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ABSTRACT 

 
Protein homeostasis, or proteostasis, is essential for preserving all cellular functions and 

involves a balance of protein synthesis, folding, trafficking, and degradation. A collapse in 

proteostasis is a common feature of many neurodegenerative disorders that are characterized by 

the accumulation of insoluble protein aggregates in the brain. Parkinson’s disease (PD) is a 

neurodegenerative disorder characterized by large protein aggregates primarily composed of 

alpha-synuclein (a-synuclein), but how these aggregates perturb the proteostasis pathways is not 

well understood. To this end, we developed and characterized novel PD patient-derived midbrain 

dopaminergic neuron models that naturally accumulate and aggregate a-synuclein through 

endogenous SNCA triplications. It is well established that a-synuclein disrupts proper protein 

trafficking and lysosomal function. Here, we show that a-synuclein aggregates perturb the 

earlier stages of the proteostasis network by inducing dramatic fragmentation of the endoplasmic 

reticulum (ER) and compromising ER protein folding capacity. Subsequently, this leads to the 

misfolding and aggregation of immature lysosomal b-glucocerebrosidase (GCase) in the ER 

causing downstream lysosomal dysfunction. Despite these ER phenotypes, PD neurons fail to 

initiate the unfolded protein response, indicating that a-synuclein disrupts the ability of neurons 

to sense perturbations in ER protein folding. Importantly, these pathogenic phenotypes can be 

partially attenuated using rescue strategies that target the ER and enhance ER folding capacity. 

Specifically, we found that ER proteostasis enhancers promote soluble, functional GCase, while 

co-application with protein trafficking enhancers enhances lysosomal function and reduces 

pathological a-synuclein levels. Our studies suggest that protein aggregates perturb the ability of 

neurons to sense misfolding in the ER, and that synergistic enhancement of multiple branches of 

the proteostasis pathway may provide therapeutic benefit in PD and other synucleinopathies.  
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CHAPTER 1 

 
Introduction 

 

Preface. The introductory chapter of this dissertation has been adapted largely from Stojkovska 

et al., 2017, a peer-reviewed review article on the “Molecular mechanisms of a-synuclein and 

GBA1 in Parkinson’s disease” published in the journal Cell and Tissue Research.  

 

1.1  Parkinson’s disease: hallmark symptoms, pathology, and current treatments 

 Parkinson’s disease (PD) is the most prevalent motor disease and second most common 

neurodegenerative disorder affecting approximately 1% of people over the age of 60 (Nussbaum 

and Ellis, 2003) and over 4% of people by age 85. Although PD is commonly thought of as an 

age-dependent disorder with an average age of onset of 60, rare early-onset cases can occur with 

diagnosis at age 40 or younger as a result of genetic mutations (Quinn et al., 1987). The clinical 

features of PD include motor deficits such as a distinctive resting tremor, slowness of movement 

(bradykinesia), rigidity of the limbs or trunk, and impaired balance and coordination. However, 

the majority of PD patients also experience non-motor symptoms such as dementia, as well as 

depression, psychoses, sleep disruption, and gastrointestinal dysfunction.  

  Although the cause of the non-motor symptoms in PD remains elusive, the motor 

symptoms of PD are thought to occur as a result of decreased dopamine neurotransmitter levels 

due to a progressive loss of dopaminergic neurons within the substantia nigra pars compacta 

(SNpc) region of the midbrain. In addition to the SNpc, neurodegeneration has also been 

documented in many other regions of the nervous system, including the cortex, hippocampus, 

locus coeruleus, amygdala, and parts of the autonomic nervous system (Alexander, 2004). 



23 
Pathologically, PD is characterized by the presence of insoluble protein inclusions called Lewy 

bodies and Lewy neurites, located in the cytoplasm and neurites, respectively, within surviving 

neurons (Spillantini et al., 1997). Classic Lewy bodies appear spherical in shape, with an 8-30 

µm diameter and a dense eosinophilic core surrounded by a clear surrounding halo (Forno, 

1996). Initial studies consistently identified filamentous structures within Lewy inclusions that 

contain cross-b sheets and exhibit properties similar to other disease-linked amyloid proteins 

including amyloid-b and tau. However, for many years, the biochemical composition of Lewy 

inclusions remained largely debated. It is now widely accepted that the primary component of 

Lewy inclusions is the protein alpha-synuclein (a-syn). a-Syn immunoreactivity has now 

become the best tool to identify Lewy inclusions in the nervous system and has allowed for the 

discovery of a family of neurodegenerative diseases defined by a-syn inclusions, termed 

synucleinopathies.  

  The recognition of the role of dopamine in PD led to the development of the dopamine 

precursor levodopa (L-DOPA) in 1961 (Birkmayer and Hornykiewicz, 1961) as dopamine 

replacement therapy for patients. However, as the disease advances, the increase in dosage and 

prolonged use of L-DOPA causes patients to experience side effects of the drug, including 

dyskinesias (spontaneous, involuntary movements) and hallucinations. Although research in the 

area of PD has been extensive, the current treatment options ameliorate only the symptoms of 

PD. Currently, no therapy exists for treating the underlying neurodegeneration and progression 

of PD. Therefore, there is an urgent need to gain a better understanding of the molecular 

mechanisms behind PD pathology. 
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1.2  Genetics of Parkinson’s disease 

  A genetic component to PD was long thought to be unlikely because the majority of PD 

cases occur sporadically. However, it is now widely accepted that a subset of PD cases, 

approximately 5-10%, have a hereditary etiology. Sporadic and familial PD patient brains are 

usually pathologically indistinguishable in that they both contain Lewy inclusions. This suggests 

that both sporadic and familial PD cases share a common pathogenic mechanism. 

  The first clues into the molecular etiology of PD occurred as a result of genetic analysis 

of a family, called the Contursi kindred, with autosomal dominant inheritance of PD. This led to 

the identification of a mutation at residue 53 from alanine to threonine (A53T) in the SNCA gene 

that encodes a-syn (Polymeropoulos et al., 1997; Spillantini et al., 1995), a small 140 amino acid 

pre-synaptic protein (Figure 1-1). Critical to the pathogenic mechanism of a-syn, A53T and 

other familial-linked point mutations (e.g., A30P, E46K, H50Q, G51D, A53E) (Figure 1-1) 

result in accelerated oligomerization or fibrillization of the protein (Conway et al., 1998; Cullen 

et al., 2011; Ghosh et al., 2013; Greenbaum et al., 2005; Rutherford et al., 2014), indicating a 

probable gain-in-toxic function mediated by protein aggregation.  

  Since the initial discovery of SNCA mutations, additional rare monogenic forms with 

autosomal recessive modes of inheritance have been identified as causative factors for PD. 

Mutations in Parkin, PINK1, ATP13A2, and DJ-1 are known to lead to early-onset PD and their 

recessive mode of inheritance indicates that neurodegeneration likely occurs through a loss-of-

function mechanism (Scott et al., 2017). Interestingly, the putative normal functions of these 

genes all converge on the mitochondrial and lysosomal systems. For instance, both Parkin and 

PINK1 play important roles in initiating clearance of damaged mitochondria via lysosomes, 

termed mitophagy (Youle and Narendra, 2011). ATP13A2 is thought to be essential for proper 
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functioning of the lysosome (Schultheis et al., 2013; Tsunemi and Krainc, 2014), and DJ-1 is 

thought to protect mitochondria from oxidative damage (Guzman et al., 2010). Mutations in 

leucine-rich repeat kinase 2 (LRRK2), such as G2019S, represent the most common form of 

familial PD. Previous studies have identified interactions of LRRK2 with multiple Rab proteins, 

which are key mediators of protein trafficking (Cookson, 2016; Steger et al., 2016), leading to 

defects in vesicular transport and the lysosomal clearance pathway. Consistent with the 

importance of disrupted protein trafficking in PD pathogenesis, mutations in a distinct trafficking 

component called VPS35 that mediates endosome-to-Golgi trafficking also causes autosomal 

dominant PD (Vilarino-Guell et al., 2011; Zimprich et al., 2011). Together, genetic analyses of 

familial PD have implicated a role for mitochondria, protein trafficking, and lysosomes as key 

pathways involved in disease progression. 

 

 

 

 

 

 

Figure 1-1. Schematic diagram of a-synuclein and common PD-linked mutations. SNCA encodes a-synuclein 

(a-syn), a small 140 amino acid (AA) protein that is approximately 14 kilodaltons (kDa) in size. a-Syn is comprised 

of three distinct domains: (1) an N-terminal amphipathic region, which contains the six missense mutations known 

to cause familial PD as well as seven evolutionarily conserved KTKEGV motifs that give a-syn its ability to interact 

with membranes, (2) a central hydrophobic non-amyloid component (NAC) domain that is responsible for the 

increased propensity of the protein to form aggregates, and (3) an acidic C-terminal tail that contains mostly 

negatively charged amino acids and is largely unfolded.  

 

1.3  Physiological and pathological roles of a-synuclein  

  a-Syn is an abundantly expressed protein in neurons, where it is localized at presynaptic 
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terminals (Maroteaux et al., 1988), particularly in the striatum, hippocampus, neocortex, 

thalamus, and the cerebellum (Iwai et al., 1995). Although the normal physiological function of 

a-syn is not completely understood, the ability of a-syn to interact with synaptic proteins (Burre 

et al., 2014) suggests that it plays a regulatory role in synapses, particularly in regard to synaptic 

plasticity (Clayton and George, 1999), neurotransmitter release (Emanuele and Chieregatti, 

2015), presynaptic vesicle pool maintenance (Murphy et al., 2000), and the assembly of SNARE 

complexes at presynaptic terminals (Burre et al., 2010; Chandra et al., 2005). 

Aside from SNCA point mutations, it is also known that the overabundance of wild-type 

a-syn can be detrimental. Certain features of PD can be mimicked by the overexpression of 

human wild-type a-syn in vivo, including a-syn inclusion formation and motor deficits (Giasson 

et al., 2002; Kahle et al., 2000; Masliah et al., 2000; Matsuoka et al., 2001). Perhaps the most 

critical genetic evidence for a role of a-syn in PD pathogenesis comes from the identification of 

PD patients that harbor multiplications in the SNCA genomic region (Chartier-Harlin et al., 2004; 

Singleton et al., 2003) leading to the overexpression of the wild-type a-syn protein.  

  The first description of a family with an SNCA multiplication was in 2003, where the 

genetic cause was determined to be a triplication (3X) in the SNCA genomic region (Singleton et 

al., 2003) resulting in a total of four copies of SNCA. The extent of the genomic triplication 

region was determined to be 1.61 to 2.04 Mb in size (Singleton et al., 2003). Importantly, the 

region of triplication contained 16 other annotated or putative genes aside from SNCA. Although 

studies have not eliminated the other 16 genes as contributors for this PD form, SNCA is thought 

to be the causative factor primarily due the significant role it plays in PD. Autosomal dominant 

PD patients with a duplication (2X) in SNCA, resulting in a total of three SNCA copies, were 

identified shortly thereafter (Chartier-Harlin et al., 2004). Genetic analyses have revealed widely 
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variable sizes of the SNCA duplicated regions, ranging from 0.2 to 41.2 Mb, and containing 

anywhere from 2 to 150 genes (Chartier-Harlin et al., 2004). Interestingly, the severity of the 

clinical phenotype of SNCA multiplication patients is dependent on a-syn dosage (Singleton and 

Gwinn-Hardy, 2004). By contrast with SNCA-2X patients whose phenotype closely resembles 

sporadic PD patients, SNCA-3X patients have an early age-of-onset and a more rapid disease 

progression (Fuchs et al., 2007; Singleton et al., 2003). Moreover, patients with SNCA 

multiplications display the classical Lewy pathology, indicating that a mere overabundance of 

the wild-type protein leads to a neurodegenerative condition. However, the molecular 

mechanism by which wild-type a-syn overexpression leads to neurotoxicity and contributes to 

PD pathogenesis remains unknown. The overarching research goal of this dissertation was to 

identify this molecular mechanism. 

 

1.4  Lysosomal dysfunction as a contributor to Parkinson’s disease pathology 

  Protein homeostasis, or proteostasis, involves the balance of synthesis, folding, 

trafficking, and degradation of proteins. Many neurodegenerative diseases, including PD, are 

characterized by a collapse in proteostasis. The soundly documented feature of Lewy inclusions 

composed of aggregated a-syn is direct evidence that the mechanisms responsible for a-syn 

clearance are disrupted in the PD brain.  

  The degradation of a-syn occurs through autophagy via lysosomes (Cuervo et al., 2004; 

Webb et al., 2003). Lysosomes are acidic compartments within a cell that contain hydrolytic 

enzymes responsible for the digestion of macromolecules such as misfolded proteins, as well as 

organelles and other cell debris. Genome-wide association studies (GWAS) in PD patients have 

identified several PD risk genes, most of which have key roles in autophagy and lysosomal 
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function (Chang et al., 2017; Nalls et al., 2019; Nalls et al., 2014; Simon-Sanchez et al., 2009). 

Perhaps the most critical evidence for lysosomal dysfunction in PD came from the clinic, where 

parkinsonian symptoms were observed in patients with the lysosomal storage disorder, Gaucher 

disease (GD) (Neudorfer et al., 1996). Most patients with type I GD present with visceral 

symptoms including enlargement of the spleen and liver, anemia, bone abnormalities, and 

macrophages containing accumulated lysosomal substrates (Grabowski, 2008). At the time, the 

finding of neurological involvement in these GD patients was unusual since the majority of type 

I GD patients were not widely known to present with neurological symptoms. However, more 

severe forms of GD have been classified as types 2 and 3 with infantile or adolescent onset and 

often present with prominent neurodegeneration (Grabowski, 2008). Patients with GD have loss-

of-function mutations in the GBA1 gene that encodes the lysosomal hydrolase, b-

glucocerebrosidase (GCase), a hydrolase that catalyzes the breakdown of the lipid 

glucosylceramide (GluCer) into glucose and ceramide (Brady et al., 1965). Since many of the 

known GBA1 mutations, including N370S, L444P, and 84GG, reduce the stability and / or 

enzymatic function of the enzyme (Grace et al., 1994), lysosomes accumulate the undigested 

substrate GluCer and other lipids which leads to compromised lysosomal function.  

  After the discovery of PD symptoms present in type I GD patients, clinicians also noted 

that first-degree relatives of GD patients with heterozygous mutations in GBA1 presented with 

Parkinsonism at a higher-than-expected frequency, suggesting that heterozygote carriers were 

also at risk (Goker-Alpan et al., 2004). Validation studies were subsequently performed on a 

large population of sporadic PD patients, demonstrating that 5–10% of patients harbored at least 

one GBA1 mutation (Sidransky et al., 2009). The clinical progression of PD patients with GBA1 

mutations is often more rapid compared to patients without mutations, and there is a greater risk 
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for cognitive impairment (Brockmann et al., 2011; McNeill et al., 2012; Neumann et al., 2009; 

Sidransky et al., 2009; Tan et al., 2007). Like sporadic PD, the pathology of GBA1-PD patient 

brains also involves the loss of nigral dopamine neurons and the presence of Lewy bodies and 

neurites (Westbroek et al., 2011).  

  It is now widely accepted that GBA1 mutations represent one of the strongest genetic risk 

factors for the development of PD. Interestingly, GBA1 mutations have also been linked to 

another synucleinopathy, dementia with Lewy bodies (Nalls et al., 2013), further establishing the 

relationship of GBA1 to synucleinopathies. Lewy body inclusions composed of a-syn have been 

documented in the brains of GD patients with neurological symptoms (Wong et al., 2004), 

strongly suggesting that a-syn also plays a key role in the neurodegenerative process of GD 

patients. 

 

1.5  Defects in protein trafficking play a role in Parkinson’s disease pathology 

Aside from mutations in lysosomal components, genetic analyses indicate that defects in 

another critical component of the proteostasis network, vesicular trafficking, also contribute to 

PD pathogenesis (Hunn et al., 2015; Martin et al., 2014). Disruptions in protein trafficking such 

as due to mutations in LRRK2 or VPS35 have been strongly implicated in PD pathology (refer to 

section 1.2). Moreover, various models of PD pathology indicate that a-syn can disrupt 

numerous intracellular trafficking steps, including those at the early and late endosomes (Outeiro 

and Lindquist, 2003) as well as lysosomes (Chung et al., 2013; Mazzulli et al., 2011). Although 

a-syn is largely a disordered protein, one hypothesis for how a-syn can disrupt vesicular 

trafficking comes from studies of its biophysical properties which identified that a-syn has a 

propensity to bind lipid membranes (Burre et al., 2014; Theillet et al., 2016). 
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The proper maturation of lysosomal proteins, including GCase, requires their trafficking 

from the endoplasmic reticulum (ER) to the Golgi portion of the secretory pathway prior to their 

delivery to lysosomes. Previous work from our group and others has shown that a-syn can 

impair ER-to-Golgi protein trafficking (Cooper et al., 2006; Gitler et al., 2008; Gosavi et al., 

2002; Thayanidhi et al., 2010), resulting in reduced lysosomal function due to the accumulation 

of immature lysosomal proteins in the ER (Cuddy et al., 2019; Mazzulli et al., 2011; Mazzulli et 

al., 2016). Specifically, a-syn overexpression has been shown to lead to its direct binding and 

disruption of ER-Golgi SNARE proteins, such as ykt6, which are vital for mediating membrane 

fusion (Cuddy et al., 2019; Thayanidhi et al., 2010). Additionally, overexpression of several ER-

Golgi trafficking components, such as Rab1, can suppress a-syn-induced toxicity (Cooper et al., 

2006), further demonstrating the importance of proper ER to Golgi transport for normal cellular 

function.  

 

1.6  Cellular maintenance of endoplasmic reticulum protein homeostasis 

  The ER is a large intracellular organelle that forms an extensive interconnected network 

composed of branching tubules and flattened cisternae. It is a highly dynamic structure whose 

morphology is regulated by membrane fission and fusion events. These structural features 

support the remarkable number of functions that the ER performs, including protein folding, 

lipid synthesis, and calcium regulation.  

  Perhaps the most critical functions of the proteostasis network take place in the ER 

compartment. Approximately one-third of the cell’s proteome is synthesized, folded, and 

processed in the ER. Calcium-dependent molecular chaperones are proteins that aid in the proper 

folding of newly synthesized proteins and therefore play a pivotal role in maintaining ER 
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proteostasis. The calcium-dependent ER lectin chaperones, calnexin (CANX) and calreticulin 

(CALR), are particularly important for maintaining proper protein folding and quality control by 

binding partially folded or misfolded monoglucosylated proteins including GCase and other 

lysosomal hydrolases (Ou et al., 1993; Tan et al., 2014). Improperly folded proteins can rebind 

CANX or CALR for additional folding cycles, however if the folding attempts are unsuccessful, 

terminally misfolded proteins will be removed from the ER by retro-translocation and degraded 

by the ubiquitin proteasome system (UPS) via a process called ER-associated degradation 

(ERAD). 

  Another important group of ER chaperones are the glucose-regulated proteins (GRPs). 

GRPs are members of the heat shock protein family of chaperones and are constitutively 

expressed proteins that can be induced under stressful conditions. Of all the GRP chaperones, 

GRP78 is considered to be the master regulator of the ER. In addition to facilitating protein 

folding, GRP78 is also responsible for controlling the activation of transmembrane ER stress 

sensors (Figure 1-2) and for retrograde transport across the ER membrane of aberrant proteins 

destined for degradation by the UPS.  

  Disrupted protein trafficking and accumulation of unfolded or misfolded proteins in the 

ER overwhelms the folding machinery, invariably leading to ER stress and initiation of the 

unfolded protein response (UPR) (Figure 1-2). The UPR constitutes a series of signaling 

pathways in an attempt to restore ER proteostasis by decreasing overall protein synthesis, 

reinforcing protein folding and quality controls, and / or enhancing protein degradation 

mechanisms. The three main stress sensors that initiate the UPR include inositol-requiring 

enzyme 1 (IRE1), double-stranded RNA-activated protein kinase (PKR)–like ER kinase (PERK), 

and activating transcription factor 6 (ATF6) (Figure 1-2). Under normal conditions, GRP78 is 
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directly bound to IRE1, PERK, and ATF6. In the presence of an unfolded or misfolded protein, 

GRP78 dissociates from the three stress sensors in order to aid the misfolded protein. This 

dissociation leads to the subsequent activation of PERK, IRE1, and ATF6, each of which induce 

rapid signals to the nucleus for transcriptional upregulation of quality control machinery and 

expansion of the ER to accommodate excess protein load (Figure 1-2). The UPR provides the 

cell with time and the proper equipment to deal with and recover from ER stress. However, 

prolonged or chronic ER stress can lead to the activation of apoptotic pathways mediated by 

PERK and IRE1 (Ron and Walter, 2007), suggesting that time is an important factor for 

determining cell fate.  



33 

 

Figure 1-2. Overview of the UPR signaling pathways initiated during ER stress.   

(1) Activation of PERK leads to the phosphorylation and subsequent inactivation of the eukaryotic initiation factor 2 

alpha (eIF2a) that is normally required for initiating protein translation, thereby decreasing the cell’s protein load. In 

addition, the PERK UPR arm allows for the selective translation of several mRNAs including activating 

transcription factor 4 (ATF4), which translocates to the nucleus to regulate genes involved in stress adaptation.  

(2) ATF6 activation leads to its translocation from the ER to the Golgi where it is cleaved by proteases to generate 

an N-terminal fragment, ATF6-N, which acts as a transcriptional activator for ER chaperones and components 

necessary for ERAD.  

(3) Activation of IRE1 stimulates its endoribonuclease activity leading to the splicing of X-box-binding protein 1 

(XBP1-U) mRNA. Translation of the spliced XBP1-S mRNA results in an activated transcriptional activator XBP1 

that translocates to the nucleus to activates genes important for protein folding and ERAD.  
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1.7  Dissertation overview 
 

A fundamental question that remains open in the neurodegeneration field is how 

insoluble a-syn aggregates, which are the primary component of Lewy body and neurite 

inclusions, lead to neurodegeneration. Genetic studies have identified mutations in SNCA that 

lead to the development of PD. More recently, multiplications in the wild-type SNCA gene were 

also identified to be responsible for PD, indicating that a mere increase in a-syn dosage is 

directly related to PD pathogenesis. However, the molecular mechanism by which wild-type a-

syn overexpression contributes to neuronal toxicity and contributes to PD pathogenesis remains 

unknown. Therefore, the main goal of this dissertation was to gain mechanistic insight into this 

biological process.  

Based on many current findings that describe in detail the mechanistic connection of 

lysosomal dysfunction to PD pathogenesis, we hypothesized that wild-type a-synuclein 

overexpression leads to an imbalance in proteostasis and contributes to PD pathogenesis by 

perturbing the proper functioning of the endoplasmic reticulum (ER) compartment. To test this 

hypothesis, we developed and characterized novel PD patient iPSC-derived midbrain 

dopaminergic neuron models that naturally develop a-syn pathology through SNCA triplications.  

  In Chapter 2, we describe the generation and characterization of our PD models in detail. 

In addition, we show that the PD models accumulate and aggregate a-syn and demonstrate 

lysosomal dysfunction due to defects in ER-Golgi trafficking of lysosomal hydrolases such as 

GCase. We additionally aimed to determine whether lysosomal GCase dysfunction occurs 

specifically due to a-syn accumulation. Therefore, we created SNCA-3X isogenic control iPSCs 

by targeted disruption of the SNCA gene using a dual nickase CRISPR/Cas9 strategy. 
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Collectively, our findings indicate that disruption of wild-type GCase function occurs 

specifically through a-syn accumulation.  

  In Chapter 3, we identify an unusual and unexpected proteostasis phenotype, the 

aggregation of immature wild-type GCase in the ER compartment. Using our PD neuronal 

models, we show that this GCase phenotype is associated with ER fragmentation. Despite the 

dramatic morphological alterations of the ER, we were surprised to find that the classical ER 

stress phenotypes, previously observed in numerous models of PD as well as in GD, were absent 

in the SNCA-3X neuronal models. Additionally, we propose a molecular mechanism by which a-

syn may lead to these alterations.  

  In Chapter 4, we use innovative therapeutic strategies to target GCase and determine 

whether these strategies are sufficient in rescuing a-syn pathology. By simultaneously enhancing 

protein folding in the ER and ER-Golgi trafficking via small molecule modulators, we show that 

restoring ER GCase solubility, trafficking, and downstream lysosomal GCase function can 

rescue pathological a-syn levels. Our results suggest that comprehensive strategies that target 

multiple branches of the proteostasis pathway may be beneficial to patients with PD and other 

proteinopathies.  

  Lastly, Chapter 5 presents a summary and examines the significance of our findings. The 

limitations of our work and suggestions for future scientific studies are also discussed. 

  The data presented in Chapters 2-4 was adapted from my first-author original research 

manuscript titled “Rescue of a-synuclein aggregation in Parkinson’s patient neurons by 

synergistic enhancement of ER proteostasis and protein trafficking”. This manuscript, which 

took a collaborative research effort, is under peer review at the time of this writing. 

 



36 
CHAPTER 2 

Novel Parkinson’s disease iPSC-derived midbrain models demonstrate a-syn 

accumulation and lysosomal dysfunction. 
 
 
Preface. The work presented in this chapter of the dissertation has been adapted largely from 

Stojkovska et al., 2021, an original research manuscript titled “Rescue of a-synuclein 

aggregation in Parkinson’s patient neurons by synergistic enhancement of ER proteostasis and 

protein trafficking” that is currently under peer review.  

 
OVERVIEW 
 

Human somatic cells can be reprogrammed into induced pluripotent stem cells (iPSCs) 

by the overexpression of four transcription factors, Oct4, Sox2, Klf4, and c-Myc, collectively 

termed Yamanaka factors (Takahashi and Yamanaka, 2006). Upon introduction of the Yamanaka 

factors, the cells begin to form compact colonies that resemble pluripotent stem cells. These 

colonies can be identified based on their well-defined edges and near circular morphology, and 

are comprised of cells with a large nucleus with less cytoplasm in the cell body. Pluripotent stem 

cells have an unlimited self-renewal capacity. Importantly, they have the potential to differentiate 

into any of the three germ layers and can therefore give rise to any cell type in the body. 

Moreover, iPSCs are a promising source of cells for regenerative medicine and are increasingly 

being used as models for investigating mechanisms of patient-specific diseases.  

Numerous protocols have been developed for the differentiation of iPSCs into various 

human cell types. For instance, in order to more accurately model Parkinson’s disease (PD) and 

the associated pathology, a well-established protocol has been developed for the derivation of 

authentic midbrain dopamine (DA) neurons that exhibit molecular, chemical, and 
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electrophysiological properties of such neurons (Kriks et al., 2011). To examine the mechanisms 

by which a-syn overexpression leads to toxicity and contributes to PD pathogenesis, we obtained 

lymphocytes from three individual PD patients that carry a triplication in the SNCA genomic 

region (SNCA-3X), generated iPSC lines for each of the patients, and utilized these iPSCs to 

generate human midbrain dopaminergic (DA) neurons. Several clones for each iPSC line were 

expanded and extensively characterized for pluripotency, residual transgene expression of 

reprogramming factors, SNCA-3X genotype retention, and dopamine neuron differentiation 

efficiency. The generation and characterization analysis of the PD patient-derived iPSCs and 

differentiated midbrain DA neurons is shown in section 2.1 of this chapter.  

Since the discovery of clinical, genetic, and pathological links between PD and the 

lysosomal storage disorder Gaucher’s disease (GD), recent work has focused on understanding 

the mechanistic role of GCase in the development of synucleinopathies. Studies on the cellular 

clearance of physiological and pathological forms of a-syn indicated an important role for the 

lysosomal system, suggesting that lysosomal dysfunction could lead to a-syn aggregation 

(Cuervo et al., 2004; Lee et al., 2004; Vogiatzi et al., 2008). Since all of the known GBA1 

mutations result in loss of enzymatic function, initial studies were focused on determining if 

reduction in GCase activity could alter a-syn levels. Later, work from our group and others had 

shown that reduction of GCase activity, either through shRNA knock-down, conduritol-b-

epoxide (CBE) treatment, or endogenously expressed GD-causing mutations in iPSC-derived 

neurons, resulted in the formation of pathological a-syn similar to that observed in GD and PD 

brain (Cleeter et al., 2013; Mazzulli et al., 2011; Rocha et al., 2015; Rockenstein et al., 2016; 

Schondorf et al., 2014; Xu et al., 2011). While lysosomal dysfunction and lipid accumulation 
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may play a role in a-syn accumulation in patients with homozygous mutations in GBA1, there is 

considerable debate regarding whether this same mechanism of action may occur in heterozygote 

carriers. This is partly due to the fact that some studies have shown that lipid substrate 

accumulation does not occur in the brains of patients with GBA1-PD (Gegg et al., 

2012). Additionally, in sporadic PD brain, GCase activity declines with aging and is 

accompanied by GluCer substrate accumulation (Rocha et al., 2015). In long-lived PD patient-

derived iPSC neuronal models that were aged for >400 days, we found an age-dependent decline 

in lysosomal and GCase activity within neurons that harbor two copies of wild-

type GBA1 (Mazzulli et al., 2016). Whether aggregation of a-syn itself can result in lysosomal 

GCase dysfunction has been less thoroughly investigated. Therefore, we used our PD patient-

derived neuronal models, which naturally accumulate and form a-syn aggregates through 

endogenous SNCA triplications, to further investigate the relationship between a-syn and GCase. 

These results are described in section 2.2 of this chapter.  

 

METHODS AND MATERIALS 

Reprogramming and culturing of human induced pluripotent stem cells (iPSCs) 

B-lymphocytes from healthy controls and PD patients that carry a triplication in the SNCA 

genomic region were obtained from the Coriell NINDS and NIGMS Human Genetic Cell 

Repositories: GM15845 (Ctrl), GM15010 (3x-1), ND00196 (3x-2), ND00139 (3x-4), ND34391 

(Est. 3X). Phenotypic and genotypic data of these subjects is available on 

https://www.coriell.org. Refer to Table 1 and Table 2 for more details. The B-lymphocytes were 

reprogrammed into iPSCs by transfection with non-integrating episomal plasmids containing 

Oct3/4 (Addgene: pCXLE-hOCT3/4-shp53-F), L-Myc (Addgene: pCXLE-hUL), and Sox2 and 
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Klf4 (Addgene: pCXLE-hSK). All iPSCs were maintained in mTeSR1 media on matrigel-coated 

plates.  

 

Table 1. Clinical and pathological characterization of Parkinson’s disease patient samples.   

 

 

Table 2. List of human iPSCs generated and / or used in the study.  

 

 

 

Patient line Symptoms Parkinsonism 
Diagnosis

Characterization of 
Mutation

Sex Age At 
Sampling

Tissue and 
Cell Type

3x-1

Onset at age 30; resting tremor, shuffling gait, 
postural instability, dyskinesias with on/off 
phenomenon; responsive to anti-parkinsonism 
therapy 

Parkinson’s 
disease

Whole Gene Triplication: 
17 genes, including SNCA

Female 38 Blood B-
lymphocyte

3x-2 Onset at age 37; bradykinesia, rigidity, 
responsive to anti-parkinsonism therapy

Parkinson’s 
disease

Whole Gene Triplication: 
17 genes, including SNCA

Male 37 Blood B-
lymphocyte

3x-4
Onset at age 44; bradykinesia, postural 
instability, rigidity, gait difficulties, 
responsive to anti-parkinsonism therapy

Diffuse Lewy 
Body Disease

Whole Gene Triplication: 
17 genes, including SNCA

Female 49 Blood B-
lymphocyte

Ctrl Normal examination with no complaints None
(at risk)

None Female 59 Blood B-
lymphocyte

iPSC line ID
Repository and ID

Diagnosis Genotype Genome editing Reference

3x-1
NIGMS Human Genetic Cell Repository
ID #GM15010

Parkinson's Disease
SNCA  Triplication

(17 genes)
 SNCA  correction

(3x-1 iso ctrl)
Stojkovska et al., 2021

(under review)

3x-2
NINDS Repository
ID #ND00196

Parkinson's Disease
SNCA  Triplication

(17 genes)
 SNCA  correction

(3x-2 iso ctrl)
Stojkovska et al., 2021

(under review)

3x-4
NINDS Repository
ID #ND00139

Diffuse Lewy Body Disease
SNCA  Triplication

(17 genes)
 SNCA  correction

(3x-4 iso ctrl)
Stojkovska et al., 2021

(under review)

Ctrl
NIGMS Human Genetic Cell Repository
ID #GM15845

None (at risk) WT / WT -
Stojkovska et al., 2021

(under review)

Est. 3X
NINDS Repository
ID #ND34391 

Parkinson's Disease
SNCA  Triplication

(17 genes)
- Mazzulli et al., 2016a

Est. Ctrl - None WT / WT -
Hedrich et al., 2006
Seibler et al., 2011

Mazzulli et al., 2016a

GBA1  N370S / 84GG
NIGMS Human Genetic Cell Repository
ID# GM00852

Gaucher's Disease (Type I) GBA1  N370S / 84GG -
Mazzulli et al., 2011;
Mazulli et al., 2016a

GBA1  L444P / L444P Telethon Genetic Biobank Network Gaucher's Disease (Type III) GBA1  L444P / L444P - Schondorf et al., 2014

SNCA  A53T
Whitehead Institute Center 
for Human Stem Cell Research
WIBR-hiPS-SNCA A53T, clone 2409

Parkinson's Disease SNCA  A53T 
A53T correction
(A53T iso ctrl)

Soldner et al., 2011
Mazzulli et al., 2016b
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Measuring mRNA expression via real-time qPCR 

Total RNA was isolated from cells using an RNeasy Mini Prep kit (QIAGEN). cDNA was 

synthesized by reverse transcriptase PCR (RT-PCR) using the RevertAid First Strand cDNA 

synthesis kit (Thermo Fisher Scientific). Real-time quantitative PCR (qPCR) was performed on 

the Applied Biosystems 7500 Fast system using the cDNA and pre-designed TaqMan-primer 

probes for Nanog and SNCA (refer to Table S2). The target mRNA expression was quantified 

relative to GAPDH using the delta-delta-Ct method, and represented as a fold change. 

 

Pluripotency analysis of reprogrammed iPSC cells via immunofluorescence  

Cells were plated on glass coverslips. At the time of the experiment, the cells were fixed in 4% 

paraformaldehyde (PFA) (Polysciences, Inc.) for 15 minutes (refer to Table S4 for recipe), 

permeabilized with 0.3% Triton X-100 (Sigma) in PBS for 30 minutes, and blocked with 2% 

bovine serum albumin (BSA) (Roche) in Triton-PBS for 30 minutes to prevent non-specific 

antibody binding. Primary antibodies (Sox2, Tra 1-60, Oct4, SSEA4, Nanog; refer to Table S2) 

were added overnight, followed by incubation with secondary antibodies (Alexa Fluor 488 Goat 

anti-rabbit IgG and Alexa Fluor 568 Goat anti-mouse IgG; refer to Table S2) for 1 hour. The 

cells were then washed three times with Triton-PBS and mounted onto microscope slides with 

DAPI mounting media.  

 

PCR analysis of reprogramming factor transgenes 

Forward and reverse PCR primers for each of the reprogramming factor transgenes (Oct3/4, 

Sox2, Klf4, and L-Myc) were designed so that the PCR product will span both the transgene and 

the backbone, as indicated in the schematic of Figure 2-2 C. Refer to Table S3 for list of primers. 
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Copy number analysis of SNCA and puromycin 

Genomic DNA was extracted from iPSCs using the DNeasy Blood and Tissue Kit (QIAGEN). 

Real-time quantitative PCR (qPCR) was performed on the Applied Biosystems 7500 Fast system 

using the genomic DNA and pre-designed TaqMan probe for SNCA and a custom probe for 

puromycin (refer to Table S2).  The copy number of each gene was quantified relative to 

RNAseP. 

 

Fluorescence in situ hybridization (FISH) analysis 

To confirm the SNCA copy number in the reprogrammed iPSCs, fluorescent probes targeting 

SNCA (4q22.1; R: red) and a control region (4p16.3; G: green) were used for fluorescence in situ 

hybridization analysis. The assay was performed as a service provided by Cell Line Genetics, 

Inc. (www.clgenetics.com).  

 

Differentiation of iPSCs into midbrain dopaminergic neurons 

The iPSCs were differentiated into midbrain dopaminergic neurons using a well-established dual 

SMAD inhibition protocol (Kriks et al., 2011). Briefly, iPSCs were accutased and seeded into 6-

well matrigel-coated plates at a density of 0.5-1 x e6 cells per well. iPSCs were fed daily with 

mTeSR1 media supplemented with Rho-associated kinases (ROCK) inhibitor (Y-27632, EMD 

Millipore) until individual cells were no longer visible, upon which ROCK inhibitor was 

removed from the media. The differentiation protocol (refer to Table S1) was initiated at day 0 

once the iPSCs reached ~90% confluency, using KSR media (refer to Table S4 for recipe 

details). On day 10-15, cells were chunked onto 75µg/ml poly-D-lysine (PDL) and 5µg/ml 

laminin-coated 10cm dishes, and media change using BAGTCD was done every 3 days. On day 
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25-30, cells were accutased and seeded (i.e., final plated) onto PDL/laminin-coated 24- or 96-

well plates depending on the desired experiment, and media change using BAGTCD was done 

every 3 days until day 40-50. Mature dopaminergic neurons were cultured in neurobasal SM1 

media containing SM1 supplement, 1% penicillin / streptomycin, and 1% L-glutamine (refer to 

Table S4 for recipe). To allow for sufficient a-syn accumulation and aggregation, neurons were 

aged to 70-90 days for each experiment. 

 

Immunofluorescence analysis of midbrain neuron differentiation efficiency, a-synuclein 

accumulation, and thioflavin staining 

Neurons were fixed in 4% PFA for 15 minutes, permeabilized with 0.1% Triton X-100 in PBS 

for 30 minutes, and blocked with 2% BSA and 5% normal goat serum (NGS) (Jackson Immuno 

Research) in Triton-PBS for 30 minutes to prevent non-specific antibody binding. Primary 

antibodies (anti-a-synuclein LB509, anti-tyrosine hydroxylase (TH), anti-FoxA2, anti-b3-

tubulin; refer to Table S2) were added overnight, followed by incubation with secondary 

antibodies (Alexa Fluor 488 Goat anti-mouse IgG and Alexa Fluor 568 Goat anti-rabbit IgG; 

refer to Table S2) for 1 hour. The cells were then washed three times with Triton-PBS and 

mounted onto microscope slides with DAPI mounting media. For thioflavin S (Thio S) co-

staining, refer to Stojkovska and Mazzulli, 2021 for protocol details. Briefly, following primary 

incubation with a-syn, 0.05% Thio S was directly added to cells and incubated for 15 min at RT. 

Next, cells were washed with a sequence of ethanol steps (twice with 50% ethanol for 20 min 

each, then once with 80% ethanol for 20 min) and then with Triton-PBS prior to mounting. All 

images were obtained on a Leica confocal microscope, and image analysis was performed using 

ImageJ. 
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Sequential protein extraction and western blot analysis 

Cells were harvested in 1X PBS and pelleted by centrifugation at 400xg for 5 minutes. To extract 

soluble protein, the cell pellets were homogenized in 1% Triton base lysis buffer (refer to Table 

S4 for recipe) containing protease inhibitor cocktail (PIC) (Roche), phenylmethylsulfonyl 

fluoride (PMSF) (Sigma), sodium orthovanadate (Na3VO4) (Sigma) and sodium fluoride (NaF) 

(Sigma) (refer to Table S4 for recipe). The Triton extracted lysates were freeze-thawed three 

times and ultracentrifuged at 100,000xg for 30 minutes at 4°C. To extract insoluble protein, the 

Triton-insoluble pellets were solubilized with 2% SDS base lysis buffer (refer to Table S4 for 

recipe) containing PIC via boiling for 10 minutes, followed by sonication and then 

ultracentrifugation at 100,000xg for 30 minutes at 22°C. The protein concentrations of the Triton 

and SDS fractions were measured via a BCA protein assay kit (Thermo Fisher Scientific) on a 

plate reader. Extracted protein lysates were boiled at 100°C for 10 min in Laemmli sample buffer 

(refer to Table S4), loaded on an SDS-PAGE gel, transferred onto a PVDF membrane 

(Millipore), and post-fixed in 0.4% PFA (refer to Table S4 for recipe). Membranes were blocked 

in a 1:1 mixture of 1X TBS and Intercept blocking buffer (Li-Cor Biosciences), followed by 

overnight incubation with primary antibodies (refer to Table S2) diluted in a 1:1 mixture of 1X 

TBS-Tween and blocking buffer. The following day, secondary antibodies (refer to Table S2) 

were added for 1 hour, and the membranes were scanned using a Li-Cor Biosciences infrared 

imaging system. Quantification of band intensity was done using the ImageStudio software and 

analysis was performed on Excel and GraphPad Prism.  

GCase maturation was measured by quantifying the ratio of post-ER (mature; >62 kDa) 

to ER (immature; 55-62 kDa) GCase. For quantifications of percent insoluble GCase: first, 

soluble (Triton fraction) and insoluble (SDS fraction) GCase levels were normalized to 
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Coomassie gel staining. Then, insoluble GCase was divided by total GCase taken from both 

Triton and SDS fractions, and the result was shown as a percentage. 

 

Monitoring Protein Trafficking with Endoglycosidase H (Endo H) 

To study the subcellular localization and trafficking of GCase between the ER and Golgi, 

protein lysates were digested with Endoglycosidase H (Endo H) (New England Biolabs). The 

experimental procedure was performed according to the manufacturer’s handbook. Briefly, 10X 

Glycoprotein Denaturing buffer was added to 40 μg of protein and the reaction was boiled at 

100°C for 10 minutes. Following the denaturation, 10X GlycoBuffer 3 and Endo H enzyme 

were added, and the reaction was incubated at 37°C for 2 hours. Finally, the samples were 

boiled at 100°C for 10 minutes after the addition of 5X Laemmli buffer and loaded on a 10% 

SDS-PAGE gel, followed by western blot analysis. A positive digestion results in a downward 

shift in the molecular size of GCase after it is subjected to SDS-PAGE. Post-ER (70–74 kDa) 

and ER (55 kDa) forms of GCase were analyzed using the Endo H digested lane and used as a 

measure of GCase trafficking.  

 

Live-cell lysosomal GCase activity assay 

The procedure and analysis method for the activity assay has been previously described in detail 

(Mazzulli et al., 2011; Mazzulli et al., 2016). Briefly, cells were plated in 96-well plates. One 

day prior to the assay, cells were treated with 1mg/ml cascade dextran blue (Life Technologies) 

for 24 hours. The next day, the cells were first treated with DMSO or 200nM bafilomycin A1 

(BafA1) (Santa Cruz) for 1 hour at 37°C, followed by a 1-hour pulse-chase with 100µg/ml 

artificial fluorescent GCase substrate, 5-(pentafluoro-benzoylamino) fluorescein di-ß-D-
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glucopyranoside (PFB-FDGluc) (Life Technologies), at 37°C. The fluorescence signal was 

measured every 30 minutes for the span of 3-4 hours on a plate reader (Ex=485nm, Em=530nm, 

for the GCase substrates; Ex=400nm, Em=430nm for cascade dextran blue). For the analysis, the 

GCase fluorescence signal was normalized to either lysosomal mass by using cascade dextran 

blue signal or total cell volume by quantifying CellTag 700 staining signal. 

 

Neurofilament toxicity assessment 

Following the live-cell lysosomal GCase activity assay, the cells were fixed in 4% PFA in PBS 

for 15 minutes and stained with an anti-neurofilament marker (refer to Table S2) overnight at 

4°C to ensure that changes in lysosomal activity were not due to cell toxicity (refer to Mazzulli et 

al., 2016for details). The next day, IRdye 800CW goat anti-mouse IgG secondary antibody and 

CellTag 700 stain (refer to Table S2) were added to the wells and incubated for 1 hour, and the 

plate was scanned on a Li-Cor infrared imaging system. Fluorescence intensity was quantified 

using the ImageStudio software, and analysis was performed on Excel. 

 

Dual nickase CRISPR/Cas9 strategy and selection of iPSC clones 

A pair of guide RNAs (guide RNA 1: 5'-AGCAGCCACAACTCCCTCCTTGG-3’; guide RNA 

2: 5'- TGAGAAAACCAAACAGGGTGTGG-3’) were designed using the Optimized CRISPR 

design tool (http://crispr.mit.edu/) and used to direct D10A mutant Cas9 to produce nicks within 

Exon 2 of the SNCA gene. A PITX3-2A-eGFP-PGK-Puro plasmid (Addgene) encoding a 

puromycin resistance cassette driven by a phosphoglycerate kinase (PGK) promoter was used as 

a template for homologous recombination (HR) and as a positive selection marker. The gRNAs 

were cloned into a Cas9-nickase plasmid PX335 (Addgene) and transfected into iPSCs using 
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Lipofectamine 3000 (Thermo Fisher Scientific) along with a puromycin-containing HR plasmid. 

Two days following the transfection, iPSCs were cultured in 1µg/ml puromycin containing 

media for several weeks.  To confirm that the puromycin cassette was appropriately inserted in 

the targeted SNCA Exon 2 region, puromycin resistant clones were selected and genomic DNA 

was extracted and analyzed via PCR (refer to Table S3 for primers). Puromycin copy number 

analysis and sequencing were also performed on selected clones. 

 

Analysis of off-target effects using the T7EI cleavage assay 

Genomic DNA was amplified using primers for each off-target gene (refer to Table S3 for list of 

primers). The PCR products were then denatured and allowed to re-anneal using a thermal cycler 

with the following settings: 95°C for 10 minutes, 95-85°C (ramp rate 2°C/sec), and 85-25°C 

(ramp rate 0.2°C/sec). The hybridized product was then digested with T7 Endonuclease I (T7EI) 

for 1 hour at 37°C and analyzed on an agarose gel along with a positive control (Genecopoeia). 

 

Statistical analysis 

Analyzed data was plotted and tested for statistical significance using the GraphPad Prism 

software. Statistical significance between two samples was determined using a paired or 

unpaired t-test with Welch’s correction. For more than two samples, significance was determined 

using a one-way ANOVA with Tukey’s post-hoc test. A p-value of <0.05 was considered to be 

significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). For each quantification, the 

type of error bar used is specified in the figure legends.  
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RESULTS 

2.1 Characterization of SNCA-3X Parkinson’s disease patient iPSCs and iPSC-derived 

midbrain dopaminergic neuron models.  

Our previous work indicated that a-syn accumulation causes lysosomal dysfunction in 

PD patient midbrain neurons (Cuddy et al., 2019; Mazzulli et al., 2011). To further examine the 

mechanism of this process, we generated several new iPSC lines from B-lymphocytes of a 

healthy control (Ctrl) and three distinct patients that carry a triplication (3X) in the SNCA 

genomic region that exhibit early onset parkinsonism and dementia (Singleton et al., 2003) 

(Figure 2-1). Initial characterization of the PD patient lymphocytes indicated that the triplication 

region includes 16 other genes aside from SNCA (subject data is available on the Coriell NINDS 

and NIGMS Human Genetic Cell Repositories) as similarly described in Singleton et al., 2003. 

Using non-integrating episomal plasmids containing the standard reprogramming Yamanaka 

factors Oct3/4, Sox2, Klf4, and L-Myc (Takahashi and Yamanaka, 2006), we reprogrammed the 

lymphocytes into induced pluripotent stem cells (iPSCs). For each iPSC line, several clones were 

created and extensively characterized and the most robust lines (highlighted in red in Figure 2-2 

A) were chosen to carry out experiments, which we termed 3x-1 (clone 3; C3), 3x-2 (clone 2; 

C2), 3x-4, and Ctrl (clone 1; C1).  

We assessed the pluripotency of the SNCA-3X and healthy control iPSCs by analyzing 

Nanog mRNA expression (Figure 2-2 A) and immunofluorescence of multiple transcription 

factors that play a role in pluripotency and maintenance of embryonic stem cells (Figure 2-2 B). 

We confirmed the absence of transgene expression in each of the iPSCs via PCR and gel analysis 

to ensure that the reprogrammed iPSCs are maintaining pluripotency via endogenous expression 

of the Yamanaka factors (Figure 2-2 C). Real-time qPCR (Figure 2-2 D) and fluorescence in situ 
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hybridization (FISH) analysis (Figure 2-2 E) were used to verify that reprogramming did not 

alter the SNCA phenotype and to confirm the doubling of SNCA copy number in the SNCA-3X 

iPSCs compared to the healthy control. To generate a relevant human model that more accurately 

represents PD, we differentiated the iPSCs into midbrain dopaminergic (DA) neurons using a 

well-established dual SMAD inhibition protocol (Kriks et al., 2011) (Figure 2-1). This protocol 

generated approximately 70-90% of differentiation efficiency, which was evaluated by 

immunofluorescence analysis of b3-tubulin and the DA neuron markers FoxA2 and tyrosine 

hydroxylase (TH) (Figure 2-2 F).  

 

Figure 2-1. Schematic overview of the reprogramming and differentiation of PD patient lines. Lymphocytes 

obtained from PD patients carrying a triplication in the SNCA genomic region were reprogrammed into induced 

pluripotent stem cells (iPSCs) using standard reprogramming factors: Oct3, Sox2, Klf4, L-Myc. To model PD in 

vitro and gain a better understanding of the disease pathology, iPSCs were differentiated into midbrain 

dopaminergic (DA) neurons, the PD-relevant cell type, using a well-established dual SMAD inhibition protocol.  
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Figure 2-2. Characterization of SNCA-3X iPSCs and midbrain dopaminergic neurons. 

(A) Real-time qPCR analysis of Nanog mRNA expression in SNCA-3X and healthy control iPSC clones (n=3 

technical replicates per line). Lymphocyte cDNA and a no-template sample (qRT-PCR neg) serve as negative 

controls. GAPDH serves as a reference gene. Data is shown as mean ± SD.  

(B) Immunofluorescence staining of several pluripotency and embryonic stem cell markers in SNCA-3X and healthy 

control (Ctrl) iPSCs. Cell nuclei are stained with DAPI.  

(C) PCR analysis of Oct3/4 (O), Sox2 (S), Klf4 (K), and L-Myc (M) plasmid transgenes in SNCA-3X and Ctrl 

iPSCs. A previously established healthy control iPSC line (Est. Ctrl) and a no-template control (NTC) sample serve 

as negative controls. The plasmids serve as positive controls for each transgene.  

(D) SNCA copy number analysis of SNCA-3X and Ctrl iPSCs (n=3-6 replicates per line from 3 separate 

experiments). Previously established SNCA-3X (Est. 3X) and healthy control (Est. Ctrl) iPSCs are shown as a 

relative comparison. RNaseP serves as a reference gene. Data is shown as mean ± SEM, ****p < 0.0001, using 

student’s unpaired t-test or ANOVA with Tukey’s post-hoc test.  

(E) Representative fluorescence in-situ hybridization (FISH) analysis of SNCA-3X and Ctrl iPSCs. The red signal 

indicates a probe that spans SNCA located in 4q22.1 and the green signal indicates a control probe targeting the 

4p16.3 chromosomal region. The result confirms a total of four SNCA copies in the PD patient iPSC (4 red, 2 green; 

4R2G) indicative of a triplication, while the healthy control contains two copies (2 red, 2 green; 2R2G).  

(F) Representative immunofluorescence staining of FoxA2 (red) and tyrosine hydroxylase (TH; green) (top) or the 

neuronal marker b3-tubulin (red) and TH (green) (bottom) in day 90 SNCA-3X iPSC-derived DA neurons. Cell 

nuclei are stained with DAPI. Right, quantification of FoxA2+TH (top) or b3-tubulin+TH (bottom) positive 

neurons as a percent of total cells for each patient line. Each data point in the scatter plot represents a field of view 

from different batches of differentiation. Data is shown as mean ± SD. Scale bar, 20µm. 

 

2.2 Defects in GCase maturation and lysosomal function occur specifically through  

a-syn accumulation. 

To determine if the novel lines could recapitulate key features of the PD brain, we 

matured the PD patient-derived midbrain DA neurons for 90 days, and analyzed for the presence 

of aggregated a-syn. In addition to the novel iPSC lines, we also incorporated previously 

established lines in our study (Est. 3X and Est. Ctrl; Table 2) (Mazzulli et al., 2016). 

Immunofluorescence analysis indicated that patient lines accumulated a-syn within neurites and 

the cell body that were thioflavin positive, while healthy control neurons displayed lower a-syn 
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levels and a punctate pattern that is expected for a synaptic protein (Figure 2-3 A, B). 

Biochemical sequential extraction into soluble and insoluble protein fractions showed significant 

accumulation of a-syn in both fractions of the SNCA-3X DA neurons relative to healthy controls 

(Figure 2-3 C). We next investigated GCase maturation and lysosomal function. As GCase 

matures from the ER to the Golgi, it acquires N-linked glycans resulting in an increase in its 

molecular weight (Bergmann and Grabowski, 1989). Thus, GCase maturity can be assessed by 

SDS-PAGE / western blot analysis. We found that GCase maturation was reduced in SNCA-3X 

DA neurons indicated by the accumulation of immature, low molecular weight forms of GCase 

(~55-62 kDa) (Figure 2-4 A). We also observed a decline in GCase activity specifically within 

lysosomal compartments in living SNCA-3X DA neurons compared to the healthy control 

(Figure 2-4 B). Analysis of neurite degeneration by staining for neurofilament intensity indicated 

no change between SNCA-3X and healthy control DA neurons, suggesting that the decline in 

GCase activity in patient neurons is not due to cell toxicity (Figure 2-4 C).  
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Figure 2-3. a-Syn accumulation and aggregation in SNCA-3X midbrain DA neurons.  

(A) Immunofluorescence (IF) staining of a-syn (antibody LB509) and b3-tubulin in day 90 Ctrl and SNCA-3X DA 

neurons. Cell nuclei are stained with DAPI. Scale bar, 20µm.  

(B) Representative IF co-staining of a-syn (antibody LB509) with thioflavin S (Thio S) in Ctrl and 3x-1 DA 

neurons. Cell nuclei are stained with DAPI. Scale bar, 20µm.  

(C) Sequential protein extraction and western blot analysis of soluble and insoluble a-syn in day 90 Ctrl and SNCA-

3X DA neurons. Membranes were sequentially probed with C20 and LB509 anti-a-syn antibodies. Irrelevant lanes 

were cropped out from the blot and are indicated with a dashed line. Right, quantification of soluble and insoluble 

a-syn levels normalized to Coomassie. Each data point on the scatter plot indicates a biological replicate taken from 

several culture batches. Data is shown as mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, using 

ANOVA with Tukey’s post-hoc test. 

 



53 

 
Figure 2-4. SNCA-3X midbrain DA neurons exhibit defects in GCase maturation and lysosomal function. 

(A) Western blot analysis of immature (~55-62 kDa) and mature (>62 kDa) GCase forms in day 90 healthy control 

and SNCA-3X DA neurons. Previously established lines, Est. 3X and Est. Ctrl are shown as a relative comparison. 

Blotting for a-syn (antibody C20) was done to confirm its pathological accumulation in neurons. Bottom, immature 

GCase levels were normalized to the Coomassie stained gel and GCase maturation was calculated by measuring the 

post-ER (mature) to ER (immature) GCase ratio.  

(B, C) Live-cell lysosomal GCase activity and neurofilament analysis of day 90 SNCA-3X DA neurons (3x-1, clones 

C2 and C3, are shown as a representation). Quantification is shown as a fold change to two healthy controls: Ctrl 

(C1) and Est. Ctrl (n=3 per line).  

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ns = not significant, using student’s unpaired 

t-test. 

 

Since the triplication region in the SNCA-3X PD patients includes 16 other genes aside 

from SNCA, we aimed to determine if lysosomal dysfunction occurred specifically due to a-syn 

accumulation and aggregation. Therefore, we created isogenic controls of all three PD patient 
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iPSC lines by targeted disruption of the SNCA gene using previously established CRISPR/Cas9 

constructs (Zunke et al., 2018) to reduce the expression of a-syn (Figure 2-5 A). We found that 

our constructs were efficiently integrated into the SNCA gene and chose clones that lacked off-

target effects for further studies (Figure 2-5 B, C). At the mRNA level, we found that 

CRISPR/Cas9 editing caused an approximately 50% decrease in SNCA expression in the 3x-1 

isogenic control (Figure 2-6 A), corresponding to a 70% decline in soluble a-syn protein that is 

comparable to a-syn levels in healthy controls (Figure 2-6 B). For the isogenic controls of 

patients 3x-2 and 3x-4, SNCA mRNA expression was reduced by approximately 75% (Figure 2-6 

A), and soluble a-syn protein levels were undetectable (Figure 2-6 B). Moreover, no insoluble 

a-syn was detected in any of the isogenic control lines (Figure 2-6 B). Analysis of DA neuron 

markers showed that the isogenic controls could differentiate as efficiently as the parental lines, 

confirming that CRISPR/Cas9 editing or a-syn depletion / knockout has no adverse effects on 

neurodevelopment in vitro (Figure 2-5 D), which has similarly been previously described in vivo 

using a-syn -/- mice (Abeliovich et al., 2000). Analysis of GCase showed that a-syn reduction 

improved its maturation by reducing the accumulation of immature GCase, while promoting 

mature GCase (Figure 2-6 C). Digestion with endoglycosidase H (Endo H), an enzyme that only 

cleaves glycans from immature GCase forms, validated that ER forms of GCase accumulate in 

SNCA-3X DA neurons and that isogenic correction of SNCA increases mature forms (Figure 2-6 

D). Consistent with this, lysosomal GCase activity was also increased in isogenic controls 

(Figure 2-6 E). Collectively, these data validate previous findings in novel and robust iPSC-

derived synucleinopathy models and indicate that wild-type GCase trafficking and activity are 

reduced specifically through a-syn accumulation and aggregation.  
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Figure 2-5. Generation and characterization of SNCA-3X isogenic control midbrain DA neurons.  

(A) Schematic overview of the CRISPR/Cas9 dual nickase strategy used for the generation of SNCA-3X isogenic 

controls. To reduce the levels of a-syn, paired D10A mutant Cas9 nickases and two guide RNAs were used to 

produce nicks in Exon 2 of SNCA. A plasmid encoding a puromycin resistance cassette was used as a template for 

homology directed repair and as a positive selection marker.  

(B) Successful insertion of the puromycin cassette in the isogenic control (iso ctrl) iPSCs for each SNCA-3X patient 

was evaluated by copy number analysis (n=3). RNAseP serves as the reference gene. Quantification is shown as a 

fold change to a previously established control a-syn knockout (Est. Ctrl KO) iPSC line (Zunke et al., 2018), and 

statistical analysis was performed between each SNCA-3X line and its corresponding isogenic control. Data is 

shown as mean ± SEM, **p < 0.01; ***p < 0.001, using student’s unpaired t-test. 

(C) Predicted off-target effects for the selected guide RNAs were tested for mismatches via the T7 Endonuclease I 

(T7EI) assay, and the PCR products were analyzed by an agarose gel. Representative analysis of 3x-1 and its 
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corresponding isogenic control are shown. Right, T7EI assay positive control. NTC, no template control. 

(D) Representative TH and FoxA2 immunofluorescence staining of day 90 DA neurons (n=3) indicates that 

midbrain neuron development is unaffected due to CRISPR editing or a-syn depletion. Cell nuclei are stained with 

DAPI. Right, quantification of FoxA2+TH positive neurons as a percent of total cells. Each data point on the scatter 

plot indicates a field of view. Data is shown as mean ± SD. Scale bar, 20µm.  

 

 
Figure 2-6. a-Syn depletion in SNCA-3X isogenic control neurons rescues GCase maturation and lysosomal 

function. 

(A) Real-time qPCR analysis of SNCA mRNA expression relative to GAPDH in day 90 DA neurons of each SNCA-

3X and isogenic control (n=5-9 per line).  

(B) Representative western blot analysis of soluble and insoluble α-syn (antibody C20) levels in SNCA-3X and 

isogenic control DA neurons. The healthy control (Ctrl) is included for a relative comparison. The dashed line 

indicates irrelevant lanes that were cropped out. Right, quantification of soluble a-syn levels in the isogenic control 

lines normalized to Coomassie, shown as a fold change to each parental SNCA-3X line (n=2).  

(C) Representative western blot of GCase maturation in day 90 SNCA-3X and isogenic control DA neurons. Right, 
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quantification of immature GCase levels normalized to Coomassie and GCase maturation combined from lines 3x-1, 

3x-2, and 3x-4 and their corresponding isogenic controls (n=2 from each line).  

(D) Representative western blot of GCase in endoglycosidase H (Endo H) digested lysates of day 120 3x-2 and 

isogenic control neurons. Right, levels of Endo H-resistant GCase were measured by quantifying mature / post-ER 

GCase from the Endo H lanes and normalizing to Coomassie (n=3 per line).  

(E) Live-cell lysosomal GCase activity in day 60 and day 120 3x-1 and isogenic control DA neurons (n=2-3). 

Activity is shown as a fold change to the isogenic control at both time points. 

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ****p < 0.0001; ns = not significant, using 

student’s unpaired (panels A-E) or paired (panel D) t-test. 

 

DISCUSSION 

A reduction in GCase activity in both sporadic and GBA1-PD brains has been found by 

several groups (Gegg et al., 2012; Murphy et al., 2014; Rocha et al., 2015). Analysis of 

pathologically confirmed idiopathic PD brain harboring wild-type GCase confirmed the 

reduction of GCase activity in lysosome-enriched fractions, while the activity within ER-derived 

microsomes was slightly elevated (Mazzulli et al., 2011). Alterations in GCase maturity have 

also been observed in the brains of patients expressing A53T a-syn (Chung et al., 2013). During 

studies on the clearance rate of a-syn, it was serendipitously discovered that the glycosylation 

patterns of GCase were altered in response to changes in a-syn expression levels (Mazzulli et al., 

2011). As a-syn levels were reduced, a reduction in the low molecular weight ER-form of GCase 

occurred concomitantly with an increase in glycosylated high molecular weight forms. 

Collectively, these data suggest that a-syn does not initially cause an overall reduction in GCase 

protein in the cell, but instead alters its organelle distribution with specific reduction in 

lysosomal compartments (Mazzulli et al., 2011; Mazzulli et al., 2016).  

Based on these findings, we hypothesized that the accumulation and aggregation of a-syn 

could directly cause a decline in wild-type GCase activity. To examine this, we generated iPSC-
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derived midbrain dopaminergic (DA) neurons that naturally overexpress wild-type a-syn due to 

a triplication (3X) in the SNCA genomic region. Our iPSC models are derived from three 

individual PD patients, each of which, importantly, harbors wild-type GCase. We developed and 

extensively characterized several iPSC clones from each PD patient for pluripotency, residual 

transgene expression of reprogramming factors, SNCA-3X genotype retention, and neural 

differentiation efficiency (Figure 2-2). We showed that the SNCA-3X neurons accumulate and 

aggregate a-syn (Figure 2-3), recapitulating key pathological features of the PD brain. To 

determine whether the overexpression of wild-type a-syn affects wild-type GCase activity, we 

used a lysosomal compartment-specific GCase activity assay, which demonstrated an age-

dependent decline in activity in SNCA-3X neurons (Figure 2-4 B, Figure 2-6 E). Importantly, we 

showed that the loss of lysosomal GCase activity occurs specifically due to a-syn, since a-syn 

depletion in CRISPR/Cas9-generated isogenic controls showed a significant rescue in GCase 

trafficking and downstream lysosomal function (Figure 2-6). These results are consistent with 

previous studies showing that a-syn disrupts the early secretory pathway and can block ER-

Golgi trafficking (Cooper et al., 2006; Gosavi et al., 2002). Our studies also validate previous 

findings in primary neuronal cultures and patient-derived iPSC neurons showing that a-syn 

overexpression causes the accumulation of an immature GCase form that was sensitive to 

endoglycosidase H (endoH) and reduces the amount of enzyme that reached the lysosomal 

compartment (Chung et al., 2013; Mazzulli et al., 2011; Mazzulli et al., 2016). Together, our 

results indicate that GCase activity can be reduced in the absence of GBA1 mutations through 

other factors such as aging and a-syn accumulation, implying that reduced GCase activity may 

play an important role in both GBA1-PD and sporadic PD.  
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CHAPTER 3 

ER proteostasis dysfunction in PD patient-derived midbrain neurons 

 

Preface. The work presented in this chapter of the dissertation has been adapted largely from 

Stojkovska et al., 2021, an original research manuscript titled “Rescue of a-synuclein 

aggregation in Parkinson’s patient neurons by synergistic enhancement of ER proteostasis and 

protein trafficking” that is currently under peer review.  

 

OVERVIEW 

Chronic ER stress is suspected to play a prominent role in PD. The subsequent activation 

of the unfolded protein response (UPR), as detected by immunoreactivity of UPR markers, has 

been shown in the substantia nigra of post-mortem PD brains (Credle et al., 2015; Heman-Ackah 

et al., 2017; Hoozemans et al., 2007). Neurotoxin (6-OHDA and MPP+) primary cell models of 

PD show an induction of genes involved in ER stress and UPR such as ER chaperones and 

elements of the ubiquitin proteasome system (UPS) (Holtz and O'Malley, 2003). General 

markers of UPR activation have also been documented in various synucleinopathy models 

including a-syn overexpressing yeast (Cooper et al., 2006), human mutant SNCA A53T 

transgenic mice (Colla et al., 2012b; Colla et al., 2018), as well as SNCA mutation and 

triplication iPSC-derived cortical neuron models (Chung et al., 2013; Heman-Ackah et al., 

2017). Increased ER stress has also been found in iPSC-derived neuronal models from PD 

patients carrying GBA1 mutations (Fernandes et al., 2016). Mutations in GBA1 lead to 

destabilization of the GCase protein’s structure, resulting in strong UPR induction, expansion / 

dilation of the ER compartment, and the rapid elimination of the protein through ER associated 
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degradation (ERAD) (Fernandes et al., 2016; Garcia-Sanz et al., 2017; Ron and Horowitz, 2005). 

However, whether ER stress and UPR activation occurs specifically through a-syn within PD 

dopaminergic neurons has not been previously investigated.  

  The ability of mutant a-syn to abnormally localize to the ER compartment has been 

demonstrated in both cellular and in vivo PD models. Ultrastructural analyses of neurons from 

transgenic mice expressing human wild-type or A53T a-syn have demonstrated that a-syn 

localizes to or partially within the ER (Colla et al., 2012a; Masliah et al., 2000). Since a-syn is 

primarily a cytosolic protein and does not contain an ER signaling peptide, the abnormal 

association with the ER poses a potential risk for a disruption in its proper function. 

Mechanistically, this could occur through the direct interaction of a-syn with ER chaperones. 

For instance, several studies have used co-immunoprecipitation to show that a-syn pulls down 

with glucose-regulated proteins GRP78 and GRP94 (Bellucci et al., 2011; Colla et al., 2012a), 

two essential ER chaperones. Whether chaperone functionality is directly affected by a-syn has 

not been investigated. However, the overexpression of GRP78 has been shown to reduce 

neurodegeneration in a-syn expressing animal models (Gorbatyuk et al., 2012), further 

emphasizing the importance of maintaining ER proteostasis in neuronal health. While these 

studies collectively suggest that ER dysfunction is associated with PD, the mechanistic link 

between a-syn accumulation, protein misfolding in the ER, and downstream lysosomal 

dysfunction has not been established.  
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METHODS AND MATERIALS 

Culturing of A53T a-syn and GBA1 mutant iPSCs and midbrain DA neurons 

PD patient iPSCs containing the A53T mutation in SNCA were obtained as a gift and were 

previously described and characterized in Soldner et al., 2011. Corresponding A53T isogenic 

controls were created using zinc-finger nuclease technology. GD patient iPSCs containing the 

homozygous GBA1 mutation L444P/L444P were obtained from Telethon Genetic Biobank 

Network and were previously described and characterized in Schondorf et al., 2014. GD patient 

iPSCs containing the compound heterozygous mutation N370S/84GG were obtained from 

NIGMS Human Genetic Cell Repository and were previously characterized in Mazzulli et al., 

2011; Mazzulli et al., 2016. Refer to Table 2 for more iPSC details. All iPSCs were maintained 

in mTeSR1 media on matrigel-coated plates. Differentiation of A53T and GBA1 mutant iPSCs 

into midbrain DA neurons was performed the same as SNCA-3X iPSCs.  

 

Sequential protein extraction and western blot analysis 

Cells were harvested in 1X PBS and pelleted by centrifugation at 400xg for 5 minutes. To extract 

soluble protein, the cell pellets were homogenized in 1% Triton base lysis buffer (refer to Table 

S4 for recipe) containing protease inhibitor cocktail (PIC) (Roche), phenylmethylsulfonyl 

fluoride (PMSF) (Sigma), sodium orthovanadate (Na3VO4) (Sigma) and sodium fluoride (NaF) 

(Sigma) (refer to Table S4 for recipe). The Triton extracted lysates were freeze-thawed three 

times and ultracentrifuged at 100,000xg for 30 minutes at 4°C. To extract insoluble protein, the 

Triton-insoluble pellets were solubilized with 2% SDS base lysis buffer (refer to Table S4 for 

recipe) containing PIC via boiling for 10 minutes, followed by sonication and then 

ultracentrifugation at 100,000xg for 30 minutes at 22°C. The protein concentrations of the Triton 
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and SDS fractions were measured via a BCA protein assay kit (Thermo Fisher Scientific) on a 

plate reader. Extracted protein lysates were boiled at 100°C for 10 min in Laemmli sample buffer 

(refer to Table S4), loaded on an SDS-PAGE gel, transferred onto a PVDF membrane 

(Millipore), and post-fixed in 0.4% PFA (refer to Table S4 for recipe). Membranes were blocked 

in a 1:1 mixture of 1X TBS and Intercept blocking buffer (Li-Cor Biosciences), followed by 

overnight incubation with primary antibodies (refer to Table S2) diluted in a 1:1 mixture of 1X 

TBS-Tween and blocking buffer. The following day, secondary antibodies (refer to Table S2) 

were added for 1 hour, and the membranes were scanned using a Li-Cor Biosciences infrared 

imaging system. Quantification of band intensity was done using the ImageStudio software and 

analysis was performed on Excel and GraphPad Prism.  

GCase maturation was measured by quantifying the ratio of post-ER (mature; >62 kDa) 

to ER (immature; 55-62 kDa) GCase.  

 

Insoluble hydrolase analysis of synucleinopathy brain tissues 

Sequential protein extraction was performed on post-mortem frontal cortex brain tissues 

(obtained from the Northwestern University Alzheimer’s disease pathology core) obtained from 

controls, dementia with Lewy bodies (DLB) patients, and patients with DLB co-morbid with 

Alzheimer’s disease (AD). We employed a 5-step extraction protocol using high salt buffer, 1% 

Triton X-100, 1% Triton + 30% sucrose (Sigma), 1% sarkosyl (Sigma), and sarkosyl-insoluble 

extracts. Brain tissues were homogenized in high-salt buffer (HSB) (50 mM Tris-HCl pH 7.4, 

750 mM NaCl, 10 mM NaF, 5 mM EDTA) with protease and protein phosphatase inhibitors, 

incubated on ice for 20 minutes and centrifuged at 100,000 x g for 30 minutes at 4°C. The pellets 

were then re-extracted with HSB, followed by sequential extractions with 1% Triton X-100-
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containing HSB and 1% Triton X-100-containing HSB with 30% sucrose. The pellets were then 

resuspended and homogenized in 1% sarkosyl-containing HSB, rotated at 4°C overnight and 

centrifuged at 100,000 x g for 30 min. The resulting sarkosyl-insoluble pellets were washed once 

with PBS and resuspended in PBS by brief sonication. This suspension was termed the ‘sarkosyl-

insoluble fraction’, which was analyzed by western blot.  

 

Insoluble GCase analysis of ER microsome-enriched idiopathic PD brain tissues 

ER microsomes were enriched using subcellular fractionation. Post-mortem cingulate cortex 

brain tissues obtained from idiopathic PD (iPD) patients were lysed and homogenized in 0.25M 

sucrose buffer containing 10mM HEPES (pH 7.4) and 0.01M EDTA and centrifuged at 6,800 x g 

for 5 minutes at 4°C to remove nuclei and unbroken cells. The extraction was repeated on the 

resulting pellet. The final supernatants were combined and further centrifuged at 17,000 x g for 

10 minutes at 4°C to remove mitochondria. Further centrifugation of the resulting supernatant at 

100,000 x g for 1 hour removes the cytosolic components, leaving the ER microsome 

components in the final pellet. Sequential extraction of soluble and insoluble protein from this 

final pellet was performed using 1% Triton and 2% SDS lysis buffer, respectively. Insoluble 

fractions were analyzed via western blot.  

 

GBA1 mutation genotyping of human brain samples 

Genomic DNA was extracted from 50mg human brain tissue (frontal / temporal cortex) using the 

PureLink genomic DNA kit (Invitrogen). To amplify the GBA1 gene, 25ng genomic DNA was 

used as a template for PCR using the following forward and reverse primers, respectively: 5’-

TGTGTGCAAGGTCCAGGATCAG-3’ and 5’-ACCACCTAGAGGGGAAAGTG-3’. The PCR 
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products were run on a 1% agarose gel to confirm amplification of the GBA1 gene and to rule out 

accidental amplification of the GBA1 pseudogene (GBAP). Sequencing of the most common 

GBA1 mutations (L444P, N370S, E326K) was performed using primers listed in Table S3, and 

analysis was done using the Snapgene software.  

 

Transmission Electron Microscopy (TEM) analysis 

Neurons were fixed in 2.5% glutaraldehyde (Electron Microscopy Sciences) in PBS for 30 

minutes, and then washed six times with PBS for 5 minutes. Cells were post-fixed with 1% 

osmium tetroxide (OsO4) (Electron Microscopy Sciences) in PBS for 1 hour, and then washed 

three times with water. Next, cells were dehydrated with ethanol (twice with 50% ethanol for 5 

minutes, then twice with 70% ethanol for 10 minutes) and stained with 1% uranyl acetate 

(Electron Microscopy Sciences) in 70% ethanol for 45 minutes. Cells were further dehydrated 

with ethanol (once with 70% ethanol, then twice with 90% ethanol for 10 minutes, then three 

times with 100% ethanol for 10 minutes). To evaporate the ethanol, 100% ethanol was mixed at 

a 1:1 ratio with an LX112 resin mix containing LX112 (Ladd Research Industries), DDSA 

(Electron Microscopy Sciences), and NMA (Electron Microscopy Sciences), and added to the 

cells for 1 hour with the lid off. Next, LX112 resin mix alone was added to the cells for 1 hour. 

Finally, cells were embedded by combining LX112 resin mix with DMP-30 (Electron 

Microscopy Sciences) and allowing the resin to solidify overnight at 60°C. Samples were then 

thin sectioned (~70nm width) on a UC7 ultramicrotome, as a service provided by the 

Northwestern University Center for Advanced Microscopy and viewed on a FEI Tecnai Spirit 

G2 transmission electron microscope (TEM). For each cell that was imaged via EM, all clearly 

defined ER regions were analyzed for both length and area using the ‘Measure’ function in 
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ImageJ. The length and ER area (in micrometers) of each individual ER profile were plotted on a 

graph using GraphPad Prism.  

 

mRNA expression analysis of ER chaperones and stress signals 

Total RNA was isolated from cells using an RNeasy Mini Prep kit (QIAGEN). cDNA was 

synthesized by reverse transcriptase PCR (RT-PCR) using the RevertAid First Strand cDNA 

synthesis kit (Thermo Fisher Scientific). Real-time qPCR was performed on the Applied 

Biosystems 7500 Fast system using the cDNA and pre-designed TaqMan-primer probes for 

GRP78, CANX, XBP1-S, or EDEM (refer to Table S2). The target mRNA expression was 

quantified relative to b-actin using the delta-delta-Ct method and represented as a fold change. 

 

Human H4 neuroglioma cell culture 

Human H4 neuroglioma cells were stably transfected to overexpress wild-type (WT) a-syn 

under the control of a tetracycline-inducible promoter via a Tet-off system. a-Syn expression 

was turned off by the addition of 1µg/ml doxycycline (DOX) (Sigma), a tetracycline analog, for 

a minimum of 3 days. Cells were cultured in Optimem media with 5% heat-inactivated fetal 

bovine serum (FBS), 0.2 mg/ml geneticin, 0.2 mg/ml hygromycin B, and 1% penicillin / 

streptomycin (Thermo Fisher Scientific) (refer to Table S4 for recipe details).  

 

ER stress induction of H4 cells or iPSC neurons 

To induce ER stress and activate the UPR, H4 cells or iPSC neurons were treated with 30nM 

thapsigargin (Tg) (Sigma) or 50ng/ml brefeldin A (BFA) for 24 hours prior to harvesting, and 
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analysis of mRNA and/or protein expression of known ER stress markers (GRP78, GRP94, 

CANX, p-eIF2a) was performed. 

 

Semi-quantitative RT-PCR analysis of XBP1 mRNA 

Using cDNA as the template, human XBP1 mRNA was detected using PCR primers 

(forward: TTACGAGAGAAAACTCATGGCC; reverse: GGGTCCAAGTTGTCCAGAATGC) 

specific for both spliced (S; product size 263 bp) and unspliced (U; product size 289) isoforms 

(Samali et al., 2010). The PCR product was analyzed on an agarose gel along with a brefeldin A 

(BFA) positive control. 

 

Proteasomal inhibition of iPSC neurons 

iPSC neurons were treated with 50nM or 1µM epoxomicin (Epox) (Fisher) for 24 hours to 

inhibit the proteasome. Analysis of GCase levels following treatment was performed via western 

blot analysis. Successful proteasomal inhibition was confirmed by blotting for ubiquitin. 

 

Proximity Ligation Assay (PLA) 

H4 cells or iPSC neurons plated on coverglass were fixed with 4% PFA for 20 minutes at RT. 

The cells were then washed three times with PBS, permeabilized with 0.3% Triton X-100 in PBS 

for 1 hour at 4°C, and then blocked with 2% BSA (Roche) and 5% NGS (Jackson Immuno 

Research) in Triton-PBS for 30 minutes at RT. Interaction between a-syn and ER chaperones 

was determined via the Duolink In situ Red Starter Kit Mouse/Rabbit (Sigma). Cells were 

incubated with primary antibodies (anti-a-synuclein syn211, anti-a-synuclein C20, anti-CANX, 

anti-GRP94; refer to Table S2) overnight followed by a 1 hour, 37°C incubation with the PLA 



67 
probes (secondary antibodies labeled with distinct oligonucleotides) provided in the kit. If the 

PLA probes are in proximity, the addition of ligase and DNA polymerase results in rolling circle 

amplification. For the ligation step, cells were washed twice with 1X wash buffer A (provided in 

the PLA kit) for 5 minutes each, and incubated with ligase (1:40 dilution) for 30 minutes at 

37°C. For the amplification step, cells were washed twice with 1X wash buffer A for 2 minutes 

each, and incubated with polymerase diluted (1:80) in an amplification buffer containing 

fluorescently labeled complementary nucleotide probes for 100 minutes at 37°C. After the 

incubation, the cells were washed twice with 1X wash buffer B (provided in the PLA kit) for 10 

minutes each followed by a quick wash with 0.01X wash buffer B. Finally, the cover glass was 

mounted onto microscope slides with DAPI mounting media. All images were obtained on a 

Leica confocal microscope, with PLA excitation at 488nm. Counting of PLA particles was 

automated using ImageJ using the ‘Measure’ function. To determine the level of interaction, the 

number of PLA particles were normalized to the number of nuclei within an acquired field of 

view. 

 

ER microsome-enrichment of iPSC-derived neurons 

ER microsomes were crudely enriched using subcellular fractionation. SNCA-3X and healthy and 

isogenic control iPSC-derived neurons were gently homogenized in sucrose HEPES buffer 

(SHB) (refer to Table S4 for recipe details). The homogenate was centrifuged at 6,800 x g for 5 

minutes at 4°C to remove nuclei and unbroken cells. Following removal of the supernatant (S1), 

the extraction was repeated using SHB buffer and the second supernatant (S2) was combined 

with S1. The combined supernatants (S1+S2) were further centrifuged at 17,000 x g for 10 

minutes at 4°C to remove mitochondria. Further centrifugation of the resulting supernatant (S3) 
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at 100,000 x g for 1 hour at 4°C removes the cytosolic components (supernatant S4), leaving the 

ER microsomes in the third and final pellet, termed P3. The P3 pellet was extracted in 1% Triton 

lysis buffer and analyzed by western blot.  

 

Super-resolution structured illumination microscopy (SIM) 

iPSC neurons were plated on coverglass, fixed in 4% PFA for 15 minutes, permeabilized with 

0.1% Triton X-100 in PBS for 30 minutes, and blocked with 2% BSA and 5% NGS in Triton-

PBS for 30 minutes. Primary antibodies (anti-a-synuclein syn211, anti-PDIA6; refer to Table 

S2) were added overnight, followed by incubation with secondary antibodies (Alexa Fluor 488 

Goat anti-mouse IgG and Alexa Fluor 568 Goat anti-rabbit IgG; refer to Table S2) for 2 hours. 

The cells were then washed three times with Triton-PBS and mounted onto microscope slides 

with DAPI mounting media. Imaging was performed using an oil immersion 100X objective lens 

on a Nikon structured illumination microscope (N-SIM) at the Northwestern University Center 

for Advanced Microscopy. Images were captured and slices were reconstructed using the Nikon 

NIS Elements program.  

 

Statistical analysis 

Analyzed data was plotted and tested for statistical significance using the GraphPad Prism 

software. Statistical significance between two samples was determined using a paired or 

unpaired t-test with Welch’s correction. For more than two samples, significance was determined 

using a one-way ANOVA with Tukey’s post-hoc test. A p-value of <0.05 was considered to be 

significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). For each quantification, the 

type of error bar used is specified in the figure legends. 
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RESULTS 

3.1 Defects in GCase maturation induce its aggregation in the ER of patient midbrain 

neurons and synucleinopathy brains.  

The accumulation of immature proteins in the ER can overwhelm the folding machinery, 

leading to protein misfolding (Marquardt and Helenius, 1992). While aggregation of immature 

lysosomal hydrolases has not been previously documented or linked to any pathological process, 

we hypothesized that a-syn-induced trafficking disruptions may have become severe enough to 

cause GCase instability, misfolding and aggregation. To test this, lysates from SNCA-3X DA 

neurons were sequentially extracted and analyzed by western blot. We found elevated levels of 

immature GCase in Triton X-100-insoluble fractions compared to isogenic controls (Figure 3-1 

A). This was confirmed in a distinct synucleinopathy patient model expressing A53T a-syn that 

previously demonstrated disrupted protein trafficking of GCase (Cuddy et al., 2019) (Figure 3-1 

B).  

To determine if GCase misfolds and aggregates in vivo, we compared the levels of GCase 

in 1% sarkosyl-insoluble fractions from brains of patients with either Dementia with Lewy 

bodies (DLB), or DLB with co-existing Alzheimer’s disease (AD) pathology. In age-matched 

healthy control brains, we detected mild amounts of insoluble GCase that migrated at 55 kDa 

likely representing the non-glycosylated immature protein, as well as insoluble GCase fragments 

that migrated between 42 and 48 kDa (Figure 3-1 C). Despite the fact that we observed some 

variability between control brains, comparison with age and post-mortem interval (PMI)-

matched synucleinopathy brain showed a 1.8-fold elevation of insoluble GCase in DLB brain, 

and a more dramatic increase of nearly 4-fold in DLB+AD brain (Figure 3-1 C, Table 3). To 

determine if aggregated GCase occurs in the ER in vivo, we isolated microsomes from PD brain 
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and performed a sequential extraction. We found a significant elevation of insoluble GCase in 

PD brain compared to controls (Figure 3-1 D, Table 4). To determine if this effect is specific for 

GCase, we analyzed the solubility of two other hydrolases, including cathepsin D and 

hexosaminidase B. We found that insoluble immature forms of cathepsin D accumulated in DLB 

brain, but hexosaminidase B was only found in the soluble fraction with no change seen between 

control and disease (Figure 3-2, Table 5). Together, these data indicate that a-syn induced 

perturbations in hydrolase maturation lead to the accumulation of aggregated, insoluble 

hydrolases in the ER.   
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Figure 3-1. Accumulation of insoluble immature GCase in SNCA-3X midbrain DA neurons and human 

synucleinopathy brains.  

(A) Day 90 SNCA-3X DA neurons were sequentially extracted and the Triton X-100-insoluble fractions were 

analyzed by western blot for GCase. Three replicates of line 3x-4 are shown as a representative example. Right, 

quantification of insoluble GCase normalized to Coomassie combined from lines 3x-1, 3x-2, and 3x-4 (n=3-4 from 
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each line, n=10 total).  

(B) PD patient line expressing A53T a-syn and isogenic control were analyzed as in A.  

(C) GCase western blot analysis of 1% sarkosyl insoluble extracts from the frontal cortex in controls or 

synucleinopathy patient brains (DLB, dementia with Lewy bodies; DLB + AD, DLB with Alzheimer’s disease (AD) 

pathology). Right, quantification of insoluble GCase normalized to Coomassie and grouped by similar post-mortem 

intervals (PMI) (blue, PMI = <10 hrs; black, PMI < 20hrs; red, PMI < 30 hrs).  

(D) ER microsome fractions from the cingulate cortex of 3 controls and 3 PD brains were sequentially extracted and 

Triton X-100-insoluble lysates were analyzed by western blot for GCase. Right, quantification of insoluble GCase 

from microsome fractions, normalized to Coomassie.  

In panels B and C, the dashed line represents irrelevant lanes that were cropped out from the same blot. See Table 3 

and Table 4 for clinical and pathological data and raw GCase quantifications from the patient brain samples. For all 

quantifications, values are the mean ± SEM, *p < 0.05; **p < 0.01, using student’s unpaired t-test (panels A-D) or 

ANOVA with Tukey’s post-hoc test (panel C).  
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Figure 3-2. Specificity of insoluble lysosomal hydrolase accumulation in human synucleinopathy brains.  

Sequential extraction and western blot analysis for (A) cathepsin D and (C) hexosaminidase B (Hex B) was 

performed as in Figure 3-1. See Table 5 for clinical and pathological patient data and the cathepsin D quantifications 

of the brain samples.  

(B) Quantification of soluble and insoluble immature forms of cathepsin D, normalized to Coomassie (n=4-5).  

(D) Quantification of soluble immature forms of Hex B, normalized to Coomassie (n=4-5). Only soluble forms of 

the hydrolase were detected.  

For all quantifications, data represents mean ± SEM, *p<0.05; ns = not significant, using ANOVA with Tukey’s 

post-hoc test.  
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Table 3. Clinical, pathological, and raw western blot data from human brain analysis of insoluble GCase. 

 
Notes: The numbers in the shaded column were plotted in Figure 3-1 C. DLBD diagnosis includes high Lewy bod 

pathology with low / moderate AD pathology (ADNC low; normal aging Braak stages I-III). DLBD + AD includes 

high Lewy body pathology with high AD pathology (ADNC high; Ab score= =A3; neurofibrillary tangle score=B3; 

neuritic plaque score=C3). 

 

 

Table 4. Clinical, pathological, and raw western blot data from human brain ER microsome fractionation 

analysis. 

 
Notes: The numbers in the shaded column were plotted in Figure 3-1 D.  
 

 

 

 

 

 

PMI group Pathological Diagnosis
Sample 

#
Presense of 
GBA1 mut Brain Region Sex

PMI 
(hrs) Age Blot #

Insol. 
GCase - 

raw 
intensity

Coomassie - 
raw intensity

Normalized 
GCase

Fold to ctrl / 
PMI group

PMI < 10 
hrs

CTRL (AD-normal aging; 
Braak stage III) 5 N Frontal Cortex F 6 89 1 13600 34800 0.39 1

DLB 3 N Frontal Cortex M 4 68 1 20600 25600 0.8 2.06
DLB 11 no sample Frontal Cortex F 6 75 not shown 22500 24222 0.93 2.38

DLB + AD 8 N Frontal Cortex N 9 78 1 29100 23000 1.27 3.24

PMI < 20 
hrs

CTRL (AD-normal aging; 
Braak stage I) 15 N Frontal Cortex M 13 95 2 30400 27300 1.11 1

DLB 6 no sample Frontal Cortex M 15 72 1 43800 24200 1.81 1.63
DLB 7 N Frontal Cortex M 19 83 1 38300 25300 1.51 1.36
DLB 17 N Frontal Cortex F unknown 85 2 40400 25800 1.57 1.41
DLB 13 Y (L444P/wt) Frontal Cortex F 15 81 2 25000 15600 1.6 1.44

DLB + AD 9 N Frontal Cortex M 12 77 1 93300 20200 4.62 4.15
DLB + AD 14 N Frontal Cortex M 13 74 2 118000 18900 6.24 5.61
DLB + AD 18 N Frontal Cortex M 14 51 2 117000 22000 5.32 4.78

PMI < 30 
hrs

CTRL (AD-pathology; 
Braak stage III) 10 N Frontal Cortex F 30 85 1 28800 22700 1.27 1.01

CTRL (AD-normal aging; 
Braak stage II) 16 no sample Frontal Cortex M 27 88 not shown 34500 28000 1.23 0.99

DLB + AD 4 Y (N370S/wt) Frontal Cortex M 23 57 1 69700 25300 2.75 2.2

Pathological 
Diagnosis Gel label Brain Region Sex PMI (hrs) Age Insol. GCase - 

raw intensity
Coomassie - 

raw intensity
Normalized 

GCase Fold to ctrl 

CTRL Ctrl 1 Cingulate Cortex M unknown 85 390 8690 0.0448792 0.94
CTRL Ctrl 2 Cingulate Cortex F unknown 79 644 14800 0.0435135 0.91
CTRL Ctrl 3 Cingulate Cortex F 19 91 965 17700 0.0545198 1.14

PD iPD 1 Cingulate Cortex M unknown 80 1120 15200 0.0736842 1.55
PD iPD 2 Cingulate Cortex M 24 73 1190 11300 0.1053097 2.21
PD iPD 3 Cingulate Cortex M 24 66 971 13500 0.0719259 1.51
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Table 5. Clinical, pathological, and raw western blot data from human brain analysis of insoluble Cathepsin 

D. 

 
Notes: The numbers in the shaded column were plotted in Figure 3-2 B.  
 

 

3.2 ER fragmentation in SNCA-3X DA neurons that accumulate immature wild-type 

GCase. 

When misfolded proteins accumulate in the ER, the UPR normally acts to increase 

protein folding capacity by expansion of the ER compartment and upregulation of ER 

chaperones to accommodate the added protein load (Fujiwara et al., 1988; Schuck et al., 2009; 

Walter and Ron, 2011). We hypothesized that reduced GCase maturation and accumulation of 

immature, aggregated GCase in the ER would induce ER stress. To assess ER stress induction in 

SNCA-3X DA neurons, we first examined the ER morphology by transmission electron 

microscopy (TEM). Despite the accumulation of immature GCase, SNCA-3X DA neurons did 

PMI group Pathological Diagnosis Sample #

Insoluble 
Cathepsin D - 
raw intensity

Coomassie - 
raw intensity

Normalized 
Cathepsin D

Fold to ctrl / 
PMI group

PMI < 10 hrs CTRL (AD-normal aging; 
Braak stage III) 19 408000 35500000 0.0115 1.00

DLB 3 694000 38100000 0.0182 1.58
DLB 11 1300000 55700000 0.0233 2.03

DLB + AD 8 1930000 36300000 0.0532 4.63

PMI < 20 hrs CTRL (AD-normal aging; 
Braak stage I) 15 262000 22300000 0.0117 1.00

DLB 6 684000 21900000 0.0312 2.66
DLB 7 414000 23500000 0.0176 1.50
DLB 17 745000 24100000 0.0309 2.63

DLB + AD 14 396000 17800000 0.0222 1.89
DLB + AD 18 187000 20600000 0.0091 0.77

PMI < 30 hrs CTRL (AD-pathology; 
Braak stage III) 10 402000 17700000 0.0227 1.03

CTRL (AD-normal aging; 
Braak stage II) 16 487000 22800000 0.0214 0.97

DLB + AD 4 336000 23200000 0.0145 0.66
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not exhibit ER expansion but instead showed a decrease in total ER area relative to isogenic 

controls (Figure 3-3 A), with shorter, fragmented ER tubules (Figure 3-3 A). In contrast, 

Gaucher’s disease (GD) neurons, which express and retain mutant GCase in the ER, 

demonstrated a severely dilated ER, consistent with an activation of the UPR as previously noted 

(Ron and Horowitz, 2005) (Figure 3-3 A). This was confirmed by quantifying the area of each 

clearly identifiable ER segment in neurons. These data indicate that the ER fails to accommodate 

the accumulation of misfolded wild-type GCase by ER expansion, suggesting that SNCA-3X DA 

neurons may lack the ability to initiate a UPR response. 
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Figure 3-3. Alterations in ER morphology and baseline characterization of the ER stress response in SNCA-

3X midbrain DA neurons. 

(A) Representative ER ultrastructure of day 65 SNCA-3X (3x-2), mutant GBA1 (N370S/84GG), and control DA 

neurons. Examples of ER segments are highlighted in red. The white boxes indicate the zoomed-in regions of the 

images underneath. N=nucleus, * = ER (endoplasmic reticulum). Scale bar, 500 nm. Right, quantifications of length 

and area of each clearly identifiable ER segment in each line (n=3-9 cells per line; each data point on the scatter plot 

indicates a measured ER segment).  

(B) Baseline expression of ER stress markers in day 90 SNCA-3X (lines 3x-1, 3x-2, 3x-4), mutant GBA1 

(N370S/84GG and L444P/L444P), and corresponding isogenic and healthy control DA neurons (n=2-5 for each 

line). Levels of SNCA-3X and mutant GBA1 neuron ER stress markers were normalized to Coomassie and are 
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shown as a fold change to the isogenic or healthy controls, respectively. Each data point in the scatter plot indicates 

a biological replicate taken from several experiments.  

(C) GRP78 and CANX mRNA expressions in SNCA-3X and isogenic controls were measured via real-time qPCR 

and quantified relative to b-actin. Data for GRP78 mRNA was combined from 3x-1 and 3x-2 and corresponding 

isogenic controls (n=2-3 per line). Data for CANX mRNA was combined from 3x-1, 3x-2, and 3x-4 and 

corresponding isogenic controls (n=3-7 per line).  

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not 

significant, using student’s unpaired t-test (panels B, C) or ANOVA with Tukey’s post-hoc test (panels A, B). 

 

3.3 SNCA-3X DA neurons exhibit mild elevation of ER stress-related chaperones in the 

absence of UPR activation. 

We next examined the levels of ER chaperones known to be involved in GCase folding 

or upregulated during ER stress, including the glucose-regulated proteins GRP78 and GRP94 

and calnexin (CANX), by western blot (Kozutsumi et al., 1988; Tan et al., 2014). GRP78 and 

GRP94 preferentially bind to misfolded or aggregated proteins with exposed hydrophobic 

patches (Marquardt and Helenius, 1992; Melnick et al., 1994), while CANX normally binds to 

monoglucosylated N-glycan branches of non-aggregated folding intermediates (Ou et al., 1993) 

and retains them in the ER until properly folded (Rajagopalan et al., 1994). Compared to 

isogenic control lines, we observed mild elevations in all three chaperones that ranged from 10-

25% (Figure 3-3 B). Moreover, the mRNA of GRP78 and CANX were not elevated in SNCA-3X 

DA neurons, indicating the absence of a UPR-induced transcriptional response (Figure 3-3 C). In 

comparison, GD-derived DA neurons carrying either the N370S/84GG or L444P/L444P 

mutation in GCase showed a more dramatic increase (~25-60%) in GRP78 and CANX relative to 

the healthy control, while GRP94 levels were elevated by ~25% only in the GBA1 L444P / 

L444P mutant (Figure 3-3 B). The increased levels of GRP78, GRP94, and CANX in GD 

neurons compared to SNCA-3X DA neurons are likely due to the destabilizing effect of the 
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GCase mutations and are consistent with previous findings (Ron and Horowitz, 2005). 

The dramatic ER fragmentation phenotype and accumulation of aggregated immature 

GCase prompted us to examine UPR signaling pathways in SNCA-3X DA neurons in more 

detail. During UPR, activation of the IRE1 pathway increases splicing of XBP1 mRNA, resulting 

in a functionally active transcription factor XBP1-S that upregulates expression of ER 

chaperones and ERAD machinery (Calfon et al., 2002; Yoshida et al., 2001) (Figure 1-2). 

Therefore, we measured XBP1-S and the expression of downstream transcriptional targets in 

SNCA-3X DA neurons. Using two independent assays, semi-quantitative RT-PCR and real-time 

qPCR, we surprisingly did not observe an increase of XBP1-S in SNCA-3X DA neurons 

compared to controls (Figure 3-4 A, B). However, we found that the SNCA-3X DA neurons were 

capable of activating the UPR by treating with different ER stress inducers. Thapsigargin (Tg) 

and brefeldin A (BFA) are both well-established compounds that cause ER stress and activate the 

UPR through distinct mechanisms (Booth and Koch, 1989; Helms and Rothman, 1992; Price et 

al., 1992). In SNCA-3X and control DA neurons, these ER stressors successfully induced a 

dramatic upregulation of XBP1-S mRNA (Figure 3-6 A) and significantly increased mRNA / 

protein levels of ER chaperones including GRP78, GRP94, and CANX (Figure 3-5 B, D) to a 

similar degree. These results were confirmed in another model of wild-type a-syn 

overexpression, human H4 neuroglioma cells that contain SNCA under the control of a 

tetracycline-inducible promoter (Figure 3-5 A, C). This indicates that a-syn accumulation does 

not affect the ability of SNCA-3X patient DA neurons to sense or transduce UPR signals under 

stressful conditions. 

Next, we determined whether the PERK pathway of the UPR is activate in SNCA-3X DA 

neurons by measuring eIF2a, a eukaryotic initiation factor which upon phosphorylation by 
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PERK leads to global translational attenuation (Harding et al., 1999). We did not observe 

baseline elevation of phospho-eIF2a in patient neurons (Figure 3-6 B), indicating that the PERK 

pathway is not active. However, treatment with Tg increased phospho-eIF2a to a similar degree 

in both isogenic controls and SNCA-3X DA neurons (Figure 3-6 B). Collectively, these results 

suggest that the PD neurons fail to sense perturbations in ER proteostasis induced by a-syn, 

despite dramatic ER fragmentation and accumulation of aggregated immature GCase.  

 

 
Figure 3-4. SNCA-3X midbrain DA neurons do not show baseline UPR activation despite a-syn and GCase 

accumulation. 

(A) Semi-quantitative PCR agarose gel analysis of unspliced (U) and spliced (S) XBP1 mRNA in day 90 SNCA-3X 

and control DA neurons (top) and H4 WT a-syn overexpressing cells (bottom). Treatment with brefeldin A (BFA) 

was done as a positive control. The dashed line indicates irrelevant lanes that were cropped out.  

(B) XBP1-S mRNA expression in SNCA-3X and control DA neurons was measured by real-time qPCR and is 

shown relative to b-actin. Baseline XBP1-S mRNA is combined from day 90 3x-1, 3x-2, and 3x-4 and the isogenic 

controls of 3x-1 and 3x-4 (n=3 per line). Data is shown as mean± SEM; ns = not significant, using student’s 

unpaired t-test. 
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Figure 3-5. SNCA-3X midbrain DA neurons and cell lines that accumulate a-syn upregulate ER chaperones 

in response to ER stress induction.  

To induce ER stress and activate the UPR, cells were treated with vehicle (veh) or 30nM thapsigargin (Tg) for 24 

hours.  

(A) H4 WT a-syn overexpressing cells were first treated with 1µg/ml doxycycline (DOX) for 3 days to turn off a-

syn expression, followed by treatment with veh or Tg. Right, GRP78 and GRP94 quantifications were normalized to 

Coomassie (n=3).  

(B) SNCA-3X and isogenic and healthy control DA neurons were treated with veh or Tg and analyzed for induction 
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of ER stress markers at day 70 and 90. Irrelevant lanes were cropped out from the blot and are indicated with a 

dashed line. Right, GRP78 and GRP94 levels were normalized to Coomassie, and are shown as a fold change to the 

vehicle for each set of lines. Analysis is of several lines of SNCA-3X: 3x-1, 3x-2, 3x-4, Est. 3x; isogenic controls: 

3x-1 iso ctrl, 3x-2 iso ctrl, Est. 3x iso ctrl; healthy controls: Ctrl, Est. Ctrl. Each data point in the scatter plot 

indicates a biological replicate taken from several experiments.  

(C, D) H4 WT a-syn overexpressing cells (n=4) and day 90 SNCA-3X and control DA neurons were treated for 24 

hours with ER stress inducers (30nM Tg or 50ng/ml brefeldin A (BFA)). mRNA expression of GRP78 and CANX 

was quantified relative to b-actin. In panel D, analysis is combined from lines 3x-2 and 3x-4, and the isogenic 

control is from 3x-4.  

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not 

significant, using student’s unpaired (panels A, B, D) or paired (panel A, D) t-test or ANOVA with Tukey’s post-

hoc test (panel C).  

 

 

 
Figure 3-6. SNCA-3X midbrain DA neurons activate IRE1 and PERK UPR signaling in response to ER stress 

induction. 

(A) Day 110 SNCA-3X (3x-2) and isogenic control DA neurons were treated with 50ng/ml BFA for 24 hours to 

induce ER stress. XBP1-S mRNA expression was measured by real-time qPCR and is shown relative to b-actin (n=3 

per line).  

(B) Representative western blot showing activation of the PERK arm of the UPR in day 90 SNCA-3X (Est. 3X) and 

isogenic control DA neurons treated with 30nM Tg for 24 hours. Right, quantifications of the ratio of 

phosphorylated to total eIF2a and of GRP78 expression normalized to Coomassie. Analysis is combined from 3x-1 

and Est. 3X, and the isogenic control is from Est. 3X (n=3 per line).  

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ns = not significant, using student’s unpaired 

(panel A, B) or paired (panel B) t-test. 
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Proteins that are retained and accumulate in the ER are normally recognized by quality 

control machinery and eliminated by ERAD. For retained glycoproteins including lysosomal 

hydrolases, this process is mediated by EDEM1 (ER degradation-enhancing α-mannosidase-like 

protein 1). EDEM1 is a lectin-containing adapter protein that removes misfolded glycoproteins 

from the CANX folding cycle and delivers them to the cytosol for degradation through the UPS 

(Smith et al., 2011). EDEM1 expression is upregulated by ER stress through the IRE1 pathway 

of the UPR, helping to rebalance ER proteostasis (Lee et al., 2003). To determine if ERAD is 

altered in patient-derived SNCA-3X DA neurons, we measured the expression levels of EDEM1. 

Compared to the isogenic controls, we found no change in EDEM1 mRNA or protein levels 

(Figure 3-7 A-C). Since variability was observed in the levels of EDEM1 between culture 

samples of SNCA-3X lines, we correlated EDEM1 and a-syn protein levels in patient neurons 

and found a significant negative relationship (Figure 3-7 D). This negative correlation suggests 

samples with abundant a-syn pathology have reduced EDEM1 levels and therefore compromised 

ability to remove retained proteins from the CANX folding cycle.  

Consistent with a lack of ERAD enhancement, we found no change in the levels of 

immature wild-type GCase upon proteasomal inhibition of SNCA-3X DA neurons (Figure 3-8 

A). In contrast, GD neurons showed a dramatic upregulation of EDEM1 compared to both 

healthy controls and SNCA-3X lines (Figure 3-7 B, C), and significant elevation of GCase 

protein upon proteasomal inhibition (Figure 3-8 B). Overall, these data indicate that despite 

retaining immature GCase in the ER, the EDEM1 / ERAD pathway is not active in SNCA-3X 

DA neurons. In contrast, ERAD is elevated in GD patient DA neurons and leads to elimination 

of mutant GCase, consistent with previous findings in other cell models (Ron and Horowitz, 

2005). 
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Figure 3-7. Lack of activation of EDEM1, an ER-associated degradation regulator, in SNCA-3X midbrain DA 

neurons.  

(A) EDEM1 mRNA expression relative to b-actin in day 90 SNCA-3X and isogenic control DA neurons. Analysis is 

combined from lines 3x-1, 3x-2, and 3x-4 and the corresponding isogenic (n=4 per line).  

(B) Representative western blot for EDEM1 in day 90 SNCA-3X and GBA1 mutant DA neurons that accumulate a-

syn. 

(C) Quantification of EDEM1 expression in SNCA-3X and GBA1 mutant DA neurons shown as a fold change to the 

isogenic and healthy controls, respectively. Analysis is combined from 3x-1, 3x-2, 3x-4, and Est. 3X (n=5-13 per 

line) and the corresponding isogenic controls (n=5-12 per line), as well Ctrl and Est. Ctrl for the healthy controls 

(n=2-6 per line). 

(D) Correlation between EDEM1 and a-syn levels from SNCA-3X patient DA neurons indicated in panel C. Each 

data point in the scatter plot indicates a biological replicate of a patient sample.  

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not 

significant, using student’s unpaired (panels A and C) t-test or ANOVA with Tukey’s post-hoc test (panel C). 
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Figure 3-8. Proteasome inhibition of SNCA-3X and GBA1 mutant midbrain DA neurons.  

(A) Day 90 SNCA-3X and control DA neurons were treated with 50nM epoxomicin (Epox) for 24 hours to inhibit 

proteasomal degradation, and GCase and ubiquitin levels were analyzed via western blot. Right, quantification of 

GCase and ubiquitin levels normalized to Coomassie. Analysis is combined from 3x-1, 3x-2, and Est. 3X, and 

isogenic controls are from 3x-2 and Est. 3X (n=3 per line).  

(B) GCase expression in GBA1 mutant DA neurons treated with 1µM Epox. Right, quantification of GCase levels 

normalized to Coomassie (n=5-6).  

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not 

significant, using student’s unpaired (panels A, B) or paired t-test (panel A). 

 

3.4 a-Synuclein accumulates at the ER and is in close proximity to ER chaperones in 

SNCA-3X DA neurons. 

Although a-syn is known to be a synaptic protein under physiological conditions, our 

immunofluorescence analysis indicated its accumulation at the cell body in SNCA-3X DA 

neurons (Figure 2-3 A, B), consistent with previously characterized PD patient lines (Cuddy et 
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al., 2019; Mazzulli et al., 2016). Further, studies using transgenic a-syn overexpression models 

indicated that pathological a-syn can abnormally localize to the ER compartment (Bellucci et al., 

2011; Colla et al., 2012a; Colla et al., 2012b; Colla et al., 2018; Guardia-Laguarta et al., 2014; 

Masliah et al., 2000; Paillusson et al., 2017). To determine if a-syn associates with the ER in our 

PD patient models, we used super-resolution structured illumination microscopy (SIM). Imaging 

analysis revealed increased colocalization of a-syn with the established ER marker protein 

disulfide isomerase (PDI) in SNCA-3X DA neurons compared to healthy controls that express 

normal a-syn levels (Figure 3-9 A). Furthermore, enrichment of ER microsomes from SNCA-3X 

DA neurons indicated that more a-syn is found in these fractions compared to control DA 

neurons (Figure 3-9 B), confirming previous findings that a-syn can abnormally localize to the 

ER compartment.  

To probe at the potential molecular mechanism by which a-syn could disrupt ER 

proteostasis, we analyzed its proximity to ER chaperones including CANX and GRP94 by an in 

situ proximity ligation assay (PLA). PLA negative controls indicated a minimal background 

signal, suggesting specificity of the antibodies under these conditions (Figure 3-10 A). Analysis 

in a-syn overexpressing cell lines and SNCA-3X patient DA neurons showed that a-syn localizes 

to and interacts with both CANX and GRP94 (Figure 3-10 B, C). These results suggest that a-

syn may disrupt ER proteostasis and GCase trafficking through aberrant association and 

sequestration of ER chaperones, thereby allowing wild-type GCase to become retained, 

misfolded, and eventually aggregated in the ER.  
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Figure 3-9. Aberrant localization of a-syn to the ER in SNCA-3X midbrain DA neurons.  

(A) Super-resolution SIM analysis of protein disulfide isomerase (PDI) and colocalization with a-syn (antibody 

211). Quantification of the colocalization in 3x-2 neurons compared to healthy control neurons that express normal 

levels of a-syn is shown on the right (n=3).  

(B) Subcellular fractionation of day 120 DA neurons and western blot analysis of a-syn (antibodies C20 and 

LB509) demonstrates its accumulation within ER microsome fractions in SNCA-3X neurons compared to controls. 

ER (GRP78, GRP94, CANX) and cytosolic (NSE) markers were analyzed to assess enrichment of the ER. Right, 

quantification of C20 and LB509 a-syn levels in ER microsome fractions of SNCA-3X and isogenic and healthy 

control neurons (n=3, except n=1 for Ctrl).  

For all quantifications, data is shown as mean ± SEM, *p<0.05, using student’s unpaired t-test. 
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Figure 3-10. Accumulation of a-syn leads to its increased association with ER chaperones.  

(A) The PLA background signal was determined by staining with a single primary antibody (a-syn (211), a-syn 

(C20), or CANX). a-Syn aggregate formation under high a-syn overexpression was used as a positive control, as 

indicated by a positive a-syn (211)-a-syn (C20) PLA signal. PLA signal was calculated as the number of red 

particles normalized to the number of nuclei within an acquired field of view (n=3-7). Scale bar, 25µm.  

(B) H4 WT a-syn overexpressing cells were treated with 1µg/µl DOX for 3 days to turn off a-syn expression. 

Increased association of a-syn with CANX was determined by a proximity ligation assay (PLA). Cell nuclei are 

stained with DAPI. Right, PLA signal was calculated as the number of red particles normalized to the number of 

nuclei within an acquired field of view (n=5) and is shown as a fold change to the +DOX condition. Scale bar, 

25µm.  

(C) PLA analysis of Day 70 SNCA-3X and control DA neurons shows increased association of a-syn with CANX 

(top) and GRP94 (bottom). Cell nuclei are stained with DAPI. Right, PLA signal was quantified as in A, and each 

data point on the scatter plot represents the PLA signal from an acquired field of view from n=3-4 biological 

replicates per line. Scale bar, 25µm.  

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ****p < 0.0001, using student’s unpaired t-

test (panel B) or ANOVA with Tukey’s post-hoc test (panel A, C). 

 

DISCUSSION 

  Recent advances in genetics and pathology have highlighted perturbations in the 

proteostasis network that center on lysosomal degradation and trafficking pathways in both PD 

and DLB. Using novel PD models that naturally accumulate a-syn through endogenous 

mutations, we examined changes in the proteostasis pathway that occur during the initial stages 

of a-syn pathology when insoluble aggregates start to accumulate, but prior to neurotoxicity. Our 

studies indicated that a critical pathogenic cascade is triggered upon a-syn accumulation at the 

ER, leading to its fragmentation, compromised folding capacity, and GCase dysfunction (Figures 

3-1, 3-2, 3-3). Other studies using transgenic overexpression models of a-syn have documented 

the association of a-syn with ER components (Colla et al., 2012a), and are consistent with our 

findings in PD patient neurons that naturally develop a-syn pathology. Although normally a 
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cytosolic protein enriched in synapses, pathogenic a-syn accumulates in both neurites and at the 

cell body in PD neurons (Figure 2-3). Our data indicates that the mislocalization of a-syn 

promotes its association and possible interaction with ER chaperones that are important for 

maintaining GCase folding (Figures 3-9, 3-10). Since a-syn translation does not occur on ER 

ribosomes, this aberrant association must occur downstream of its synthesis and accumulation. 

This association may overwhelm the proteostasis capacity of the ER, leading to ER dysfunction. 

In addition, a-syn can perturb protein trafficking at the Golgi, which likely slows the export of 

cargo from the ER, resulting in the accumulation of immature proteins. Overall, our data 

highlight the negative pleiotropic effects of a-syn on multiple branches of the proteostasis 

pathway. 

A surprising consequence of a-syn-induced trafficking disruption was the aggregation of 

immature GCase into insoluble species. While several destabilizing point mutations of lysosomal 

hydrolases can cause multiple lysosomal storage diseases (LSDs) (Zunke and Mazzulli, 2019), 

we document a unique example where lysosomal dysfunction occurs through the misfolding and 

aggregation of wild-type immature GCase. Other lysosomal diseases that are caused by specific 

genetic mutations in trafficking machinery including I-Cell disease, or LIMP2 depletion that 

occurs in acute myoclonus renal failure (AMRF), do not show accumulation of immature 

hydrolases but instead are characterized by aberrant secretion into the media (Reczek et al., 

2007; Wiesmann et al., 1971b). Therefore, the aggregation of immature hydrolases induced by 

a-syn appears to be unique to synucleinopathies. The lack of ERAD activity in SNCA-3X DA 

cultures (Figures 3-7, 3-8) likely contributes to the aberrant accumulation and destabilization of 

GCase in the ER. GCase may also be particularly susceptible to aggregation as a membrane-
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associated enzyme, since aberrant exposure of hydrophobic patches during prolonged folding 

cycles in the ER may promote its self-association into insoluble aggregates. However, in addition 

to GCase, we also found the accumulation of immature, insoluble cathepsin D but not 

hexosaminidase B (Figure 3-2). This indicates that while not all hydrolases are susceptible to 

aggregation, the effect is not specific for GCase. One other study has shown that a rare point 

mutation in b-hexosaminidase that causes Tay-sachs disease results in the accumulation of an 

insoluble enzyme precursor, preventing its trafficking to the lysosome (Proia and Neufeld, 1982). 

It will be of interest in future studies to examine the factors that induce aggregation of GCase, 

cathepsin D, and other hydrolases in proteinopathies beyond PD and DLB.  

Unexpectedly, we did not observe activation of the UPR (Figures 3-3, 3-4, 3-5, 3-6), 

which normally serves to circumvent the accumulation of proteins by expanding ER volume and 

upregulating folding machinery. Other synucleinopathy models generated by transgenic a-syn 

overexpression or patient-derived iPSC cortical models exhibited signs of UPR activation (Colla 

et al., 2012a; Heman-Ackah et al., 2017). It is possible that in other models, the cells were 

examined at a different pathological stage. This is an important consideration since it appears 

that in some studies, ER stress markers are elevated during the latest stages of the pathological 

cascade, indicated by elevated UPR markers in post-mortem brain (Credle et al., 2015; Heman-

Ackah et al., 2017; Hoozemans et al., 2007). However, UPR activation does not appear to be 

selective for synucleinopathies, as many other neurodegenerative diseases exhibit similar 

features, suggesting the phenomenon may be a general characteristic for late-stage, age-related 

diseases (Wang and Kaufman, 2016). Our studies were purposely done at early stages of a-syn 

pathology, between day 60 and 90 in our midbrain models (Cuddy et al., 2019; Mazzulli et al., 

2016), in order to capture phenotypic events that occur prior to lysosomal dysfunction and 
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neurodegeneration. Our findings suggest that a-syn perturbs proteostasis at the ER while 

simultaneously concealing the cell’s ability to sense these perturbations. The finding of insoluble 

GCase aggregation in the ER, along with severe ER fragmentation, indicates that ER 

perturbations have reached a critical disease threshold. Under periods of ER stress, one of the 

goals of the UPR is to decrease the overall ER protein load by halting global protein synthesis. 

However, our recent work showed that GCase mRNA is actually elevated in PD midbrain 

neurons that accumulate a-syn, further suggesting communication problems between the ER and 

the nucleus (Cuddy et al., 2019). Despite the fact that UPR signaling did not appear to be 

initiated, we found that patient neurons were capable of responding to ER stress inducers such as 

Tg and BFA just as well as the controls (Figures 3-5, 3-6). This indicates that while ER 

perturbations are unrecognized in PD neurons, the UPR sensors remain functional and retain 

their ability to trigger signaling to the nucleus to stimulate chaperone expression and XBP1-S. 

The mechanisms for how a-syn masks ER dysfunction remain to be determined, but may involve 

aberrant interactions with proteins involved in the initial ER stress triggers including GRP78.  

Recent work has shown that the UPR can be harnessed to provide protection in 

neurodegenerative diseases (Grandjean et al., 2020; Vidal et al., 2021). Since our data indicates 

that the UPR is still capable of activation, it is possible that enhancers of the UPR will provide 

benefit in synucleinopathies. Such strategies could restore ER proteostasis by stimulating XBP1-

S-mediated ER compartment expansion and elevation of chaperones, providing a more 

conducive environment for GCase folding while preventing the growth of GCase aggregates. 

These methods would have to avoid maladaptive UPR signaling pathways that promote 

apoptosis from prolonged stimulation (Wang and Kaufman, 2016). 
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CHAPTER 4 

Synergistic enhancement of ER chaperone function and protein trafficking rescues 

lysosomal function and reduces a-syn in SNCA-3X DA neurons. 

 

Preface. The work presented in this chapter of the dissertation has been adapted largely from 

Stojkovska et al., 2021, an original research manuscript titled “Rescue of a-synuclein 

aggregation in Parkinson’s patient neurons by synergistic enhancement of ER proteostasis and 

protein trafficking” that is currently under peer review.  

 

OVERVIEW 

The aberrant association of a-syn with ER chaperones and aggregation of immature 

GCase suggests that ER chaperone function may be overwhelmed in SNCA-3X patient neurons. 

Furthermore, previous studies have shown that accumulation of the GCase substrate, 

glucosylceramide (GluCer), which occurs in both SNCA-3X and A53T a-syn iPSC-midbrain 

cultures (Cuddy et al., 2019; Mazzulli et al., 2016), reduces ER calcium in vitro and in vivo 

(Korkotian et al., 1999; Liou et al., 2016; Pelled et al., 2005). This, in turn, compromises the 

function of calcium-dependent chaperones such as CANX. Disrupted calcium homeostasis has 

also been independently observed in several PD models (Apicco et al., 2021; Caraveo et al., 

2014), and is consistent with fragmentation of the ER in SNCA-3X DA neurons (Figure 3-3) (Ha 

et al., 2020; Koch et al., 1988). Therefore, we next determined if enhancing ER chaperone 

function by increasing ER calcium can rescue wild-type GCase proteostasis and its downstream 

lysosomal activity. 

 



94 
METHODS AND MATERIALS 

Treatment of H4 cells or iPSC neurons with small molecules 

H4 cells or iPSC neurons were treated with vehicle or either 25µM diltiazem (DILT) (Sigma), 

40µM dantrolene (DANT) (Sigma), or 1µM DHBP (Sigma), and media was changed every other 

day for the duration of the experiment. For the combination compound experiments, H4 cells or 

iPSC neurons were treated with vehicle, 25µM DILT, 5nM farnesyl transferase inhibitor (FTI) 

(Link Medicine), or DILT+FTI combination, and media was changed every other day for the 

duration of the experiment. For the combination of genetic manipulation and compound 

treatment (e.g., RyR3 KD + FTI, DILT + ykt6-CS), cells were infected and treatment was begun 

at the same time, with media change every other day for the duration of the experiment. 

 

Sequential protein extraction and western blot analysis 

Cells were harvested in 1X PBS and pelleted by centrifugation at 400xg for 5 minutes. To extract 

soluble protein, the cell pellets were homogenized in 1% Triton base lysis buffer (refer to Table 

S4 for recipe) containing PIC (Roche), PMSF (Sigma), Na3VO4 (Sigma) and NaF (Sigma) (refer 

to Table S4 for recipe). The Triton extracted lysates were freeze-thawed three times and 

ultracentrifuged at 100,000xg for 30 minutes at 4°C. To extract insoluble protein, the Triton-

insoluble pellets were solubilized with 2% SDS base lysis buffer (refer to Table S4 for recipe) 

containing PIC via boiling for 10 minutes, followed by sonication and then ultracentrifugation at 

100,000xg for 30 minutes at 22°C. The protein concentrations of the Triton and SDS fractions 

were measured via a BCA protein assay kit (Thermo Fisher Scientific) on a plate reader. 

Extracted protein lysates were boiled at 100°C for 10 min in Laemmli sample buffer (refer to 

Table S4), loaded on an SDS-PAGE gel, transferred onto a PVDF membrane (Millipore), and 



95 
post-fixed in 0.4% PFA (refer to Table S4 for recipe). Membranes were blocked in a 1:1 mixture 

of 1X TBS and Intercept blocking buffer (Li-Cor Biosciences), followed by overnight incubation 

with primary antibodies (refer to Table S2) diluted in a 1:1 mixture of 1X TBS-Tween and 

blocking buffer. The following day, secondary antibodies (refer to Table S2) were added for 1 

hour, and the membranes were scanned using a Li-Cor Biosciences infrared imaging system. 

Quantification of band intensity was done using the ImageStudio software and analysis was 

performed on Excel and GraphPad Prism.  

GCase maturation was measured by quantifying the ratio of post-ER (mature; >62 kDa) 

to ER (immature; 55-62 kDa) GCase. For quantifications of percent insoluble GCase: first, 

soluble (Triton fraction) and insoluble (SDS fraction) GCase levels were normalized to 

Coomassie gel staining. Then, insoluble GCase was divided by total GCase taken from both 

Triton and SDS fractions, and the result was shown as a percentage. 

 

In vitro whole-cell lysate GCase activity assay 

The procedure and analysis method for the activity assay has been previously described in detail 

(Mazzulli et al., 2011). Briefly, 1% BSA and 5µg Triton-soluble protein lysate treated with or 

without conduritol-b-epoxide (CBE, an inhibitor specific for lysosomal GCase) (Millipore) were 

added to GCase activity assay buffer containing sodium taurocholate in a 96-well black bottom 

plate. The samples were incubated with 5mM fluorescent GCase substrate 4-methylumbelliferyl 

β-glucopyranoside (4-MU-Gluc) (Chem-Impex) for 30 minutes at 37°C, and the reaction was 

stopped using equi-volume of 1M glycine, pH 12.5. The fluorescence signal was measured on a 

plate reader (Ex=365nm, Em=445). Relative fluorescence units from CBE treated lysates were 

subtracted from non-CBE treated lysates to obtain the activity of GCase.  
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Live-cell lysosomal GCase activity assay 

The procedure and analysis method for the activity assay has been previously described in detail 

(Mazzulli et al., 2011; Mazzulli et al., 2016). Briefly, cells were plated in 96-well plates. One 

day prior to the assay, cells were treated with 1mg/ml cascade dextran blue (Life Technologies) 

for 24 hours. The next day, the cells were first treated with DMSO or 200nM bafilomycin A1 

(BafA1) (Santa Cruz) for 1 hour at 37°C, followed by a 1-hour pulse-chase with 100µg/ml 

artificial fluorescent GCase substrate, 5-(pentafluoro-benzoylamino) fluorescein di-ß-D-

glucopyranoside (PFB-FDGluc) (Life Technologies), at 37°C. The fluorescence signal was 

measured every 30 minutes for the span of 3-4 hours on a plate reader (Ex=485nm, Em=530nm, 

for the GCase substrates; Ex=400nm, Em=430nm for cascade dextran blue). For the analysis, the 

GCase fluorescence signal was normalized to either lysosomal mass by using cascade dextran 

blue signal or total cell volume by quantifying CellTag 700 staining signal. 

 

Assessment of calnexin activity by Concanavalin-A pulldown 

H4 WT a-syn overexpressing cells were treated with vehicle or 25µM Diltiazem (Sigma) for 4 

days, harvested, and extracted in 0.3% CHAPS lysis buffer (refer to Table S4 for recipe details). 

For pulldown of total N-linked glycosylated proteins, 1500 µg lysate was mixed with 20 µg/ml 

biotinylated Concanavalin (Con-A) (Vector Laboratories) and the reaction mixture was 

incubated overnight at 4°C under gentle rotation. To recover Con-A bound proteins, 25 µL 

neutrAvidin agarose beads (Thermo Fisher Scientific) were added to the reaction mix and 

samples were incubated at 4°C for 1 hour. The beads were collected by centrifugation at 2500 x 

g for 2 min, followed by three washes with lysis buffer. N-glycosylated proteins were eluted by 

boiling the samples at 95°C for 10 min in 2X Laemmli sample buffer. Samples were analyzed by 
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western blot for calnexin (CANX), GCase, and total N-glycosylated proteins by Coomassie 

brilliant blue staining. Calnexin activity was indirectly assessed by quantifying CANX levels in 

Con-A pulled down samples.  

 

Ryanodine receptor RyR3 knock-down using shRNA constructs 

MISSION shRNA sequences targeting human RyR3 were obtained from Sigma and tested for 

efficiency in HEK293T cells by real-time qPCR analysis using RyR3 TaqMan probes. Clone ID 

#TRCN0000053349 was found to achieve the most efficient knock-down and was therefore used 

in subsequent experiments. This lentiviral plasmid was packaged into lentiviral particles and the 

virus was used to infect H4 cells or iPSC neurons.  

 

Lentiviral preparation and transduction of H4 cells and iPSC neurons 

Lentiviral plasmids containing 1) scrambled or RyR3 shRNA and 2) vector or ykt6-CS were 

packaged into lentiviral particles by transfecting HEK293FT cells with X-tremeGENE 

transfection reagent (Roche). The virus was collected and concentrated using Lenti-X 

concentrator (Clontech) and tittered with a HIV1-p24 antigen ELISA kit (Zeptometrix). H4 cells 

and iPSC neurons were infected at a multiplicity of infection (MOI) of 3 or 5 and were harvested 

after 5 days or 2 weeks following infection, respectively. 

 

Statistical analysis 

Analyzed data was plotted and tested for statistical significance using the GraphPad Prism 

software. Statistical significance between two samples was determined using a paired or 

unpaired t-test with Welch’s correction. For more than two samples, significance was determined 
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using a one-way ANOVA with Tukey’s post-hoc test. A p-value of <0.05 was considered to be 

significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). For each quantification, the 

type of error bar used is specified in the figure legends.  

 

RESULTS 

Previous culture studies showed that elevating ER proteostasis by enhancing ER calcium 

levels can be achieved by blocking ryanodine receptors (RyRs) that mediate calcium efflux from 

the ER, thereby increasing CANX function (Mu et al., 2008; Ong et al., 2010) (Figure 4-1). We 

selected the RyR inhibitor diltiazem (DILT) (Figure 4-1) since it is non-toxic and is an FDA-

approved drug for the treatment of high blood pressure and angina. DILT treatment is an 

established method to enhance CANX function and has been shown to improve the folding, 

trafficking, and function of mutant GCase in GD patient fibroblasts (Ong et al., 2010; Sun et al., 

2009).  

Initial dose response studies of DILT indicated that cultures could tolerate a maximum 

dose of 25µM without toxicity (not shown). To first validate that DILT could enhance chaperone 

function in our a-syn overexpression models, we assessed CANX functionality by measuring its 

binding activity to N-glycosylated proteins using the lectin concanavalin A (Con-A). Compared 

to vehicle treatment, CANX binding activity was significantly increased in DILT treated cells, as 

indicated by increased CANX and GCase pulldown with Con-A (Figure 4-2 A). To determine 

whether GCase folding can be enhanced by increasing chaperone function, we first assessed 

GCase maturation in H4 WT a-syn overexpressing cells treated with 25µM DILT. DILT 

treatment successfully decreased immature / ER forms of GCase and increased GCase 

maturation (Figure 4-2 B). DILT also elevated GCase protein levels and maturation in healthy 
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control DA neurons, indicating that enhancement of the folding pathway can be achieved in 

neurons without a-syn pathology or ER perturbations (Figure 4-2 C). In SNCA-3X patient DA 

neurons, DILT abrogated the build-up of insoluble GCase while concomitantly elevating soluble 

forms of the enzyme starting at 2 weeks and continuing to 8 weeks of treatment (Figure 4-2 D). 

Although DILT mainly increased immature forms of GCase, we observed a slight elevation in 

post-ER forms, indicating a mild improvement in maturation in SNCA-3X DA neurons (Figure 4-

2 E). GCase activity was elevated in whole-cell lysates that include both of its ER and post-ER 

forms, indicating that DILT enhanced properly folded, functional GCase (Figure 4-2 F, left). 

Despite this, the in situ assay that measures GCase activity within lysosomes of living neurons 

indicated no change in activity (Figure 4-2 F, right). Consistently, we found that a-syn levels 

were also not changed, indicating that DILT treatment alone could not sufficiently induce 

lysosomal a-syn degradation in neurons, even after a prolonged incubation of 8 weeks (Figure 4-

2 G). Taken together, these results suggest that enhancing ER proteostasis with DILT can 

promote functional, soluble forms of GCase, but cannot improve lysosomal function in a 

sufficient manner to reduce a-syn. 
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Figure 4-1. Targets of compounds used to enhance ER proteostasis and protein trafficking. 
To pharmacologically enhance ER proteostasis, we used three individual small molecules, diltiazem (DILT), 

dantrolene (DANT), and DHBP, that bind to and inhibit ryanodine receptors (RyRs) located on the ER membrane. 

These compounds are known to increase ER calcium levels, thereby improving ER chaperone function and overall 

ER proteostasis. Although all three compounds are specific RyR inhibitors, DILT additionally inhibits L-type 

calcium channels on the plasma membrane, which are involved in regulating intracellular calcium levels via the 

mechanism of calcium-induced calcium release (CICR). To pharmacologically enhance ER-Golgi trafficking of 

proteins, we used the farnesyl transferase inhibitor (FTI) LNK-754, known to target and enhance the SNARE 

protein ykt6 and therefore enhance ER-Golgi vesicle fusion. 
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Figure 4-2. Enhancing ER chaperone function by chemically targeting RyRs with diltiazem improves GCase 

proteostasis. 

To determine whether enhancing ER function can improve GCase proteostasis in H4 WT a-syn overexpressing cells 

and SNCA-3X DA neurons, cells were treated with vehicle (veh) or 25µM diltiazem (DILT), a ryanodine receptor 

inhibitor.  

(A) H4 WT a-syn overexpressing cells were treated for 5 days with veh or DILT and N-glycosylated proteins were 

pulled down using concanavalin A (Con-A). Binding of CANX to Con-A was assessed by western blot and used as 
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a measure of CANX function. GCase and GAPDH serve as positive and negative controls for the pulldown, 

respectively. Bottom, quantification of CANX levels in the Con-A pulldown in DILT treated cells, normalized to 

GAPDH from the input (n=3-4).  

(B) Western blot analysis and quantification of immature GCase (normalized to Coomassie) and GCase maturation 

in DILT treated H4 WT a-syn overexpressing cells (n=3).  

(C) Day 120 healthy control (Ctrl) DA neurons were treated with 25µM DILT for 2 weeks and GCase was analyzed 

by western blot. Right, quantifications of total GCase, post-ER, and ER forms of GCase were normalized to 

Coomassie (n=3). The post-ER to ER GCase ratio (maturation) is also shown (n=3).  

(D) SNCA-3X DA neurons were treated for 2 or 8 weeks, sequentially extracted, and analyzed for levels of soluble 

and insoluble GCase. Western blot of day 90 3x-1 DA neurons treated for 8 weeks is shown as a representation. 

Right, percentage of insoluble GCase was quantified for the 2-week (combined from day 90 3x-1 (n=6) and 3x-2 

(n=3) neurons) and 8-week (day 120 3x-1 neurons only (n=3)) treatment length.  

(E) GCase maturation of day 90 SNCA-3X DA neurons treated with DILT for 2 weeks was analyzed by western 

blot. Coomassie is shown as a loading control. Right, quantification of GCase maturation is combined from lines 3x-

1 (clones C2 and C3), 3x-2, and 3x-4 (n=3 per line).  

(F) Left, whole-cell GCase activity of SNCA-3X lysates from panel E. Right, live-cell lysosomal GCase activity in 

day 90 SNCA-3X DA neurons treated with DILT for 2 weeks. (G) Western blot analysis was used to determine 

whether enhancing GCase proteostasis by improving ER function influences a-syn levels. The blot from panel E 

was reprobed for a-syn and is shown. GAPDH is shown as a loading control. Right, quantification of a-syn levels 

normalized to Coomassie at 2 and 8 weeks of DILT treatment. For the 2-week treatment, data is combined from 

lines 3x-1 (clones C2 and C3), 3x-2, and 3x-4 (n=3 per line); 8-week treatment is of day 120 3x-1 neurons only 

(n=3).  

For all quantifications, values are mean ± SEM, *p < 0.05; **p<0.01; ***p < 0.001; ****p < 0.0001; ns = not 

significant, using student’s unpaired t-test. 

 

 

To confirm that enhancing ER proteostasis and wild-type GCase levels can be improved 

by RyR inhibition, we treated H4 WT a-syn overexpressing cell lines and SNCA-3X DA neurons 

with two additional distinct and specific RyR inhibitors, dantrolene (DANT) and 1,1′-diheptyl-

4,4′-bipyridinium (DHBP) (Fruen et al., 1997; Kang et al., 1994) (Figure 4-1). DANT and DHBP 

treatment elevated GCase maturation and solubility levels, although not as robustly as DILT 

(Figure 4-3). When higher concentrations or longer incubation periods were attempted, we 
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observed cell toxicity, consistent with previous findings (Ong et al., 2010; Wang et al., 2011). 

Finally, we directly tested the effect of RyR inhibition on GCase solubility by knocking down 

RyR with shRNA constructs. We specifically knocked down RyR3 since RyR3 is expressed 

widely throughout the brain (Giannini et al., 1995) and previous studies indicated that RyR3 

depletion could rescue the severe mutant (L444P) form of GCase in patient cells (Ong et al., 

2010). Real-time qPCR analysis indicated approximately 40-60% knock-down (KD) of RyR3 in 

cell lines and patient neurons (Figure 4-4 A, C), resulting in increased solubility of GCase in 

both cell lines and patient neurons (Figure 4-4 B, D). The rescue effect of RyR3 KD was 

identical to that of DILT treatment (Figure 4-4 B), suggesting that the solubilizing activity of 

DILT can be attributed to inhibition of RyR3 rather than off-target effects. Further, DILT had no 

effect on GCase solubility in RyR3 KD cells (Figure 4-4 B), once again indicating that DILT 

acts through RyR3 receptors on the ER. Analysis of GCase maturation in RyR3 KD cells showed 

a mild improvement in cell lines that was similar to DILT treatment (Figure 4-4 B), and no 

change in SNCA-3X DA neurons (Figure 4-4 D). DILT caused a mild elevation of GCase 

maturation in RyR3 KD cell lines, a result that likely occurred from the inhibition of other RyR 

isoforms (Figure 4-4 B). Together, these data show that RyR inhibition with three distinct 

compounds and shRNA can improve GCase proteostasis in the ER, but has little effect on 

increasing GCase trafficking in cells that accumulate a-syn.  
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Figure 4-3. Enhancing ER chaperone function by chemically targeting RyRs with dantrolene or DHBP 

improves GCase proteostasis. 

To further validate that enhancing ER function can improve GCase proteostasis in H4 WT a-syn overexpressing 

cells and SNCA-3X DA neurons, cells were treated with vehicle and 40µM dantrolene (DANT) or 1µM 1,1’-

diheptyl-4,4’-bipyridinium dibromide (DHBP), two additional ryanodine receptor inhibitors.  

(A, C) H4 cells were treated for 5 days with DANT or DHBP and GCase maturation / solubility was determined by 

western blot. GAPDH and Coomassie gel staining are shown as extraction and loading controls, respectively. 

Quantifications of GCase maturation and / or solubility with the treatment are shown on the right (n=3).  

(B, D) GCase maturation of day 90 SNCA-3X DA neurons treated with DANT or DHBP for 2 weeks was analyzed 

by western blot. GAPDH and Coomassie gel staining are shown as extraction and loading controls, respectively. 

Quantifications of GCase maturation with the treatment are shown on the right. Data from panel B is from 3x-2 

(n=3). Data from panel D is combined from lines 3x-1 (clones C2 and C3), 3x-2, and 3x-4 (n=3 per line).  

For all quantifications, values are mean ± SEM, *p < 0.05, using student’s unpaired t-test. 
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Figure 4-4. Enhancing ER chaperone function by genetically targeting RyRs improves GCase proteostasis.  

To genetically validate that RyR inhibition is sufficient in improving GCase proteostasis, H4 WT a-syn 

overexpressing cells and SNCA-3X DA neurons were lentivirally infected with scrambled (scrb) or RyR3 shRNA for 

5 days or 2 weeks, respectively.  

(A) RyR3 knock-down (KD) efficiency in H4 cells was measured by real-time qPCR analysis of RyR3 mRNA 

(n=3).  

(B) Western blot analysis of soluble (top blot) and insoluble (bottom blot) GCase after RyR3 KD (MOI = 5) in H4 

cells. Addition of DILT following scrb or RyR3 KD was used to determine the specificity of the compound. 

Coomassie is shown as a loading control. Irrelevant lanes were cropped out from the blots and are indicated with a 

dashed line. Right, quantifications of percent insoluble GCase normalized to Coomassie and GCase maturation in 

H4 cells after DILT treatment in scrb or RyR3 KD cells (n=9-13).  

(C) RyR3 KD efficiency in DA neurons was measured by real-time qPCR analysis of RyR3 mRNA (n=5-6; 

combined from two individual experiments).  

(D) Scrb or RyR3 KD (MOI = 3) SNCA-3X DA neurons were sequentially extracted and analyzed for soluble and 

insoluble GCase. Western blot of day 90 3x-1 neurons is shown as a representation. Right, percentage of insoluble 

GCase and GCase maturation in RyR3 KD neurons (n=3).  

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ****p < 0.0001; ns = not significant, using 

student’s unpaired t-test (panels A, C, D) or ANOVA with Tukey’s post-hoc test (panel B). 
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The failure to rescue lysosomal GCase activity by RyR inhibition, despite the elevation of 

properly folded, soluble ER GCase, suggests that factors downstream of the ER may inhibit 

hydrolase trafficking. Our previous work showed that a-syn inhibits GCase trafficking by 

preventing ER-Golgi vesicle fusion through impeding the function of the SNARE protein ykt6 

(Cuddy et al., 2019). Further, farnesyltransferase inhibitors (FTIs) can restore ykt6 activity, 

thereby improving GCase trafficking and lysosomal activity in PD neurons (Cuddy et al., 2019). 

Therefore, we next determined whether enhancing ER-to-Golgi vesicle fusion, together with ER 

proteostasis, could cooperate to rescue GCase activity and reduce pathological a-syn levels. We 

found that treatment with FTI (LNK-754) and DILT resulted in a significant increase of GCase 

maturation compared to each compound alone in both H4 WT a-syn overexpressing cells and 

SNCA-3X DA neurons (Figure 4-5 A; Figure 4-6 A). This effect was not additive but synergistic, 

since the percent increase caused by FTI + DILT was greater than the sum of the enhancement 

by each individual compound alone (Figure 4-6 B). This is consistent with fact that each 

compound targets a distinct portion of the proteostasis pathway. To determine if improved 

folding and trafficking of GCase out of the ER could restore ER morphology, we measured ER 

profile lengths and ER area using EM in treated patient DA neurons. We found that FTI + DILT 

treatment substantially increased both ER length and area, consistent with increased GCase 

solubility and function (Figure 4-6 C). FTI + DILT treatment also elevated functional, soluble 

forms of GCase in both whole-cell lysates and live-cell in situ lysosomal assays (Figure 4-5 B; 

Figure 4-6 D). Importantly, the GCase activity enhancement was sufficient to synergistically 

reduce both soluble and insoluble a-syn in both H4 WT a-syn overexpressing cells and SNCA-

3X DA neurons (Figure 4-5 C; Figure 4-6 E-G). Finally, we confirmed these results by genetic 

manipulations, by either combining RyR3 KD with FTI, or DILT with expression of ykt6-CS 
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that cannot be farnesylated (Cuddy et al., 2019). These combinations could effectively enhance 

GCase trafficking and reduce a-syn better than either treatment alone (Figure 4-8) in both cell 

lines and patient neurons. Our data suggests that simultaneous enhancement of two critical 

proteostasis branches, ER proteostasis and downstream trafficking pathways, provides a more 

effective rescue of GCase function compared to either treatment alone, resulting in a reduction of 

pathological a-syn in patient neurons.  

 

Figure 4-5. Combining ER proteostasis and trafficking enhancers synergistically improves GCase function 

and reduces a-syn in H4 WT a-syn overexpressing cells. 

To synergistically enhance ER proteostasis and ER-Golgi protein trafficking, H4 WT a-syn overexpressing cells 

were treated for 5 days with vehicle, 5nM farnesyl transferase inhibitor (FTI), 25µM DILT, or an FTI+DILT 
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combination.  

(A) H4 cells were analyzed for GCase maturation and a-syn levels via western blot. GAPDH and Coomassie are 

shown as loading controls. Right, quantification of GCase maturation (n=3 per condition, combined from 3 

individual experiments for n=9 total). 

(B) Whole-cell GCase activity in treated H4 cells (n=5 per condition).  

(C) Analysis of a-syn (antibody 211) levels normalized to Coomassie from the blot in panel A. 

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, using 

ANOVA with Tukey’s post-hoc test.  
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Figure 4-6. Synergistic enhancement of lysosomal GCase by simultaneous improvement of ER proteostasis 

and trafficking restores ER morphology and reduces a-syn in SNCA-3X DA neurons. 

To synergistically enhance ER proteostasis and ER-Golgi protein trafficking, SNCA-3X DA neurons were treated 

with vehicle, 5nM FTI, 25µM DILT, or an FTI+DILT combination.  

(A) GCase maturation of day 90 3x-1 DA neurons treated with FTI+DILT for 2 weeks was analyzed by western 

blot. Coomassie is shown as a loading control. Right, quantification of GCase maturation for the 2-week treatment is 

combined from day 90 3x-1 (n=2) and 3x-2 (n=3) neurons; quantification for the 4-week treatment is from day 120 

3x-1 neurons only (n=3).  

(B) Analysis of the effect on GCase maturation due to each individual compound and the combination treatment. 

(C) Day 90 3x-2 DA neurons were treated with FTI+DILT for 2 weeks and ER morphology was assessed by TEM 

imaging. Examples of ER segments are highlighted in red. Scale bar, 1µm. Right, quantification of the length and 

area of each clearly identifiable ER segment (n=3 cells for vehicle condition, n=9 cells for FTI+DILT condition; 

each data point on the scatter plot indicates a measured ER segment). 

(D) Left, whole-cell GCase activity of treated 3x-1 and 3x-2 lysates from panel A (n=5). Right, live-cell lysosomal 

GCase activity of veh or FTI+DILT treated 3x-2 DA neurons (n=4-5). GCase activity in healthy control neurons 

(Est. Ctrl) is shown as a comparison (n=7). 

(E) The blot from panel A was sequentially probed with 211 and 303 anti-a-syn antibodies. GAPDH is shown as a 

loading control. Right, quantification of total and pathological a-syn levels normalized to Coomassie in day 90 3x-1 

(n=2) and 3x-2 (n=3) neurons treated with FTI+DILT for 2 weeks. 

(F) Day 90, 3x-2 DA neurons treated with FTI+DILT for 2 weeks were sequentially extracted, and the Triton X-

100-insoluble fractions were analyzed by western blot for a-syn. Membranes were sequentially probed with syn211 

and syn303 anti-α-syn antibodies. Irrelevant lanes were cropped out from the blot and are indicated with a dashed 

line. Right, quantification of total and pathological a-syn levels normalized to Coomassie. 

(G) The effect of each individual compound and the combination treatment on a-syn levels (antibodies 211 and 

303) in SNCA-3X DA neurons was analyzed as in panel B.  

For all quantifications, values are mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, using 

student’s unpaired t-test (panels B, C, D, G) and ANOVA with Tukey’s post-hoc test (panels A, D, E, F). 
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Figure 4-7. Combined enhancement of ER proteostasis with trafficking by genetic manipulations improves 

GCase proteostasis and reduces a-syn. 

(A) H4 WT a-syn overexpressing cells were lentivirally infected with vector (vect) or ykt6-CS and treated with 

DILT in combination (MOI = 3, 5-day treatment). Sequential extraction and western blot analysis of GCase and 

soluble and insoluble a-syn was performed. Blotting for ykt6 was done to confirm successful overexpression. 

Coomassie is shown as a loading control. Analysis of GCase maturation and soluble and insoluble a-syn levels are 

shown (n=3).  
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(B) Western blot analysis of GCase and soluble and insoluble a-syn in 3x-1 DA neurons overexpressing ykt6-CS in 

combination with DILT treatment (MOI = 3, 2-week treatment). Blotting for ykt6 was done to confirm successful 

overexpression. Coomassie is shown as a loading control. Right, quantifications of GCase maturation and soluble 

and insoluble a-syn levels.  

(C) GCase maturation in RyR3 KD 3x-1 DA neurons in combination with 5nM FTI treatment was analyzed by 

western blot (MOI=3, 2-week treatment). Coomassie is shown as a loading control. Bottom, quantification of GCase 

maturation (n=3).  

For all quantifications, values are mean ± SEM, *p < 0.05; **p<0.01, using student’s unpaired t-test (panels B, C) or 

ANOVA with Tukey’s post-hoc test (panel A). 

 

DISCUSSION 

The unique finding that insoluble GCase accumulates in PD patient neurons prompted us 

to examine the effect enhancing its solubility on lysosomal function. Our data indicates that 

enhancing ER proteostasis with diltiazem (DILT), dantrolene (DANT), or DHBP, three 

established methods of enhancing ER folding capacity (Ong et al., 2010), can promote GCase 

folding and solubility (Figures 4-2, 4-3). However, the downstream therapeutic effects of 

enhancing this pathway alone were marginal. We observed only mild elevations in GCase 

maturation, and no change in lysosomal activity or a-syn levels in patient neurons. This marginal 

rescue was due to the previously established effects of a-syn inhibiting protein trafficking 

downstream of the ER (Cooper et al., 2006; Cuddy et al., 2019; Gitler et al., 2008). Our previous 

work showed that enhancement of protein trafficking can be achieved with a clinically-validated 

FTI that activates lysosomes by enhancing the ER-Golgi SNARE protein ykt6 (Cuddy et al., 

2019).  Interestingly, FTIs have been shown to activate lysosomes and reduce pathology in other 

neurodegenerative disease models characterized by tau accumulation (Hernandez et al., 2019). 

We show that enhancing ER proteostasis and simultaneously targeting downstream trafficking 

pathways can effectively improve GCase maturation and reduce pathological a-syn (Figures 4-5, 
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4-6, 4-7). Enhancement of the lysosomal pathway, and proteostasis in general, holds promise as a 

disease-modifying therapeutic strategy for synucleinopathies as well as other protein aggregation 

diseases. Our study provides a novel method for simultaneously targeting multiple branches of 

the proteostasis pathway, including folding, trafficking and degradation, to restore balance in PD 

patient neurons. Therapeutic enhancement of multiple proteostasis pathways may provide 

optimal benefit in PD, given the pleiotropic deleterious effects of a-syn accumulation in multiple 

subcellular locations. Furthermore, combining two distinct treatments that target distinct cellular 

pathways may enable administration of lower doses of each drug, which would limit compound 

toxicity if these treatments should progress to the clinic. 
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CHAPTER 5 

 
Summary and Discussion 

	
 

5.1 Importance of understanding the molecular etiology of Parkinson’s disease 

Parkinson’s disease (PD) was first medically described in 1817 by James Parkinson, who 

noted many of the symptoms that are used to clinically diagnose patients today: resting tremor, 

shuffling gait, muscular rigidity, and a propensity to bend the trunk forward (Parkinson, 2002). 

Early treatments for PD were based on empirical observations, with anticholinergic drugs being 

used as early as the nineteenth century. Since the discovery of dopaminergic deficits in PD, 

treatment options changed to dopamine replacement therapy. The development of levodopa (L-

DOPA) in the late 1960s represents one of the biggest breakthroughs in the medical field. This 

drug, which is capable of crossing the blood-brain-barrier, is broken down into dopamine in the 

brain and is primarily used to alleviate some of the symptoms of PD. As of today, no treatment 

exists against PD development or progression. Additionally, diagnosis of PD tends to occur once 

symptoms have already appeared, by which point it is estimated that 70-80% of the 

dopaminergic neurons in the brain have been lost (El-Agnaf et al., 2006). Currently, no definitive 

diagnostic test exists for PD and significant efforts have been made to find reliable molecular 

biomarkers. Therefore, understanding the mechanisms that lead to the development and 

progression of this debilitating disease are crucial for the development of potential biomarkers 

and therapies that are capable of treating not only the symptoms but also to stop or possibly 

reverse the disease.  

Current experimental models for PD are predominantly genetic or neurotoxin-based, and 

many human cell lines and animal models involve artificial genetic manipulation strategies 
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which do not fully represent human pathology. Furthermore, perhaps one of the largest caveats 

of studying a neurodegenerative disease is the time factor. PD is a progressive condition and is 

considered to be a disease of the aging. Therefore, no current model can fully and accurately 

recapitulate what happens in the aging human nervous system during PD. The development of 

stem cell technology and human induced pluripotent stem cells (iPSCs) has permitted the 

generation of neuronal cells from individual patients, allowing the study of disease-specific 

phenotypes and cellular vulnerabilities that underlie disease. Furthermore, since the majority of 

PD cases are sporadic in nature, iPSC technology offers the opportunity to study such cases, 

which is crucial for the understanding of cellular pathogenic phenotypes that are relevant to the 

majority of PD patients. However, as with any model that exists in a dish, a major disadvantage 

of using iPSC models is that they cannot fully recapitulate the complex interactions that occur 

between different cell types during neurodegeneration.  

In this dissertation, we utilized PD patient-derived iPSC midbrain dopaminergic neuron 

models to gain mechanistic insights into the development of PD. Since a-syn plays a large role 

in the pathogenesis of PD, we chose to utilize samples from PD patients that harbor a genetic 

triplication (3X) in the SNCA genomic region. The SNCA-3X leads to natural overexpression of 

the wild-type a-syn protein. However, the molecular mechanisms by which the overabundance 

of the wild-type protein leads to a pathological condition are not fully understood.   

 

5.2 Connecting a-syn pathology to lysosomal dysfunction  

The regulation of protein expression, folding, transport, and clearance, also known as 

proteostasis, is critical for proper cellular function and health. Disruption of any of these steps, 

which may occur due to genetic factors or the natural aging process, poses a challenge for the 
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cell machinery responsible for maintaining proteostasis. Therefore, gaining a mechanistic 

understanding in how proteostasis is mismanaged due to the overabundance of a critical protein 

can open new avenues for therapeutic targets that may be beneficial for PD and other 

neurodegenerative diseases characterized by protein accumulation and aggregation. 

A53T and other familial-linked SNCA point mutations that result in the accelerated 

oligomerization or fibrillization of a-syn (Conway et al., 1998; Ghosh et al., 2013; Greenbaum 

et al., 2005; Rutherford et al., 2014) are well known to lead to familial Parkinson’s disease (PD) 

(Polymeropoulos et al., 1997). However, the discovery of familial PD patients with duplications 

(2X) or triplications (3X) in SNCA strengthens the detrimental role that wild-type α-syn plays in 

disease pathogenesis. The finding that wild-type a-syn overexpression in SNCA-2X / 3X leads to 

the accumulation of the protein into insoluble Lewy inclusions suggests that the balance between 

synthesis and degradation of a-syn is disrupted in the PD brain. The molecular mechanism by 

which this proteostasis dysfunction occurs remains unsolved in the PD field. 

There is converging evidence that the autophagy-lysosomal pathway plays an important 

role in the clearance of both physiological and pathological forms of a-syn (Cuervo et al., 2004; 

Lee et al., 2004; Vogiatzi et al., 2008), suggesting that there is a close relationship between 

lysosomal dysfunction and a-syn-induced toxicity. Perhaps the most critical evidence for 

lysosomal dysfunction in PD came from the discovery that loss-of-function mutations in GBA1, a 

gene that encodes the lysosomal hydrolase b-glucocerebrosidase (GCase), represent the greatest 

genetic risk factor for the development of PD. Although the loss of GCase function plays an 

important role in Gaucher’s disease (GD) and GBA1-PD, studies have shown that sporadic PD 

brains exhibit a decline in wild-type GCase activity that is associated with aging (Gegg et al., 
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2012; Murphy et al., 2014; Rocha et al., 2015), suggesting a broader role for GCase dysfunction 

in PD.  

In this study, we generated novel iPSC-derived midbrain DA neuron models (Figure 2-2) 

from PD patients that harbor wild-type SNCA triplications. To allow for the a-syn phenotype to 

develop, we aged these neurons in culture for 60-90 days. Several major advantages of this type 

of model are that it is human patient-derived, it utilizes the cells that are vulnerable and specific 

to disease pathology, and that it involves the natural development of a-syn pathology without 

artificial genetic or chemical manipulation as traditionally used in mouse models of PD. 

Although iPSC-derived DA neurons are a beneficial tool to study the initial stages of a-syn 

aggregate formation prior to cell death, it is important to recognize that the several months of 

aging of these neurons is not equivalent to the decades long aging of the human PD brain.  

The combination of genetic susceptibility and aging in vitro allows the opportunity for 

disease-specific phenotypes to emerge. Here, we show that aged SNCA-3X DA neurons 

accumulate a-syn and form insoluble a-syn aggregates within the cell body as well as neurites 

(Figure 2-3). Additionally, SNCA-3X DA neurons, which harbor wild-type GCase, exhibit an 

age-dependent decline in lysosomal GCase function (Figure 2-4). Taken together, these findings 

indicate that our models recapitulate several important features of the PD brain. In agreement 

with numerous previous findings (Cooper et al., 2006; Gitler et al., 2008; Gosavi et al., 2002; 

Mazzulli et al., 2011; Mazzulli et al., 2016; Thayanidhi et al., 2010), we found that loss of 

lysosomal GCase function occurs through a-syn impeding the maturation of GCase through the 

ER-Golgi portion of the secretory pathway, thereby redistributing GCase away from lysosomal 

compartments (Figure 2-4). To determine the specificity of a-syn to lysosomal dysfunction, we 
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generated and characterized novel isogenic control SNCA-3X iPSC-derived DA neurons that 

were depleted of a-syn (Figure 2-5) and found that the specific reduction in a-syn is sufficient to 

improve the maturation and lysosomal activity of GCase (Figure 2-6). Collectively, these 

findings offer further insights into the mechanistic link between a-syn accumulation and the 

functional loss of wild-type GCase. 

Recent evidence suggests that a reduction in GCase activity accelerates the progression 

and symptoms of PD (Suzuki et al., 2015). However, aging is still considered to be the most 

critical risk factor for synucleinopathies. In addition to this, the finding that GCase activity 

gradually declines with aging in healthy subject control brains strongly suggests that progressive 

lysosomal dysfunction occurs with the natural aging process (Rocha et al., 2015). Therefore, it 

would be important for future studies to further investigate how subtle and chronic perturbations 

in the proteostasis machinery can generate cellular pathology in the context of both healthy and 

synucleinopathy brains. 

 

5.3 Identification of an unexpected ER proteostasis phenotype due to wild-type a-syn 

pathology  

 It is well established that in GD, both N370S and L444P mutant forms of GCase get 

retained in the ER and activate the UPR and ERAD (Bendikov-Bar et al., 2011; Maor et al., 

2013; Ron and Horowitz, 2005). Interestingly, GD severity has been correlated with the levels of 

misfolded GCase in the ER (Ron and Horowitz, 2005). Previous studies have also shown that the 

accumulation of GCase’s substrate GluCer can cause ER dilation (Farfel-Becker et al., 2014; 

Korkotian et al., 1999), a well-characterized morphological alteration due to ER dysfunction. In 

addition, GluCer accumulation is thought to cause the loss of calcium from ER stores, possibly 
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contributing to ER proteostasis dysfunction (Korkotian and Segal, 1999; Lloyd-Evans et al., 

2003; Pelled et al., 2005). Here, we show that in contrast to the ER morphological changes seen 

with mutant GCase, PD patient midbrain neurons that harbor wild-type GCase and accumulate 

the hydrolase in the ER exhibit shorter ER length profiles and overall a less elaborate and 

interconnected ER network (Figure 3-3). Such morphological features have previously been 

documented in cells undergoing ER stress, possibly due to fragmentation of the ER compartment 

(Ha et al., 2020). Recent findings suggest that the ER can be remodeled by a process called ER-

phagy, a process that degrades the ER using autophagic machinery, and that this process is 

upregulated under ER stress (Dikic, 2018; Grumati et al., 2018; Hubner and Dikic, 2020). 

Whether the ER morphological changes we observed in SNCA-3X DA neurons occur due to 

alterations in ER-phagy will be of importance for future studies.  

 In addition to mechanisms that involve loss of GCase function, our results demonstrate 

that a gain-in-toxic function of GCase may be a potential mechanism for cellular toxicity.  

Unlike in GD models, where the ER accumulation of immature mutant GCase leads to its rapid 

degradation by ERAD / UPS, we made the interesting observation that the ER accumulation of 

immature wild-type GCase in SNCA-3X neurons leads to the formation of insoluble GCase 

aggregates (Figure 3-1; Figure 5-1). Moreover, we found that this aggregation phenotype is not 

specific to GCase but rather includes other lysosomal enzymes such as Cathepsin D (Figure 3-2). 

We confirmed these findings in human DLB and PD brains (Figure 3-1; Figure 3-2). The 

accumulation of lysosomal hydrolases into insoluble aggregates has not been previously 

documented in neurodegenerative diseases.  For instance, it is well known that in fibroblasts 

containing mutations in LIMP2, the receptor that is involved in trafficking GCase to lysosomes, 

wild-type GCase does not accumulate nor aggregate but instead is secreted into the media 



120 
(Reczek et al., 2007). Additionally, the abnormal trafficking of lysosomal enzymes in the severe 

lysosomal storage disorder Inclusion-Cell disease, also leads to their secretion into the media 

rather than their aggregation (Wiesmann et al., 1971a). Therefore, our study is the first to show 

that the lysosomal hydrolase aggregation phenotype is unique to synucleinopathies. It will be of 

interest to examine the factors that induce aggregation of GCase, cathepsin D, and other 

hydrolases in proteinopathies beyond PD and DLB that are characterized by lysosomal 

dysfunction. We hypothesized that the aggregation phenotype likely occurs due to defects in 

ERAD or its machinery which is exacerbated by a-syn overexpression (Figure 3-7; Figure 3-8; 

Figure 5-1), but the precise mechanistic role by which a-syn could lead to these defects remains 

to be determined by future studies. This may illuminate novel therapeutic opportunities centered 

on enhancing lysosomal function by targeting protein folding / degradation in the ER, promoting 

soluble enzymes that can be delivered to the lysosome.  

Chronic ER accumulation of proteins can overwhelm the proteostasis machinery and 

result in ER stress and activation of the unfolded protein response (UPR). For instance, the 

upregulation of ER-resident chaperones is indicative of ER stress induction as the cell attempts 

to restore ER proteostasis. However, severe or chronic ER stress can lead to a signaling switch 

favoring cell death rather than survival. Therefore, proper protein folding and quality control in 

the ER is vital and is particularly important for post-mitotic cells such as neurons. The presence 

of ER stress in PD has been well documented in various cellular, in vivo, and brain models 

(Chung et al., 2013; Colla et al., 2012a; Hoozemans et al., 2007), and increased levels of the 

chaperones GRP78 and CANX have been previously documented in GBA1-PD iPSC-derived 

midbrain neurons and drosophila models (Fernandes et al., 2016; Garcia-Sanz et al., 2017; 

Sanchez-Martinez et al., 2016). We confirmed these findings in our GBA1 mutant DA neuron 
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models by showing increased levels of GRP78, GRP94 and CANX expression relative to healthy 

control neurons (Figure 3-3). To our surprise, we found that ER chaperones were only mildly 

elevated by a-syn overexpression in SNCA-3X DA neurons, and that this elevation was not due 

to induction of any of the UPR pathways (Figure 3-3; Figure 3-4). These findings were 

unexpected given that we observed the accumulation and aggregation of immature GCase in the 

ER. Furthermore, it is well established that the increased load on the ER posed by the 

accumulation of immature or misfolded proteins leads to expansion of the ER through UPR 

signaling pathways. In line with our negative UPR results, we found that the ER is fragmented 

and that its overall area is decreased (Figure 3-3). It is important to note that although activation 

of canonical UPR signaling has been previously detected in various cellular PD models, ours is 

the first to study the UPR in PD patient-specific midbrain dopaminergic neurons. Additionally, 

while UPR induction is present in post-mortem PD brains and indicates the importance of ER 

stress in PD, one must consider whether the simple post-mortem aspect contributes to this 

induction.  Consequently, it is of importance that we examined UPR signaling during phases of 

a-syn pathology but preceding neurotoxicity. 

Next, we conjectured that SNCA-3X neurons are not capable of activating the UPR. To 

test this, we pharmacologically activated the UPR by treating neurons using two well-established 

ER stressors, thapsigargin (Tg) or brefeldin A (BFA). We observed similar levels of induced ER 

stress-related proteins and successful activation of the PERK and IRE1 UPR arms between Tg / 

BFA treated SNCA-3X and isogenic and healthy controls DA neurons (Figure 3-5; Figure 3-6), 

indicating that SNCA-3X neurons can successfully sense stressful conditions and activate the 

UPR. Broadly, our results indicate that the ER deals with wild-type and mutant GCase by 

utilizing different mechanisms, however further investigation of the factors that regulate these 
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mechanisms will be necessary. The UPR is a highly sensitive system, and it is likely that the ER 

is able to successfully detect mutant GCase due to its rapid accumulation and high propensity to 

misfold. On the other hand, the steady build-up of wild-type GCase in the ER due to a-syn 

accumulation appears to evade the UPR’s detection, perhaps due to disruptions caused by a-syn. 

A similar scenario exists with the glycoprotein alpha-1-antitrypsin (AT), mutations in which 

cause liver disease and emphysema. Severe mutations in AT lead to its ER accumulation and 

rapid degradation by ERAD due to activation of the UPR. However, less severe AT mutants 

cause the protein to accumulate and aggregate in the ER compartment without activation of the 

UPR (Hidvegi et al., 2005). Together with our results, these findings strongly suggest that the 

machinery that is responsible for UPR activation may be able to distinguish the physical 

characteristics (e.g., monomers versus polymers) of ER accumulated proteins. 

One important question that arises from our studies is whether a-syn itself can directly 

cause perturbations of the ER compartment. Ultrastructural analysis of neurons from A53T 

mutant a-syn mice shows the severe dilation of the ER cisternae (Colla et al., 2012a), suggesting 

that a-syn itself can alter the ER morphology possibly through abnormally localizing to the ER 

compartment (Bellucci et al., 2011; Colla et al., 2012a; Colla et al., 2018). Co-

immunoprecipitation studies indicate the ability of a-syn to interact with ER chaperones 

including GRP78 and GRP94 (Bellucci et al., 2011; Colla et al., 2012a), providing an 

explanation for how a-syn might disrupt the morphology and consequently proper function of 

the ER. Our results further add to these previous studies, by confirming that a-syn accumulation 

leads to its aberrant localization to the ER and increases its interaction with CANX and GRP94 

in SNCA-3X DA neurons (Figure 3-9; Figure 3-10), thus sequestering them from their proper 
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function. It may be postulated that simply the elevated levels of a-syn increase the probability of 

its interaction with ER chaperones. However, the selective interaction of a-syn with ykt6 but not 

with other ER-Golgi trafficking components (e.g., Rab1a, sec22b, syntaxin 5, bet1) (Cuddy et 

al., 2019; Mazzulli et al., 2016) makes this possibility less likely.  

 

5.4 Repurposing drugs for new targets in disease 

The unusual discovery that a-syn accumulation leads to wild-type GCase misfolding and 

aggregation in the ER presents novel therapeutic opportunities focused on restoring proper 

GCase folding and solubility. A majority of studies have focused on enhancing mutant GCase 

proteostasis, primarily at the early portion of the secretory pathway such as the ER. For instance, 

proteasome inhibitors can function as ER proteostasis regulators through inhibition of GCase 

degradation via ERAD as well as through enhancing expression of endogenous chaperones (Mu 

et al., 2008). Other proteostasis regulators, such as compounds that increase ER calcium levels 

(e.g., diltiazem, dantrolene, or DHBP) enhance the activity of calcium-dependent chaperones and 

have shown positive rescue effects in models of mutant GCase (Liou et al., 2016; Ong et al., 

2010). Studies using diltiazem, an FDA-approved drug for the treatment of high blood pressure, 

have shown that the interaction between GCase and CANX is ER calcium dependent (Ong et al., 

2010), suggesting that such compounds may be beneficial for repurposing in the context of PD 

and wild-type GCase accumulation. We tested this hypothesis in two models of a-syn 

overexpression, inducible H4 neuroglioma cells and PD patient neurons. Treating cells with 

diltiazem, dantrolene, or DHBP enhanced ER chaperone activity, sufficiently restored GCase 

solubility and folding, and subsequently partially enhanced GCase maturation (Figure 4-2; 

Figure 4-3; Figure 5-1). However, we found that ER proteostasis / chaperone enhancement was 
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not able to fully restore lysosomal GCase activity (Figure 4-2), which we hypothesized occurred 

due to a-syn’s impediment of downstream trafficking to the Golgi. Combining diltiazem with 

FTI, a clinically-validated small molecule that enhances ER-Golgi trafficking, lead to a robust 

increase in GCase maturation and lysosomal GCase function that was sufficient to reduce 

pathological a-syn levels (Figure 4-5; Figure 4-6; Figure 5-1). Collectively, our studies indicate 

the importance of targeting the ER in a-syn / GCase pathology since it addresses the root of the 

problem. Furthermore, based on our studies involving UPR defects, it is also possible that further 

development of ER proteostasis regulators that exploit and enhance the UPR machinery may be 

beneficial for synucleinopathies regardless of the GBA1 phenotype. Additionally, such 

proteostasis regulators may also be viable strategies for other lysosomal storage diseases 

characterized by loss-of-function mutations. The combination enhancement of ER proteostasis 

and trafficking suggests that simultaneous targeting of multiple portions of the proteostasis 

pathway results in greater therapeutic benefit (Figure 5-1). Collectively, our results present a 

novel therapeutic strategy for PD and other age-related neurodegenerative diseases characterized 

by a proteostasis imbalance.  
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Figure 5-1. Schematic overview of proteostasis dysfunction and rescue in PD patient neurons that accumulate 

wild-type a-synuclein. A pathogenic cascade is triggered upon a-synuclein (a-syn) accumulation at the ER, 

leading to ER fragmentation, failure of UPR activation, and accumulation and aggregation of immature b-

glucocerebrosidase (GCase) (1, 2). Enhancing ER folding capacity promotes the formation of soluble, properly 

folded GCase, while combined treatment with protein trafficking enhancers rescues lysosomal function and reduces 

pathological a-syn (3). 

	
	
5.5 Additional molecular mechanisms of a-syn toxicity  

 Although the pathogenesis of PD undoubtedly involves defects in protein trafficking and 

lysosomal dysfunction, studies implicate a multitude of additional pathways in PD pathology 

including mitochondrial dysfunction and oxidative stress, autophagic dysfunction and disrupted 

calcium homeostasis.  

 Mitochondria play pivotal roles in preserving proper cellular function. These organelles 

generate adenosine triphosphate (ATP) through the electron transport chain (ETC), which is a 

source of energy that is fundamental for the support of many biochemical functions within cells. 

Mitochondria also maintain their integrity through their own quality control system that includes 
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mitochondrial chaperones important for protein folding and proteolytic enzymes important for 

protein degradation. Furthermore, the bioenergetic capacity and maintenance of mitochondrial 

proteostasis are both highly dependent on the fusion and fission dynamics of mitochondria. 

Therefore, it is not surprising that disruptions in mitochondrial integrity or function are 

implicated in neurodegeneration.  

 Many of the genes responsible for the onset of familial forms of PD, such as PINK1, 

Parkin, and DJ-1, play a role in mitochondrial integrity and function. For instance, PINK1 and 

Parkin play important roles in initiating mitophagy, a process that involves the autophagic 

clearance of damaged mitochondria via lysosomes (Narendra et al., 2008; Youle and Narendra, 

2011). Loss-of-function mutations in PINK1/Parkin are well-known to lead to defects in 

mitochondrial morphology and ATP production and increased sensitivity to reactive oxygen 

species (ROS), which form as a by-product of the respiratory chain (Gautier et al., 2008; Wood-

Kaczmar et al., 2008). Wild-type DJ-1 is a sensor for ROS (Mitsumoto and Nakagawa, 2001; 

Taira et al., 2004) and PD-related loss-of-function mutations in the protein increase oxidative 

stress (Hao et al., 2010; Kim et al., 2005), collectively contributing to neurotoxicity. 

Interestingly, there is also evidence that mutations in GBA1 contribute to mitochondrial 

dysfunction. For instance, a decline in GCase activity due to mutations leads to impaired 

mitochondrial respiration and ATP production as well as morphological disruptions of the 

organelle (Cleeter et al., 2013; Osellame et al., 2013; Xu et al., 2014). These findings strongly 

support the notion that lysosomal function is important for proper mitochondrial function and 

highlight the important role of organellar crosstalk in sustaining cellular health and homeostasis. 

 There is a large amount of evidence from in vivo and in vitro PD models that highlights 

the effect of a-syn aggregation on mitochondrial morphology and function. For instance, the 
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overexpression of WT or A53T mutant a-syn has been shown to cause mitochondrial 

fragmentation (Butler et al., 2012; Guardia-Laguarta et al., 2014; Nakamura et al., 2011; Pozo 

Devoto et al., 2017; Xie and Chung, 2012; Zambon et al., 2019), while a-synuclein depletion can 

restore mitochondrial length (Kamp et al., 2010; Pozo Devoto et al., 2017). These results are 

similar to our observations of ER fragmentation in SNCA-3X DA neurons and suggest that a-syn 

can influence organelle size and integrity. The exact process by which a-syn may do this is yet 

to be understood, but the biophysical properties of membranes and a-syn’s ability to bind lipids 

(Middleton and Rhoades, 2010) are plausible mechanisms.  

 The proper control of ATP production is perhaps even more important for dopaminergic 

neurons, as they are some of the most energy-requiring cells in the human body due to their 

extensive synaptic connections. PD patient brains exhibit functional abnormalities in complex I 

and III of the mitochondrial electron transport chain (ETC) (Haas et al., 1995; Parker et al., 

1989) (Schapira et al., 1989), which leads to decreased ATP generation and increased ROS 

production. Confirming these findings, PD models of a-syn overexpression indicate reduced 

activity of complex I and IV of the ETC, possibly through direct binding, and increased ROS 

production (Chinta et al., 2010; Devi et al., 2008; Di Maio et al., 2016). Like many biochemical 

processes that require ATP for proper function, the ER imports ATP and uses energy from ATP 

hydrolysis to achieve protein folding and trafficking of proteins to the Golgi. Therefore, a decline 

in mitochondrial respiration due to a-syn can negatively affect ER function and lead to increased 

accumulation of misfolded proteins collectively contributing to neurotoxicity. 

 Although the direct mechanisms by which a-syn can alter mitochondrial morphology 

remain to be further investigated, one possibility is through the aberrant localization and 
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association of a-syn to mitochondria. For one, mitochondria within the substantia nigra and 

striatum of post-mortem PD brains accumulate a-syn (Devi et al., 2008). More recently, a-syn 

has been found to specifically localize to mitochondria-associated membranes (MAMs) of 

neurons (Guardia-Laguarta et al., 2014). MAMs bridge the mitochondria to the ER and play an 

important role in calcium transport and lipid metabolism between the two organelles. Both WT 

and mutant (A53T, A30P) forms of a-syn can interact with MAM tethering proteins and disrupt 

MAM formation, leading to defects in cellular calcium regulation (Paillusson et al., 2017). 

Moreover, a-syn-MAM interactions disrupt mitochondrial ATP production (Paillusson et al., 

2017), providing a more direct potential mechanism for how a-syn itself can lead to ER 

proteostasis dysfunction downstream.  

 

5.6 Final remarks 

 The etiology of PD is likely multifactorial and involves the interplay of genetics, aging, 

and the cellular environment. Findings from genetic studies have greatly enhanced our 

understanding of the processes involved in PD pathogenesis, including a-syn accumulation and 

organellar dysfunction. Indeed, multiple organelles are affected by a-syn toxicity, making it 

more difficult to decipher which insults are the first to occur during pathology. Moreover, the 

wide crosstalk between organelles and vicious cycles that occur when one becomes 

dysfunctional further complicate the understanding of PD pathogenesis. Therefore, a thorough 

understanding of the basic molecular processes that occur in health and disease will be necessary 

for the development of future therapeutic targets to treat this complex disease.   
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ABSTRACT 

a-Synuclein (a-syn) aggregation is a key event in Parkinson’s disease (PD). Mutations in 

glycosphingolipid (GSL)-degrading glucocerebrosidase are risk factors for PD, indicating that 

disrupted GSL clearance plays a key role in a-syn aggregation. However, the mechanisms of 

GSL-induced aggregation are not completely understood. We document the presence of 

physiological a-syn conformers in human midbrain dopamine neurons and tested their 

contribution to the aggregation process. Pathological a-syn assembly mainly occurred through 

the conversion of high molecular weight (HMW) physiological a-syn conformers into compact, 

assembly-state intermediates by glucosylceramide (GluCer), without apparent disassembly into 

free monomers. This process was reversible in vitro through GluCer depletion. Reducing GSLs 
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in PD patient neurons with and without GBA1 mutations diminished pathology and restored 

physiological a-syn conformers that associated with synapses. Our work indicates that GSLs 

control the toxic conversion of physiological a-syn conformers in a reversible manner that is 

amenable to therapeutic intervention by GSL reducing agents. 

 

CONTRIBUTIONS 

● Contributed by performing transmission electron microscopy studies that appear in 

Figure 1C, D and Supplemental Figure 1G-J of the manuscript (termed Figure S1-1 and 

S1-2, respectively, in this dissertation), showing the accumulation of vesicles and 

fibrillogranular material within enlarged vacuoles in iPSC-derived dopaminergic neurons 

treated with the b-glucocerebrosidase inhibitor conduritol-b-epoxide (CBE). 

● Contributed by performing immuno-electron microscopy studies that appear in 

Supplemental Figure 3F of the manuscript (termed Figure S1-3 in this dissertation), 

showing the close association of glucosylceramide with pathological forms of a-

synuclein. 
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Figure S1-1. GSL accumulation induces pathological a-syn aggregates in human midbrain iPSns. 

(A) iPSC-derived midbrain dopamine neurons from healthy control lines were treated for 2 or 7 days with GCase 

inhibitors CBE or IFG (50µM) and phosphate buffered saline (PBS) as a control. Neurons were subjected to 

sequential extraction followed by western blot using a-syn antibodies C-20 and syn303. b3-tubulin (tub) and 

GAPDH were used as loading controls. Right: quantification of the blots (n = 4). 

(B) Immunofluorescence analysis of a-syn- (red) or thioflavin S- (Thio S, green) positive neurons as diffuse (i) or 

punctated inclusions (ii) after a 7-day treatment with 50 µM CBE. Nuclei were detected with DAPI (blue). The 

arrow indicates a representative amyloidogenic inclusion. Scale bars, 5 µm. 

(C) Left: transmission electron microscopy (TEM) analysis of WT control iPSns showing normal morphology of 

vesicles in the cytoplasm (i and ii) and a close-up of membrane delimited electron lucent vesicles (iii). Scale bars, 1 

(i), 0.5 (ii), and 0.25 µm (iii). N, nucleus. Right: TEM analysis of 7-day CBE-treated WT iPSns showing 

accumulation of vesicles and multilamellar membrane inclusions (i, white arrow) or fibrillogranular material 

accumulating in enlarged vacuoles. (ii) shows a close-up of the fibrillar material indicated with the black arrow in 

(i). Scale bars, 200 (i) and 25 nm (ii). 

(D) Tubular (i) or fibrillar (ii and iii) accumulations indicated by black arrows within enlarged vacuoles of 7-day 

CBE-treated iPSns. Scale bars, 100 (i and iii) and 200 nm (ii). 

(E) Soluble lysates were analyzed by native SEC (inputs shown in A). HMW (#1–4) and monomeric fractions (#5–

10) were analyzed by western blot. Molecular radius is shown horizontally in angstroms (Å). 

(F) Quantification of western blot in (E) (n = 5). 

(G) Measurement of a-syn from CBE-treated iPSns by SEC/ELISA (soluble monomers or HMW species) or 

sequential extraction (total soluble or insoluble) (n = 4). For all quantifications, values are the mean ± SEM, *p < 

0.05. For all blots, MW is shown vertically in kilodaltons (kDa). 
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Figure S1-2. Lipid accumulation and pathological analysis of iPSn treated with GCase inhibitors and GD 

patient neurons.  

(A) iPSC midbrain cultures from healthy controls were treated with 50 µM conduritol-b-epoxide (CBE) or 

isofagomine (IFG) for 7 days. GCase activity was measured from whole-cell lysates from neurons treated with CBE 

or IFG, using an artificial GCase substrate that fluoresces upon cleavage, 4-MU-Gluc (n=4).  

(B) Hexosylsphingosine species were measured by high performance liquid chromatography- tandem mass 

spectrometry (HPLC-MS/MS) after CBE or IFG treatment and expressed as picomole substrate / micromole of 

inorganic phosphate (Pi).  

(C) HPLC-MS/MS measurement of hexosylceramide species separated by N-acyl fatty acid chain length after CBE 

or IFG treatment, expressed as pmol / mol Pi (n=4). Hexosylsphingosine and hexosylceramides include both 

glucosyl and galactosyl species, however glucosylceramides make up ca. 90% of the total hexosylceramide species 

in neuronal cultures.  

(D, E) HPLC-MS/MS measurement of ceramide or lactosylceramide species separated by N-acyl fatty acid chain 

length.  

(F) HPLC-MS/MS measurement of sphingolipids related to the glucosylceramide metabolic pathway, demonstrating 

specificity of CBE at the utilized time and concentration.  

(G) 2-day CBE-treated neurons demonstrate accumulation of annular structures within vacuoles (i, black arrowhead) 

that occasionally coalesce in a linear manner (i, double arrow head) and surround disrupted regions of the vacuole (i, 

white arrow head). Higher magnification of structures indicated by the white arrow (ii), a single annular structure of 

20nm in diameter with the appearance of a 2nm pore (iii), higher magnification of annular structures (iv), and linear 

alignment (v). Scale bars = 500nm (i), 50nm with 10nm ticks (ii, iv, v).  

(H) Left, TEM of H4 cells expressing a-syn treated with PBS. Scale bar = 100nm. Right, H4 cells treated with CBE 

for 5 days showing fibrillogranular inclusions. Scale bars = 500nm.  

(I) CBE-treated H4 cells depleted of a-syn through doxycycline addition demonstrate membrane accumulations of 

multilamellar structure (ii, iv) or electron lucent vacuoles (iii) in the absence of fibrillar material. Scale bars = 

500nm.  

(J) TEM analysis of GD patient neurons (N370S / c.84dupG) showing enlarged vacuoles containing multiple 

vesicular bodies (white arrowhead in panel (i), close up shown in panel (iii)), multilamellar body (white arrow in 

panel (i)), and a disrupted vacuole containing fibrillar material (black arrowhead in panel (i), close up shown in 

panel (ii) and fibrillar material shown in (iv). Scale bar = 1µm.  

(K) Elevated insoluble a-syn in GD iPSn. Sequential extraction of GD iPSC midbrain neurons (expressing N370S / 

c.84dupG mutations) by 1% Triton X-100 (soluble), then 2% SDS buffer (insoluble) followed by western blot 

analysis. GD samples were compared to two separate iPSC control lines previously characterized (Mazzulli et al., 

2016). The blots were quantified below (n=4). For all blots, the molecular weight is shown in kilodaltons. All 

quantifications represent the mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Supplemental Figure 3 linked to Figure 3 and 4. Conversion of D-syn species by GluCer in vitro and in neurons. 

A) GluCer directly converts D-syn into PK resistant species. Recombinant purified D-syn (E. coli derived) was 

incubated with GluCer or GluSph at pH 5.5 with sample agitation, followed by PK digest and western blot. (n=3, 

*p< 0.05, **p<0.01, GluCer compared to GluSph and PBS). B) Native dot blot analysis of recombinant D-syn 
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Figure S1-3. Conversion of a-syn species by GluCer in vitro and in neurons.  

(A) GluCer directly converts a-syn into PK resistant species. Recombinant purified a-syn (E. coli derived) was 

incubated with GluCer or GluSph at pH 5.5 with sample agitation, followed by PK digest and western blot. (n=3, 

*p< 0.05, **p<0.01, GluCer compared to GluSph and PBS).  

(B) Native dot blot analysis of recombinant a-syn mixed with GluCer using the same conditions as in A) showing 

increased reactivity with syn505. Three replicates are shown and quantified below. C-20 was used to detect total a-

syn.  

(C) Immunostaining analysis of iPSn treated with 50µM CBE for 2 or 7 days, with syn505 (red) and anti-GluCer 

antibodies (green). Nuclei are stained with DAPI in blue.  

(D) iPSn were analyzed for a-syn -GluCer colocalization using LB509 and anti-GluCer after 2 days of CBE 

treatment.  

(E) Quantification of neurons containing a-syn / GluCer colocalized puncta (n=3).  

(F) Immunoelectron microscopy analysis of 2-day CBE treated cells using syn505 (6 nm gold secondary) and anti-

GluCer (10 nm gold secondary). For all quantifications, values are the mean +/- SEM, *p<0.05, **p<0.01. Student’s 

t-test (B) or ANOVA with Tukey’s post-hoc test (A, E) was used for statistical analysis. 
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ABSTRACT 

Genome sequencing is often pivotal in the diagnosis of rare diseases, but many of these 

conditions lack specific treatments. We describe how molecular diagnosis of a rare, fatal 

neurodegenerative condition led to the rational design, testing, and manufacture of milasen, a 

splice-modulating antisense oligonucleotide drug tailored to a particular patient. Proof-of-

concept experiments in cell lines from the patient served as the basis for launching an “N-of-1” 

study of milasen within 1 year after first contact with the patient. There were no serious adverse 

events, and treatment was associated with objective reduction in seizures (determined by 
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electroencephalography and parental reporting). This study offers a possible template for the 

rapid development of patient-customized treatments. (Funded by Mila’s Miracle Foundation and 

others.) 

 

CONTRIBUTIONS 

● Contributed by performing transmission electron microscopy studies that appear in 

Figure 2D of the manuscript (termed Figure S2-1 in this dissertation), showing a 

reduction of intracellular vacuoles and lipid storage in Batten’s disease patient fibroblasts 

treated with the antisense oligonucleotide termed milasen. 
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FIGURES 

 
 
Figure S2-1. Antisense oligonucleotide drug development. 

(A) Location and chemistry of the ASOs that were designed to block the i6.SA splice acceptor site or exonic 

splicing enhancer (ESE) elements. (Additional details are provided in Table S1.) The ESE elements were predicted 

with RESCUE-ESE and ESEfinder. 2′-MOE denotes 2′-O-methoxyethyl, and 2′-OMe 2′-O-methyl.  

(B) Ratio of the normal exon 6–exon 7 (E6–E7) splicing to the abnormal exon 6–intron 6 (E6–i6) splicing 

(normalized to a no-transfection control), measured in patient fibroblasts that were transfected (for 24 hours at 100 

nmol per liter) as indicated. To measure splice isoform-specific levels, multiplex reverse-transcriptase polymerase 

chain reactions were conducted with isoform-specific primer sets, and then the intensity of the isoform-specific 

bands was quantified by gel electrophoresis (Fig. S6). “Scrambled” indicates a nontargeting oligonucleotide 

(TY772). 𝙸 bars indicate 95% confidence intervals of the means. P values were calculated by two-sided t-test.  
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(C) RNA sequencing (RNA-seq) analysis validation of the splice-correcting effect of milasen (TY777). For the 

calculation of the fraction of normal splicing (exon 6–exon 7), three other splicing events that are mutually exclusive 

with the normal splicing were considered. Splicing events supported by only one read are not shown. P values were 

calculated by Fisher’s exact test.  

(D) Intracellular vacuoles, visualized by electron microscopy, in control fibroblasts (MFSD8 wild-type human 

foreskin fibroblast; BJ cell line) and in patient fibroblasts that are either untreated or transfected with the indicated 

oligonucleotide. Scoring was performed on a scale of 0 to 5, with 0 representing the lowest and 5 representing the 

highest level of vacuole accumulation. 
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Supplementary Tables 

 
Table S1. Protocol for the differentiation of iPSCs to midbrain dopaminergic neurons. 
 

 

 

 
 
 

Volume Per Well Day Media Factors
0 KSR LDN, SB
1 KSR LDN, SB, SHH, PURM, FGF8a
2 KSR LDN, SB, SHH, PURM, FGF8a
3 KSR LDN, SB, SHH, PURM, FGF8a, CHIR
4 KSR LDN, SB, SHH, PURM, FGF8a, CHIR
5 3:1 KSR:SM1 LDN, SHH, PURM, FGF8a, CHIR
6 3:1 KSR:SM1 LDN, SHH, PURM, FGF8a, CHIR
7 1:1 KSR:SM1 LDN, CHIR
8 1:1 KSR:SM1 LDN, CHIR
9 1:3 KSR:SM1 LDN, CHIR

10 1:3 KSR:SM1 LDN, CHIR
11 SM1 CHIR, BAGTCD
12 SM1 CHIR, BAGTCD
13 SM1 BAGTCD
14 SM1 BAGTCD
15 SM1 BAGTCD

3 mL

4 mL

5 mL

6 mL

Factor Full  name Final 
Concentration Company

LDN LDN193189 100 nM Stemgent

SB SB431542 10 uM R&D

SHH Sonic Hedgehog 100 ng/ml R&D

PURM Purmorphamine 2 uM Stemgent

FGF8a Fibroblast growth factor 8a 100 ng/ml R&D

CHIR CHIR99021 3 uM Stemgent

B Brain derived neurotrophic factor 20 ng/ml R&D

A Ascorbic acid 0.4 uM Sigma

G Glial cell-derived neurotrophic 5 ng/ml R&D

T Transforming growth factor 1 ng/ml R&D

C Dibutyrul cyclic adenosine 500 uM Enzo / Santa Cruz / 

D DAPT 10 uM Stemgent
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Table S2. List of reagents and resources used in the study.  
 

REAGENT or RESOURCE SOURCE CATALOG # 
Antibodies 
Rabbit polyclonal anti-alpha synuclein (C-20)  Santa Cruz  Cat #sc-7011-R 

RRID: AB_2192953 
Mouse monoclonal anti-alpha synuclein (LB509)  Abcam Cat #ab27766 

RRID: AB_727020 
Mouse monoclonal anti-alpha synuclein (syn211)  Sigma Aldrich Cat #S5566 

RRID: AB_261518 
Mouse monoclonal anti-alpha synuclein (303) 
 

Biolegend Cat #824301 
RRID: AB_2564879 

Mouse monoclonal anti-β3-tubulin  Biolegend Cat #802001 
RRID: AB_2564645  

Rabbit polyclonal anti-calnexin (CANX)  Cell Signaling  Cat #2433S 
RRID: AB_2243887 

Mouse monoclonal anti-calnexin (CANX) (E-10)  Santa Cruz  Cat #sc-46669 RRID: 
AB_626784 

Mouse monoclonal anti-cathepsin D  Sigma  Cat #C0715 
RRID: AB_258707 

Mouse monoclonal anti-EDEM1 Santa Cruz  Cat #sc-377394 
Rabbit polyclonal anti-p-eIF2α (ser51)  Cell Signaling Cat #3398 

RRID: AB_2096481 
Mouse monoclonal anti-eIF2α  Santa Cruz  Cat #sc-133132 

RRID: AB_1562699 
Mouse monoclonal anti-FoxA2  Santa Cruz  Cat #sc-101060 

RRID: AB_1124660 
Mouse monoclonal anti-GAPDH Millipore Cat #CB1001 

RRID: AB_2107426 
Rabbit polyclonal anti-glucocerebrosidase (GCase) Sigma  Cat #G4171 

RRID: AB_1078958 
Mouse monoclonal anti-glucocerebrosidase (GCase) (8E4) N/A (gift from J. 

Aerts) 
N/A 

Rabbit polyclonal anti-GRP78  Novus Cat #NBP1-06274 
RRID: AB_1555284 

Mouse monoclonal anti-GRP94  Santa Cruz  Cat #sc-393402 
Mouse monoclonal anti-Hexosaminidase B (Hex B) Sigma  Cat #sc-376781 
Rabbit polyclonal anti-Nanog  Abcam Cat #ab21624 

RRID: AB_446437 
Neurofilament Marker  Biolegend Cat #SMI-312R 

RRID: AB_2314906 
Rabbit polyclonal anti-Oct4  Abcam Cat #ab19857 

RRID: AB_445175 
Rabbit polyclonal anti-PDI Abcam Cat #ab11432 

RRID: AB_298038 
Rabbit polyclonal anti-Sox2  Abcam Cat #ab97959 

RRID: AB_2341193 
Mouse monoclonal anti-SSEA4  Abcam Cat #ab16287 

RRID: AB_778073 
Mouse monoclonal anti-Tra-1-60  Abcam Cat #ab16288 

RRID:  AB_778563 
Rabbit polyclonal anti-tyrosine hydroxylase (TH)  Millipore Cat #AB5986 

RRID: AB_92190 
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Rabbit polyclonal anti-ubiquitin  Dako Cat #Z045801-5 
Mouse monoclonal anti-ykt6 Santa Cruz Cat #SC-365732 

RRID: AB_10859388 
Secondary antibody: Alexa Fluor 488 Goat anti-rabbit IgG 
secondary (H+L)  

Invitrogen Cat #A11034 
RRID: AB_2576217 

Secondary antibody: Alexa Fluor 488 Goat anti-mouse IgG 
secondary (H+L)  

Invitrogen Cat #A11029 
RRID: AB_138404 

Secondary antibody: Alexa Fluor 568 Goat anti-rabbit IgG 
secondary (H+L)  

Invitrogen Cat #A11036 
RRID: AB_10563566 

Secondary antibody: Alexa Fluor 568 Goat anti-mouse IgG 
secondary (H+L)  

Invitrogen Cat #A11031 
RRID: AB_144696 

Secondary antibody: Alexa Fluor 680 Goat anti-mouse IgG 
secondary (H+L)  

Invitrogen Cat #A21058 
RRID: AB_2535724 

Secondary antibody: IRdye 800CW goat anti-mouse IgG 
secondary (H+L)  

Li-Cor Biosciences Cat #926-32210 
RRID: AB_621842 

Secondary antibody: IRdye 800CW goat anti-rabbit IgG 
secondary (H+L)  

Li-Cor Biosciences Cat #926-32211 
RRID: AB_621843 

Bacterial and virus strains  
pER4 (vector) lentivirus Mazzulli et al., 2011 N/A 
pER4 ykt6-CS lentivirus Cuddy et al., 2019 N/A 
Scrambled (scrb) shRNA lentivirus Stojkovska et al., 

2021 (under review) 
N/A 

RyR3 shRNA lentivirus Stojkovska et al., 
2021 (under review) 

N/A 

Biological samples 
Human brain tissue of control, DLB, DLB + AD patients Northwestern 

University 
Alzheimer’s disease 
pathology core 
(CNADC) 

N/A 

Chemicals, peptides, and recombinant proteins 
Bafilomycin A1 Santa Cruz  Cat #SC-201550 
Bovine serum albumin (BSA), heat shock, fatty acid free Roche Cat #03117057001 
Brefeldin A (BFA) Cell Signaling Cat #9972S 
Cascade Dextran Blue Life Technologies Cat #D1976 
CHAPS hydrate Sigma Cat #C5070 
Conduritol-b-epoxide (CBE) Millipore Cat #234599 
Doxycycline (DOX) Sigma  Cat #D3447 
Diltiazem hydrochloride (DILT) Sigma  Cat #D2521 
Dantrolene sodium salt (DANT) Sigma Cat #D9175 
DHBP (1,1’-diheptyl-4,4’-bipyridinium dibromide) Sigma Cat #180858 
Epoxomicin Fisher Cat #10007806 
Farnesyl transferase inhibitor (FTI): LNK-754 Link Medicine N/A 
Fetal bovine serum (FBS), heat-inactivated  Thermo Fisher 

Scientific 
Cat #10438026 

Geneticin (G418) Thermo Fisher 
Scientific 

Cat #10131027 

L-glutamine Gibco Cat #25030081 
Glutaraldehyde, 25% aqueous solution Electron Microscopy 

Sciences 
Cat #16220 
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Hygromycin B Thermo Fisher 

Scientific 
Cat #10687010 

L-Lysine Cambridge Isotope 
Laboratories 

Cat #CNLM-291-H-
0.5 

L-Arginine  Cambridge Isotope 
Laboratories 

Cat #CNLM-539-H-
0.5 

LX112  Ladd Research 
Industries 

Cat #21310 

Normal goat serum (NGS) Jackson 
ImmunoResearch 

Cat #005-000-121 

Osmium tetroxide (OsO4), 4% aqueous solution Electron Microscopy 
Sciences 

Cat #19150 

Paraformaldehyde (10%, methanol-free) Polysciences, Inc. Cat #40181 
Penicillin / Streptomycin Thermo Fisher 

Scientific 
Cat #10378016 

Phenylmethylsulfonyl fluoride (PMSF) Sigma Cat #78830  
Protease Inhibitor Cocktail (PIC) Roche Cat #11836170001 
N-Lauroylsarcosine sodium salt (sarkosyl) Sigma Cat #L9150 
SimplyBlue SafeStain (Coomassie) Thermo Fisher 

Scientific 
Cat #LC6065 

Sodium dodecyl sulfate (SDS) Sigma  Cat #L4509 
Sodium orthovanadate (Na3VO4) Sigma Cat #450243  
Sodium fluoride (NaF) Sigma Cat #201154  
Sucrose Sigma Cat #S1888 
Triton X-100 Sigma  Cat #T8787 
Thapsigargin (Tg) Sigma Cat #T9033 
Thioflavin S (ThioS) Sigma Cat #T1892 
Uranyl acetate Electron Microscopy 

Sciences 
Cat #22400 

Methyl-5-Norbornene-2,3-Dicarboxylic Anhydride (NMA) Electron Microscopy 
Sciences 

Cat #19000 

Dodecenyl Succinic Anhydride (DDSA) 
 

Electron Microscopy 
Sciences 

Cat #13700 
 

2,4,6-Tri(dimethylaminomethyl) phenol (DMP-30) Electron Microscopy 
Sciences 

Cat #13600 

5-(pentafluoro-benzoylamino) fluorescein di-b-D-
glucopyranoside (PFB-FDGluc) 

Life Technologies Cat #P11947 
 

4-methylumbelliferyl b-glucopyranoside (4-MU-Gluc) Chem-Impex Int’l 
Inc. 

Cat #21630 
 

Critical commercial assays 
CellTag 700 Li-Cor Biosciences Cat #926-41090 
Concanavalin A (CON-A), biotinylated  Vector Laboratories Cat #B-1005-5 
DNeasy Blood and Tissue Kit QIAGEN Cat #69504 
Duolink In Situ Red Starter Kit Mouse/Rabbit Sigma Aldrich Cat #92101 
Endoglycosidase H  New England 

Biolabs 
Cat #P0702L 

HIV1-p24 Antigen ELISA Kit Zeptometrix Cat #0801111 
Pierce BCA Protein Assay Kit Thermo Fisher 

Scientific 
Cat #23227 

PureLink Genomic DNA Kit Invitrogen Cat #K182002 
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RevertAid First Strand cDNA Synthesis Kit Thermo Fisher 

Scientific 
Cat #K1621 

RNeasy Mini Prep Kit QIAGEN Cat #74104 
T7EI Endonuclease I assay kit Genecopoeia Cat #IC005 
Quantitative RT-PCR: SNCA (ID: Hs00240906_m1) Thermo Fisher 

Scientific 
Cat #4331182 

Quantitative RT-PCR: GRP78 (ID: Hs99999174_m1) Thermo Fisher 
Scientific 

Cat #4331182 

Quantitative RT-PCR: CANX (ID: Hs01558409_m1) Thermo Fisher 
Scientific 

Cat #4331182 

Quantitative RT-PCR: EDEM1 (ID: Hs00976004_m1) Thermo Fisher 
Scientific 

Cat #4331182 

Quantitative RT-PCR: XBP1-S (ID: Hs03929085_g1) Thermo Fisher 
Scientific 

Cat #4331182 

Quantitative RT-PCR: RyR3 (ID: Hs00168821_m1) Thermo Fisher 
Scientific 

Cat #4331182 

Quantitative RT-PCR: Nanog (ID: Hs04399610_g1) Thermo Fisher 
Scientific 

Cat #4331182 

Quantitative RT-PCR: Puromycin (Custom Assay# 
gi763524_CCN1FIY) 

Thermo Fisher 
Scientific 

Cat #4331182 

Quantitative RT-PCR: RNAseP (ID: 4403326) Thermo Fisher 
Scientific 

Cat #4331182 

Quantitative RT-PCR: ACTB (β-actin) (ID: Hs99999903_m1) Thermo Fisher 
Scientific 

Cat #4331182 

Quantitative RT-PCR: GAPDH (ID: Hs02758991_g1) Thermo Fisher 
Scientific 

Cat #4331182 

Experimental models: Cell lines 
H4 neuroglioma cells Mazzulli et al., 2011; 

From: Pamela 
McLean (Mayo 
Clinic, Jacksonville, 
Florida, USA) 

N/A 

iPSC-derived midbrain neurons: GM15845 (Control), 
GM15010 (SNCA Triplication, 3x-1), ND00196 (SNCA 
Triplication, 3x-2), ND00139 (SNCA Triplication, 3x-4), and 
isogenic controls 

Stojkovska et al., 
2021 (under review); 
Coriell Cell 
Repository 

N/A 

iPSC-derived midbrain neurons: ND34391 (SNCA 
Triplication, Est. 3X). 

Mazzulli et al., 
2016a; Zunke et al., 
2018; Cuddy et al., 
2019; Coriell Cell 
Repository 

N/A 

iPSC-derived midbrain neurons: GD patients (N370S / 84GG 
or L444P / L444P) 
 

Mazzulli et al., 2011; 
Mazzulli et al., 
2016a; Coriell Cell 
Repository 

N/A 

iPSC-derived midbrain neurons: A53T alpha-synuclein and 
isogenic control 

Soldner et al., 2011 N/A 

Recombinant DNA 
pCXLE-hOCT3/4-shp53-F Addgene Cat #27077 
pCXLE-hUL Addgene Cat #27080 
pCXLE-hSK Addgene Cat #27078 
PITX3-2A-eGFP-PGK-Puro Addgene Cat #31943 
Cas9-nickase plasmid PX335 Addgene Cat #42335 
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pLKO.1 scrambled (scrb) shRNA N/A (gift from J. 

Mazzulli)  
N/A 

pLKO.1 RyR3 shRNA (clone ID #TRCN0000053349) Sigma Cat #NM_001036 
pER4-ykt6-CS Stojkovska et al., 

2021 (under review) 
N/A 

Software and algorithms 
GraphPad Prism V6.0 software https://www.graphpa

d.com/scientific-
software/prism/ 

N/A 

ImageJ / Fiji V1.0 software https://imagej.net/sof
tware/fiji/ 

N/A 

Nikon NIS Elements Nikon; 
https://www.microsc
ope.healthcare.nikon.
com/products/softwa
re/nis-elements 

N/A 

Odyssey software (Image Studio V3.1.4) Li-Cor Biosciences; 
https://www.licor.co
m/bio/image-studio/ 

N/A 

Snapgene V5.3 software https://www.snapgen
e.com 

N/A 

STRING online tool  https://string-db.org N/A 
Other 
Concanavalin-A, biotinylated  Vector Laboratories Cat #B-1005-5 
DAPI Fluoromount mounting media  Southern Biotech Cat #0100-20 
Intercept blocking buffer Li-Cor Biosciences Cat #927-70001 
Lenti-X concentrator Clontech Cat #631232 
Lipofectamine 3000 Thermo Fisher 

Scientific 
Cat #L3000008 

Matrigel Fisher Cat #CB-40234 
mTeSR1 media StemCell 

Technologies 
Cat #85850 

Neurobasal SM1 media  Thermo Fisher 
Scientific 

Cat #21103-049 

NeuroCult SM1 supplement StemCell 
Technologies 

Cat #05711 

NeutrAvidin agarose beads Thermo Fisher 
Scientific 

Cat #29204 

PVDF transfer membrane, 0.45 mm pore size Millipore Cat #IPFL00010 
X-tremeGENE HP DNA Transfection Reagent  Roche Cat #6366236001 
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Table S3. List of oligonucleotides used in the study. 
 

OLIGONUCLEOTIDES SOURCE 
CRISPR/mutCas9 guide RNAs 
5'-AGCAGCCACAACTCCCTCCTTGG-3’ 
 

Cuddy et al., 2019; designed with 
http://crispr.mit.edu 

5'- TGAGAAAACCAAACAGGGTGTGG-3’ Cuddy et al., 2019; designed with 
http://crispr.mit.edu 

PCR primers for iPSC reprogramming factor transgenes 
Oct3/4 
Fwd: CCTCACTTCACTGCACTGTA 
Rev: CATAGCGTAAAAGGAGCAACA 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

Sox2 
Fwd: GCAACGTGCTGGTTATTGTG  
Rev: GACCACACCATGAAGGCATTCATGGG 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

Klf4 
Fwd: GATGAACTGACCAGGCACTA 
Rev: CATAGCGTAAAAGGAGCAACA 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

L-Myc 
Fwd: GCAACGTGCTGGTTATTGTG 
Rev: GATGGCACCAGCTCGAATTTC 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

PCR primers to validate PGK-puromycin insertion 
5’ Fwd: CATAAAATCTGTCTGCCCGCTCTC 
5’ Rev: GTGGGCTTGTACTCGGTC 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

3’ Fwd: CTTCTACGAGCGGCTCGGCTT 
3’ Rev: TGTGGTCATCCTCCACCTGACT 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

Sequencing primers for CRISPR/Cas9 off-targets on genomic DNA 
SLC26A1 
Fwd: CCTTCTACGAGGATGCCACAGAGT 
Rev: GCCTTCTGGAAACACAGAGACCCT 

Zunke et al., 2018; Generation: Integrated 
DNA Technologies 

SNCG 
Fwd: ATCGGCGTCAATAGGAGGCATC 
Rev: GGCCTCTTCCTGCTGTGTCT 

Zunke et al., 2018; Generation: Integrated 
DNA Technologies 

SEMA4B 
Fwd: GAGAGGACCAGGGTGCAGTTAG 
Rev: GATCACCGAGGGTACCAGTCCC 

Zunke et al., 2018; Generation: Integrated 
DNA Technologies 

ARHGAP32 
Fwd: GGCCTGGGTTCCAATTCTGACT 
Rev: GAACGTGCCCAGAACAACCGAA 

Zunke et al., 2018; Generation: Integrated 
DNA Technologies 

SLC29A3 
Fwd: GCATTCACATGTGCATGGTGCC 
Rev: AGGAAGGAGGCATGGACAGTGA 

Zunke et al., 2018; Generation: Integrated 
DNA Technologies 

ADAMTSL4 
Fwd: GGTGGTGTCTGGCGTTCTGT 
Rev: TCCCTCCTCCTTCCAAGTGCAG 

Zunke et al., 2018; Generation: Integrated 
DNA Technologies 

TSC2 
Fwd: TGCTCTGCTCTCTGCTCCATGGTA 
Rev: TCGCAGGTGAAGGGACAGTTTC 

Zunke et al., 2018; Generation: Integrated 
DNA Technologies 

SNCB 
Fwd: AGCTGGGGAAGGGGATGGAAA 
Rev: CTTTCATCACTGCACTGGTCCCTG 

Zunke et al., 2018; Generation: Integrated 
DNA Technologies 
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ATG9B 
Fwd: TTGCAGCTGCGCCACTTCAA 
Rev: GCGCTTCACATCCATAAGGGCA 

Zunke et al., 2018; Generation: Integrated 
DNA Technologies 

Primers for semi-quantitative RT-PCR analysis of XBP1 mRNA 
Fwd: TTACGAGAGAAAACTCATGGCC 
Rev: GGGTCCAAGTTGTCCAGAATGC 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

Primers for GBA1 amplification 
Fwd: TGTGTGCAAGGTCCAGGATCAG 
Rev: ACCACCTAGAGGGGAAAGTG 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

Sequencing primers for GBA1 genotyping 
Exon 8 
Fwd: AGTTCCAGAAGCCTGTGTGC 
Rev: CTTCTGTCAGTCTTTGGTGAAA 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

Exon 9 
Fwd: CCCACATGTGACCCTTACCT 
Rev: TGTAGGAGATGATAGGCCTGGT 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 

Exons 10+11 
Fwd: GGGTCCGTGGGTGGGT 
Rev: TGCTGTGCCCTCTTTAGTCA 

Stojkovska et al., 2021 (under review); 
Generation: Integrated DNA Technologies 
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Table S4. Recipes for buffers, solutions and cell culture media. 
  

BUFFER, SOLUTION, OR MEDIA FINAL 
CONCENTRATION AMOUNT 

1% Triton Base Buffer 
Triton X-100 1% 0.5 mL 
5M NaCl 150 mM 1.5 mL 
1M HEPES pH 7.4 20 mM 1 mL 
0.5M EDTA 1 mM 100 μL 
1M MgCl2 1.5 mM 75 μL 
100% Glycerol 10% 5 mL 
milliQ H2O n/a 41.825 mL 
Total  50 mL  
Triton Extraction Buffer 
1% Triton Base Buffer n/a 4.425 mL 
PIC n/a ½ tablet 
500 mM NaF 50 mM 500 μl  
200 mM Na3VO4 2 mM  50 μl  
0.1M PMSF 0.5 mM  25 μl  
Total 5 mL 
2% SDS Base Buffer 
10% SDS 2% 10 mL 
1M Tris pH 7.4 50 mM  2.5 mL 
milliQ H2O n/a 37.5 mL 
Total 50 mL 
SDS Extraction Buffer 
2% SDS Base Buffer n/a 5 mL 
PIC n/a ½ tablet  
Total 5 mL 
Sucrose HEPES Lysis Buffer 
Sucrose 0.25 M 171 g 
HEPES pH 7.4 10 mM 4.766 g 
EDTA 0.01 M 7.4 g 
Total  2 L 
CHAPS Lysis Buffer 
CHAPS 0.30% 150 mg 
5M NaCl 120 mM 1.2 mL 
1M HEPES pH 7.4 40 mM 2 mL  
0.5M EDTA 1 mM  0.1 mL 
glycerol 10% v/v 5 mL 
milliQ H2O n/a 41.7 mL 
Total 50 mL 
PFA Fixative Solution 
10% Formaldehyde (PFA) 0.40% 2 mL 
10X PBS 1X 5 mL 
milliQ H2O n/a 43 mL 
Total 50 mL 
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PFA Fixative Solution 
10% Formaldehyde (PFA) 4% 4 mL 
10X PBS 1X 1 mL 
milliQ H2O n/a 5 mL 
Total 10 mL 
5X Laemmli SDS Sample Buffer 
0.5M Tris-HCl pH 6.8 100 mM 2 mL 
2-mercaptoethanol  900 mM 630 µL 
Glycerol 20% 2 mL  
SDS 10% 1 g 
Bromophenol Blue 0.02% 1.5 mg 
Total 10 mL 
Media for iPSC dopaminergic neurons  
SM1 neurobasal media n/a 480 mL 
Penicillin / Streptomycin 1% 5 mL  
L-Glutamine 1% 5 mL  
SM1 supplement n/a 10 mL  
Total 500 mL  
Media for H4 neuroglioma cells 
Optimem n/a 466 mL 
Heat-inactivated FBS 5% 25 mL 
Geneticin (G1418) 200 µg/ml 2 mL 
Hygromycin B 200 µg/ml 2 mL 
Penicillin / Streptomycin 1% 5 mL  
Total 500 mL 
KSR media 
KO DMEM  n/a 85 mL 
Knockout serum (KOSR) 15% 15 mL 
L-Glutamine 1% 1 mL 
MEM-NEAA 1% 1 mL 
Penicillin / Streptomycin 1% 1 mL 
2-mercaptoethanol  55 mM 182 µL 
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