work suggesting that synaptic vesicle acidification is needed for removal of the clathrin-

coat, a recent study found that acidification of the vesicle could not occur while the clathrin-coat 

was retained (Farsi et al., 2018). Specifically, vATPase activity is sterically inhibited by the 

clathrin-coat and is restored once the coat is removed through the function of auxilin (Farsi et al., 

2018). This result suggests that a delay in SVE could lead to improper packaging of DA into 

vesicles leading to increased cytosolic DA, ultimately contributing to dopaminergic 
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neurodegeneration beginning at the axon terminals. In line with this, we show that knockdown of 

auxilin in control dopaminergic neurons led to the accumulation of oxidized DA (Figure 19).  

Moreover, SNc dopaminergic neurons are subject to increased levels of oxidative stress 

resulting from the high metabolic activity that is required to support their extensive axonal 

arborization (Giguere et al., 2018; Pacelli et al., 2015). As a consequence of oxidative 

phosphorylation, toxic reactive oxygen species (ROS) including oxygen radicals, semiquinones, 

quinones, and H2O2 are produced and collectively contribute to oxidative stress (Zaichick et al., 

2017). These ROS can react with cytosolic DA, leading to the formation of highly reactive 

dopamine quinones (Dias, Junn, & Mouradian, 2013; Jana et al., 2011). In addition, cytosolic DA 

metabolized by monoamine oxidase (MAO) located in the outer mitochondrial membrane also 

produces H2O2 byproducts, thus further exacerbating accumulation of ROS and toxic dopamine 

quinones (Meiser et al., 2013). Nigral dopaminergic neurons also employ protective mechanisms 

such as the formation of neuromelanin and sequestration of DA into synaptic vesicles to minimize 

DA oxidation (Sulzer et al., 2000). We recently showed that PD patient neurons carrying mutations 

in DJ-1 which lead to loss of mitochondrial antioxidant function exhibit increased levels of 

oxidized DA, which further result in downstream toxic effects including lysosomal dysfunction 

and aSyn accumulation (Burbulla et al., 2017). Specifically, oxidized DA was also found to 

modify the lysosomal enzyme glucocerebrosidase on a critical cysteine residue leading to a 

decrease in its enzymatic activity (Burbulla et al., 2017). We thus hypothesized that delays in SVE 

can lead to increased levels of unpackaged, cytosolic DA that is then subject to oxidation. Indeed, 

mutant LRRK2-mediated auxilin dysfunction resulted in increased levels of oxidized DA in 

patient-derived dopaminergic neurons that was partially rescued by expression of auxilin (Nguyen 

& Krainc, 2018). Taken together, these studies highlight a connection between synaptic, 
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mitochondrial, and lysosomal function and suggest that defects in these pathways may synergize 

to contribute to PD pathogenesis (Figure 21).  

 

Figure 21.  Deficits in synaptic vesicle endocytosis potentially mediate dopaminergic 
neurodegeneration through intersections with mitochondrial and lysosomal dysfunction. Our recent 
work has identified a pathway for cytosolic oxidized dopamine (DA) and aSynuclein accumulation due to 
dysfunction in synaptic vesicle endocytosis in human-derived dopaminergic neurons. These byproducts can 
further inhibit mitochondrial function by impairing ATP production, and also increase reactive oxygen 
species production via mitochondrial-mediated metabolism of cytosolic DA. In addition, they can also 
contribute to lysosomal dysfunction which may further involve defective proteolytic turnover of synaptic 
proteins and the accumulation of insoluble protein aggregates. Ultimately, the convergence of synaptic, 
mitochondrial and lysosomal dysfunction may together exacerbate cytosolic DA and aSynuclein 
accumulation, and ultimately result in cell death in PD. 
 
 

Another possibility for the selective vulnerability of nigral dopaminergic neurons to SVE 

deficits is their pacemaking function, which modulates the sustained release of dopamine to 

targeted brain regions such as the striatum (Guzman et al., 2009). Pacemaking activity leads to 

large influxes of Ca2+ into the neuron which can stimulate the Ca2+-dependent calcineurin to 

initiate endocytosis of synaptic vesicles (Cousin & Robinson, 2001). Mitochondria located at the 
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synapse also contribute to the maintenance of pacemaker activity by buffering Ca2+ when cytosolic 

levels are high (Zaichick et al., 2017). Of note, increased mitochondrial calcium stores have been 

shown to lead to mitochondrial dysfunction, suggesting that excessive cytosolic DA, ROS 

accumulation, and Ca2+ buffering by mitochondria may together compromise nigral dopaminergic 

function (Meiser et al., 2013; Zaichick et al., 2017).  

 

Dysfunction of mitochondria and autophagy at the synapse 

Mitochondria perform crucial energetic roles for active neurons by providing ATP to 

power SVE, which replenishes synaptic vesicles to sustain repeated release of neurotransmitters 

(Rangaraju, Calloway, & Ryan, 2014; Reeve et al., 2018; Sobieski, Fitzpatrick, & Mennerick, 

2017). In agreement with this, oligomycin-treatment of cells to block mitochondrial ATP synthesis 

led to complete cessation of SVE following sustained high-frequency stimulation (Pathak et al., 

2015). Furthermore, inhibition of mitochondrial fission, which reduces mitochondrial mass in axon 

terminals, led to the preferential degeneration of nigral dopaminergic neurons in mice (Berthet et 

al., 2014). This degeneration initiated at presynaptic terminals through the loss of striatal tyrosine 

hydroxylase (TH) signal while ~65% of TH-positive neurons in the SNc remained (Berthet et al., 

2014).  

Aside from the regulation of SVE at the synapse, several endocytic genes have also been 

identified as critical modulators of synaptic autophagy, a pathway for maintaining synaptic protein 

homeostasis and turnover via the lysosome following neurotransmission (Soukup, Vanhauwaert, 

& Verstreken, 2018). Altered synaptojanin 1 function blocked autophagosome maturation in 

presynaptic terminals through the accumulation of Atg18a, an autophagy-related protein, in SYNJ1 

R258Q patient-derived dopaminergic neurons (Vanhauwaert et al., 2017). This dysfunction 

ultimately led to dopaminergic neuron loss in the SYNJ1 R258Q Drosophila model (Vanhauwaert 
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et al., 2017). Another study demonstrated that endophilin A1 function is required for synaptic 

autophagy through its recruitment of Atg3 to vesicular membranes upon LRRK2-mediated 

phosphorylation (Soukup et al., 2016). We have shown that one consequence of defective SVE is 

the accumulation of oxidized DA in human derived dopaminergic neurons (Burbulla et al., 2017; 

Nguyen & Krainc, 2018). Lysosomes may contribute to synaptic integrity by degrading oxidized 

DA adducts through the synaptic autophagy pathway, although the exact mechanisms are unclear 

(Dias et al., 2013; Soukup et al., 2018). Therefore, turnover of synaptic proteins and the elimination 

of damaged mitochondria and oxidized DA by lysosomes via synaptic autophagy is critical for 

maintaining dopaminergic synapses (Ashrafi, Schlehe, LaVoie, & Schwarz, 2014; Soukup et al., 

2018).  

Lastly, we recently identified the dynamic formation of inter-organelle mitochondria-

lysosome contact sites, which were distinct from mitophagy or lysosomal engulfment of 

mitochondria (Wong et al., 2018). These contact sites may further mediate mitochondrial and 

lysosomal dysfunction in PD, in addition to other previously identified contacts such as ER-

mitochondria contacts (Hirabayashi et al., 2017; Wu et al., 2017). Together, these contacts may 

regulate synaptic Ca2+ buffering and exchange and additionally regulate SVE by modulating Ca2+-

dependent calcineurin activity during SVE (Cottrell et al., 2016; Cousin & Robinson, 2001; 

Marland, Hasel, Bonnycastle, & Cousin, 2016; X. S. Wu et al., 2014). Thus, synaptic, 

mitochondrial, and lysosomal dysfunction may synergize during PD pathogenesis.  
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Conclusions 

A major hurdle to the development of neuroprotective therapies for PD is an incomplete 

understanding of key pathways and targets for therapeutic development. The recent emergence of 

genetic forms of PD has highlighted the importance of major molecular pathways in the 

pathogenesis of disease, including synaptic, mitochondrial and lysosomal dysfunction. Despite this 

new evidence, there remain significant gaps in our understanding of the consequences of synaptic 

dysregulation and how deficits in this pathway are connected to other pathogenic processes such 

as mitochondrial and lysosomal dysfunction. In addition, there remains a need to better understand 

the link between deficits in synaptic, mitochondrial, and lysosomal dysfunction and the selective 

vulnerability of SNc dopaminergic neurons in PD. Ultimately, further investigation of these 

molecular pathways will be necessary to identify key targets for therapeutic intervention. 
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