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Summary 

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease after 

Alzheimer’s disease. The growing number of cases of PD is a serious threat to today’s 

socioeconomic societies. Most parts of PD’s clinical manifestation are explainable by the 

progressive loss of mesencephalic dopaminergic (mDA) neurons of the substantia nigra and 

the concomitant loss of dopamine. However, the loss of mDA neurons is likely only a small 

part of PD, and a rather final step in a long, slow, and diversely modulated disease progression. 

The understanding of PD is complicated by the sheer diversity of clinical manifestation and 

molecular processes proposed to modulate the onset of PD. Preventing PD will only be 

possible with a far better understanding of PD’s pathomechanisms, allowing an early detection 

of the onset of PD as well as PD risk evaluation and preventive treatment. 

Here I focused on detecting a neurodevelopmental component that could predispose to PD. 

The existence of such a component would open up a new aspect in PD-aethiology, and allow 

a better understanding of the penetrance of PD-associated mutations and PD-progression. 

The concept that neurodevelopmental aspects contribute to neurodegenerative diseases like 

PD is relatively new but gaining increasing acceptance. In this context I studied the G2019S 

mutation of the leucine-rich repeat kinase 2 (LRRK2) as a monogenic risk factor for PD. I 

utilized a human iPSC based neural model to mimic LRRK2-G2019S’ impact on early 

embryonic neurodevelopment. More precisely, I studied multipotent ‘neuroepithelial stem cells’ 

(NESCs) the ultimate lineage progenitors of the central nervous system and NESC based 

neuronal differentiation. I applied state-of-the-art technologies like automated high-content 

screening and 3D image analysis, mitochondrial activity evaluation, and single cell RNA 

sequencing to elucidate PD associated neurodevelopmental alterations. In parallel, I 

contributed to the development of an improved genome editing method and an advancement 

of autophagy and mitophagy screenings. 

In our studies we highlight a LRRK2-G2019S specific priming of human NESCs as a 

neurodevelopmental aspect of PD. The priming is evident in reduced viability and self-renewal, 

mitochondrial dynamics, metabolic activity, mitochondrial clearance alterations, and gene 

expression. More importantly, NESC priming manifests in altered dynamics during neuronal 

differentiation. The LRRK2-G2019S specific neuronal differentiation dynamics is the most 

evident in mesencephalic dopaminergic (mDA) neuron appearance; along with reduced 

neural-stem-cell-state stability, faster loss of stemness, and earlier cell cycle exit. Our results 

highlight a LRRK2-G2019S linked impact on early human neurodevelopment which might 

result in a predisposition to PD. Our efforts for the advancement of methodologies were 

successful. In this context the developed autophagy screening methods revealed the first 

indications of a common PD phenotype manifesting in limited cellular clearance capacities. 
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1. Introduction 

1.1. Parkinson’s disease 

Parkinson’s disease (PD) is one of the most frequent age-related neurodegenerative disorders 

that humankind is facing, with currently 2% of the population over 65 years of age affected. 

PD was first described as a neurological syndrome by James Parkinson (UK) in ‘An essay on 

the Shaking Palsy’ (Parkinson, 1817). In the following, among others, Jean-Martin Charcot 

(FR) influenced the definition of PD, specifically the discriminability based on motor symptoms 

(Przedborski, 2017). With today’s state of knowledge, PD could almost be subdivided in 

several PD-like diseases or sub-groups, all ultimately converging in similar late-stage clinical 

manifestations (Calne, 1989; Lawton et al., 2015; Thenganatt and Jankovic, 2014). 

Consequently, PD is rather an ‘umbrella term’, breaking down something immensely complex 

and diverse into something simple and understandable. The diversity of pathological 

hallmarks, reaching from clinical symptoms to genetic and molecular triggers, highlights the 

complexity of the PD aethiology. The prevalence of PD varies between regions; 

epidemiological rates indicate ~1% of people above 60 years of age, reaching up to ~5% above 

80 years – more conceivable: in total, more than 10 million people worldwide are currently 

diagnosed with PD (according to the ‘Parkinson’s Disease Foundation’, 2013) (Reeve et al., 

2014). The foremost hallmark of PD is the age-dependent risk of onset. PD is the second most 

common neurodegenerative disease after Alzheimer’s Diseases (AD). It is assumed that the 

percentage of individuals affected by PD worldwide is even underestimated because PD is 

often not diagnosed properly, specifically in developing countries (Zou et al., 2015). Due to the 

demographic development of western societies towards longevity, the demographic group at 

risk for PD is growing, resulting in an increasing prevalence of neurodegenerative diseases as 

a social and growing economic burden (Figure 1) (Dorsey et al., 2007; Gasser, 2011).  



                                                                                                                                 Introduction 

 

                                                                                                                                                  2 

 

Figure 1: Parkinson’s disease associated demographic development versus age-dependent risk. 

Demographic ‘pyramid’ showing the current state (2014, light color) of demographic distribution and the predictions 

for the future (2080, dark (outline only) bars), women and men separated by color. The comparison of current and 

future prediction visualizes the increasing fraction of population in the European countries above 65 years of age 

(red bar). The group ≥65 years is at elevated risk of age-dependent disease like PD. According to these predictions 

the work-force fueling our socioeconomic societies declines while the burden of individuals at risk of age-related 

disorders substantially raises, this potentially result in a collapse of the systems. Effective treatment strategies need 

to be developed to slow down this development, e.g. ensuring long life quality, raising the red PD-risk-bar (Source: 

Eurostat, 2014). 

So far, no effective cure or neuroprotective treatments for PD are available, only a reduction 

of symptoms is possible to a limited extent and even that is accompanied by side effects 

(Przedborski, 2017). New preventive approaches need to be developed to delay the time of 

the onset of PD or even prevent the disease altogether. It is a task that will only be 

accomplishable with a better knowledge of PD-pathogenic mechanisms and the course of 

progression. 
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1.1.1. Clinical manifestation and treatments of PD 

PD is a progressive neurodegenerative disorder involving multiple complex neurotransmitter 

pathways within the brain and autonomic nervous system, both being associated with a broad 

spectrum of clinical features (Figure 2) (Schapira et al., 2017). As a general consequence, the 

clinical manifestations of PD are highly diverse and comprise of a wide range of symptoms 

reaching from multiple motor symptoms (MS) to diverse non-motor symptoms (NMS). 

Clinicians mostly utilize initial disease defining MS like bradykinesia, rigidity, and tremor for 

definite diagnosis of PD (Berardelli et al., 2013). Absence or reduction of dopamine levels due 

to the progressively degenerating mesencephalic dopaminergic (mDA) neurons of the 

Substantia Nigra pars compacta (SNc) has been linked to the appearance of motor deficits 

(Dauer and Przedborski, 2003). The discovery of dopamine replacement therapies (levodopa) 

brought substantial symptomatic benefits for PD patients, at least concerning MS. Disease 

progression and administration of increasing doses of levodopa result in phases when the 

medication is ineffective. PD’s MS can additionally be treated using a deep brain stimulator, 

but requiring a surgical procedure that is usually bringing great relief at 3-4% morbidity risk 

(Burchiel et al., 1999; Groiss et al., 2009). Further, several labs are currently working on 

bringing mDA neuron replacement therapies from bench-to-bedside (Kirkeby et al., 2017; 

Steinbeck and Studer, 2015). Notably, MS only appear at later stages of PD progression, when 

50-60% of SNc mDA neurons have already degenerated (Gibb and Lees, 1991). Thus, the 

majority of the damage has already irreversibly happened (Figure 2) and such treatment is not 

taking pre-/extranigral pathologies into consideration. NMS like hyposmia, sleep disorders, and 

depression precede MS by several years and clinicians are now starting to utilize NMS for 

early PD diagnosis, which is necessary for preventive proactive treatments to slow down PD 

progression. NMS are the less prominent part of PD symptoms, but patients describe the 

burden by NMS as equally high to MS (Bugalho et al., 2016). Like MS, NMS can only currently 

be treated symptomatically and not causally. Considering all NMS and MS, the progression of 

PD can be divided into four stages that can span 30 years or more (Figure 2). 

There are currently four major challenges for PD diagnosis and therapy: 1. Identification of the 

earliest predisposition to develop PD. 2. The development of tools allowing early diagnosis or 

indication of an elevated risk for PD. 3. The development of disease-modifying treatments to 

slow or prevent the progression of neurodegeneration. 4. The development of effective 

detection and symptomatic interventions of non-motor symptoms. Addressing these four 

challenges can finally lead to a much earlier diagnosis of PD and a refocusing of the current 

development of treatment methods towards early intervention strategies. An effective 

treatment for PD will only be found with a much better understanding of early PD-progression 

and the inducing underlying mechanisms. 
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Figure 2: Progression of the clinical manifestations of PD and accompanying non-motor 

symptoms (NMS) and motor symptoms (MS). A) A schematic depiction of a timeframe by which NMS and 

MS may manifest. Highlighting the timeframe of PD progression and the MS/NMS appearing during these stages. 

NMS develop years before the onset of MS in the early prodromal phase. Over the course of PD progression, 

numerous NMS sum up mostly resulting even in severe psychosis. MS only appear in the later stages of PD but 

are still necessary for diagnosis in most cases of PD. NMS and MS in PD can strongly vary among patients. B) 

Graphic representation outlining PD progression. Showing an estimation of time on the X-axis and the ‘level’ of 

different depicted factors on the Y-axis. The graph highlights the loss of dopaminergic neurons in direct correlation 

with the diagnosability of PD. Two different outcomes of MS progression are indicated, highlighting the reduction of 

symptoms by effective treatment. The NMS graph is preceding the MS graph by several years, the steep increase 

in NMS levels highlights the absence of treatability of NMS (adapted from Schapira et al., 2017). 
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1.1.2. Histo-/neuropathological hallmarks of PD 

Besides the age-dependent onset, PD has been linked to other hallmarks of quite diverse 

histo-/neuropathological nature. The main neuropathological hallmark associated with PD is 

the degeneration of mesencephalic dopaminergic (mDA) neurons (Forno, 1996) forming the 

substantia nigra pars compacta (SNc). The ‘substantia nigra’ is named after the dark 

appearance, caused by neuromelanin accumulation in mDA neurons throughout its lifetime, in 

contrast to the surrounding tissue (Figure 3A). The exact function of neuromelanin 

accumulation remains unclear. Neuromelanin is thought to be rather neuroprotective and a 

side product of high metabolic activity of mDA neurons (Zecca et al., 2008). High metabolic 

activity of mDA neurons is required for their pacemaker activity, requiring elevated levels of 

energy (Pissadaki and Bolam, 2013). The PD-associated neurodegeneration of mDA neurons 

diminishes the pigmentation and the distinguishing dark color faints, resulting in the major 

histo- /neuropathologic hallmark of PD. However, the scientific community is sometimes too 

focused on mDA neuron degeneration, neglecting other pre-/extranigral pathologies covered 

by this omnipresent neuropathological hallmark (Figure 3A).  

Figure 3: Histopathological hallmarks of PD. A) Different stages of mDA neuron degeneration, mapped to the 

Braak staging (c). Loss of mDA neurons of the substantia nigra pars compacta (SNc) but also of the SN pars 

reticulate (SNr) over time, highlighted by fainting neuromelanin. mDA neurons of the VTA are not affected that 

severely, indicated by the remaining neuromelanin in indicated VTA area. B) Different kind of Lewy aggregates of 

different kind of neurons a. Punctated inclusions in mDA neurons, which might precede Lewy body formation b. 

hippocampal Lewy bodies c. Lewy bodies (Pale body (faint blue) in the background, Lewy body (dark blue)) in mDA 

neurons of the SNc in a neuromelanin containing cell d. Club-shaped e. filiform and f. varicose Lewy neurites g. 

Lewy body containing an Aβ core surrounded by a perimeter of α‑synuclein‑immunoreactive dystrophic neurite, 

Scale bars 20 μm. C) Braak staging (Braak et al., 2003) of the neurodegenerative progression within the brain. 

Affected brain areas indicated (adapted from Goedert et al., 2012; Shulman et al., 2011; Surmeier et al., 2017) 
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A common histo-/neuropathological hallmark of neurodegenerative diseases is the 

appearance of proteinaceous inclusions of misfolded proteins in various brain regions. In PD, 

these inclusions are termed Lewy bodies and Lewy neurites (Figure 3B). The nature behind 

the appearance of Lewy neurites/bodies remains mainly elusive and is under heavy 

discussion. Lewy bodies are spheric/elongated eosinophilic intracytoplasmic protein inclusions 

with a dense core surrounded by a pale halo. Lewy neurites are abnormal neurites, containing 

granulose and filamentous cytosolic inclusions (Braak et al., 2003) (Figure 3B). Both kinds of 

inclusions mainly consist of aggregates of α-synuclein (Spillantini et al., 1997, 1998) of which 

around 90% is phosphorylated at S129P (Anderson et al., 2006; Fujiwara et al., 2002). The 

existence of Lewy-bodies without α-synuclein immunoreactivity was confirmed (van Duinen et 

al., 1999; Wong et al., 2004). The physiological function of -synuclein is not yet fully 

understood. However, some protein conformations were shown to be toxic in dose dependent 

manner (Lashuel et al., 2012). Post-mortem Lewy-extracts induce Lewy pathology and 

neurodegeneration (Recasens et al., 2014). Interestingly, a genetic variant of α-synuclein 

encoding SNCA was associated with PD as the first genetic risk-factor (Polymeropoulos, 

1997). The absence of Lewy-pathology is only a rare exception (Luk and Lee, 2014). Lewy 

bodies were also shown to be present in other neurodegenerative diseases like AD (Hansen 

et al., 1990) and Gaucher’s disease (Wong et al., 2004) containing α-synuclein and other type 

of proteins. So far it is an ‘open’ question if Lewy aggregates are a cause or consequence of 

PD-pathology. Oftentimes, the remaining small number of PD cases without Lewy-pathology, 

e.g. in association with LRRK2-G2019S (Gaig et al., 2007), contain valuable information. 

Importantly, in this context, Lewy body pathology is also found in the brains of 10-30% of aged 

adults without any PD symptoms, termed incidental Lewy body disease (ILBD). Those cases 

are thought to be presymptomatic, but without PD-onset or an undiagnosed prodromal phase 

during life time (Markesbery et al., 2009). There were attempts to link Lewy pathology and PD 

progression, resulting in a staging model (Braak et al., 2003) (Figure 3C), but a classification 

staging is difficult, if not virtually impossible, due to the variety of Lewy pathologies (Burke et 

al., 2008; Jellinger, 2009). In addition, it is worth mentioning that Lewy pathology is not only 

restricted to the brain, but also present in e.g. enteric nervous system, pointing to a systemic 

deregulation, a fact that is so far barely understood and studied (Jager and Bethlem, 1960; 

Wakabayashi and Takahashi, 2008). Summing up, Lewy pathology is a major 

neuropathological hallmark of PD, is present in almost all PD cases, and linked to Lewy body 

dementia (also in AD). However, Lewy pathology spreading is neither an ultimate 

correlator/indicator for PD progression, nor for the onset of PD. Given the current state of the 

literature, Lewy aggregates seem to be a consequence rather than a cause. 
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1.1.3. Genetics of PD: Sporadic, idiopathic, and familial/genetic PD 

The terms familial/sporadic/idiopathic PD are all present in literature and there is a need for 

sharp discrimination between the terms. In a first classification, PD cases are separable in 

genetic and idiopathic (without known pathomechanism) PD, with a rough prevalence of 10-

15% genetic to 85-90% idiopathic. Genetic PD can be further subdivided into sporadic (3-5%) 

and familial history PD (95-97%) (Klein and Westenberger, 2012). Sporadic genetic PD-

associated mutations can appear de novo in one parent’s germline and inherit to an offspring, 

affecting all somatic cells, eventually resulting in a new familial history of genetic PD. In a 

theoretical context every genetic familial history PD once was sporadic. Most monogenic PD 

mutations appear heterozygously and are mostly autosomal, dominantly or recessively 

inherited (Klein and Westenberger, 2012). Idiopathic PD (iPD) is mostly sporadic with an 

unknown or a not-yet-determined genetic trigger. Classification is further aggravated by the 

sporadic appearance of somatic mutations during the course of prenatal postzygotic brain 

development outside the germline (Kim and Jeon, 2014). The resulting mosaicism leaves most 

somatic cells unaffected but might be sufficient to induce PD via spreading (Proukakis et al., 

2013). Often even low levels of mosaicism were shown to be able to cause severe 

macroanatomic alterations (Gammill and Bronner-Fraser, 2003). In such cases, genetic 

screening would indicate iPD, even though a PD-associated mutation is the causative factor 

for the onset of PD. Unfortunately, there is currently no effective method to exclude genetic 

mosaicism as a trigger of iPD. Genetics of PD is far more complex than assumed in the past, 

requiring further investigations especially of patient genetic backgrounds. 

 

1.1.4. Genetic forms of PD 

During 20 years of genetic research in PD, genotyping, functional candidate approaches, next 

generation sequencing (NGS), and genome-wide association studies (GWAS) revealed 

several monogenic forms of PD and several genetic risk factors. Specifically, the advancement 

of screening techniques led to a quickly increasing number of disease linked (single-nucleotide 

polymorphisms) SNPs (Nalls et al., 2014). In around 5-10% of analyzed cases of PD a genetic 

component was identifiable. Monogenic forms of PD provide a unique and valuable tool for a 

better understanding of PD pathogenic mechanisms, allowing to study of the potential PD-

inducing molecular dysfunctionalities. Carriers of these genetic forms usually reveal 

Parkinsonism or are at elevated risk for developing PD. The initial identification of a genetic 

contribution to PD was made in one Italian and three Greek families (Polymeropoulos, 1997). 

The identified point mutation at position 209 from G to A (G209A) of SNCA (PARK1/4) resulted 

in an alanine to threonine (p.A53T) substitution. In the following, scientists introduced the 
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terminology of PARK(inson) loci. A terminology still in use to specify chromosomal regions 

(loci) that were linked to familial PD, without the responsible gene identified yet (Marras et al., 

2012). Even today, the responsible genes of five PARK loci are not yet identified (Table 1). 

After the initial identification of the first PD-associated genetic risk factor, 24 additional 

chromosomal loci were associated with PD (Table 1).  

Table 1: Genes and chromosomal loci linked to PD (adapted from Dr. Xiaobing Qing, (Klein and Westenberger, 2012))

 

Chromosomal loci linked to PD are not following a specific pattern. It is worth noticing that 

some of them interfere with either mitochondrial biogenesis (LRRK2, Parkin, PINK1, DJ-1, 

HTRA2, SNCA, PLAG6, ATP13A2), autophagosomal-lysosomal-pathways (ALP) (LRRK2, 

SNCA, VPS35, ATP13A2, ATP12A2, VPS35), or endocytic/lysosomal activities (ELA) (VPS35, 

DNAJC6, SYNJ1) (Brás et al., 2015), with the ALP and ELA also directly connected to 

mitochondrial biogenesis. These processes are all declining over time resulting in age as being 

the biggest risk factor for PD. The penetrance of the PD-linked mutations differs strongly 

between individuals and ethnic groups. Inter-individual genetic diversity and non-genetic 

factors are forming a predisposing susceptibility to contributing to the onset of PD. Recently, 

the group of Dr. Rudolf Jaenisch (Whitehead, USA) provided further insights showing an effect 

of a non-coding distal enhancer element that regulates the expression of SNCA, thereby 

altering the susceptibility to PD (Soldner et al., 2016). PD cases associated with a monogenic 

PD-associated risk factor, like LRRK2-G2019S, are a highly valuable source and important for 

a better understanding of PD in the future. 
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1.1.4.1. LRRK2 (PARK8) 

The PARK8 locus on chromosome 12 was first linked to PD during the investigations of a large 

familial history PD case (Funayama et al., 2002). Two years later the multi-exonic LRRK2 gene 

[PARK8; Online Mendelian Inheritance in Man (OMIM) no. 609007] at PARK8 chromosomal 

loci (12q12) was detected (Paisán-Ruı́z et al., 2004; Zimprich et al., 2004). The gene codes 

for the Leucine-rich repeat kinase 2 (LRRK2) protein. LRRK2 is a complex, relatively large 

protein of 2527 amino acids and 286 kDa. LRRK2 is a multidomain protein consisting of several 

functional and protein-protein interaction domains (depicted in Figure 4). The LRRK2 protein 

contains a catalytic core composed of: a gTP-binding ras of complex (Roc) domain, a carboxy-

terminal of Roc (COR) domain, and a kinase domain. LRRK2 can be classified as a member 

of the Roco protein family. LRRK2 harbors protein-scaffolding domains, or dimerization 

capacity implying widespread functions (Rideout, 2017). The exact molecular function of 

LRRK2 is still under debate, with multiple functions proposed (Wallings et al., 2015). LRRK2 

was predicted to have a wide range of cellular functions and activities due to its complex 

domain structure and widespread expression, from brain, to high levels in the kidney and lung 

as well as immune cells (Cook et al., 2017). High expression levels of LRRK2 were proposed 

to be toxic (Skibinski et al., 2014). LRRK2 functions as a dimer, where dimerization is 

necessary for LRRK2 function with different confirmations proposed (Guaitoli et al., 2016). 

Mutations of LRRK2 are associated with familial and sporadic Parkinson’s disease (PD) and 

are present in both catalytic domains, as well as in several of its multiple putative regulatory 

domains of LRRK2. Among those PD-associated mutations LRRK2 p.G2019S is the most 

frequent mutation as well as the most frequent genetic determinant of PD (Gasser, 2009a) 

(Figure 4). LRRK2-linked PD clinically manifests typically with mid-to-late onset and 

progresses rather slowly (Klein and Westenberger, 2012). Patients respond favourably to 

levodopa therapy and dementia is not common. Interestingly, there can be a high frequency 

of non-manifesting LRRK2 mutation carriers (Sierra et al., 2011). Hitherto, more than 100 

different missense and nonsense mutations have been reported in LRRK2 but only a small 

number of them was linked to PD e.g. p.R1441C, p.R1441G, p.R1441H, p.Y1699C, p.I2020T, 

and p.G2019S. PD-associated mutation of LRRK2 cluster in exons encoding the ROC, COR 

or kinase domains. (Hernandez et al., 2016; Nuytemans et al., 2010). Since the exact function 

of LRRK2 is still not well defined, the pathogenic mechanism by which mutant LRRK2 is 

triggering PD neither.  
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Figure 4: Schematic representation of a LRRK2 predicted domain structure. LRRK2 is depicted schematically as 

a dimer. The domains of LRRK2 and some of the proposed intra-/extramolecular interactions are listed above. LRRK2 is a 2527AA 

multidomain protein with several potential protein-protein interaction regions surrounding a central catalytic core. The catalytic 

core region contains a gTP-binding ras of complex (Roc) domain, a carboxy-terminal of Roc (COR) domain, and a kinase domain. 

The best defined pathogenic human mutations are shown below the diagram, with proposed alterations indicated. The LRRK2-

G2019S mutation is located in the kinase domain inside the catalytic core and is associated with increased kinase activity. Outside 

of the catalytic regions are several domains that are thought to provide protein-protein interaction regions, including the leucine-

rich repeats and WD40 domains (modified from Cookson, 2010). 

 

1.1.4.2. LRRK2 p.G2019S 

Mutations within the LRRK2 gene represent the most prevalent cause of genetic autosomal 

dominant PD. Among LRRK2’s mutations, the heterozygous LRRK2 p.G2019S is responsible 

for up to 37% of Mendelian cases of PD (Gasser, 2009b), dependent on ethnicity. LRRK2-

G2019S is also at 2% frequency associated with sporadic genetic PD (Berg, 2005). At least 

29 patients have been reported to carry genetic LRRK2-G2019S causative 6055G>A 

homozygously, interestingly not resulting in 100% penetrance of LRRK-G2019S, implicating 

the presence of additional factors that in combination lead to PD (Ishihara et al., 2006). 

Penetration of LRRK2-G2019S is age-dependent and incomplete, a fact implicating a role for 

other factors modulating the onset of LRRK2-G2019S PD. Although p.G2019S shows reduced 

penetrance, sometimes estimated to be as low as 24%, the p.R1441 mutation is highly 

penetrant (95% at the age of 75 yr) (Haugarvollet al. 2008). LRRK2-G2019S was associated 

with NMS, specifically, being high in asymptomatic LRRK2-G2019S carriers (Gammill and 

Bronner-Fraser, 2003). LRRK2-G2019S associated neuropathological findings are diverse 

where individuals are mostly showing Lewy body (and sometimes tau- and ubiquitin-containing 

inclusions) pathology and/or pure nigral degeneration without Lewy bodies, inconsistently 

accompanied by neurofibrillary tangles (Giasson et al., 2006). 
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1.1.5. Non-genetic impacts / idiopathic PD 

The high frequency of cases of iPD and asymptomatic or paucisymptomatic carriers of 

monogenic forms of PD lead to investigation efforts towards non-genetic factors modulating 

the age of onset of PD, but also the susceptibility for developing PD. In vivo, the inheritable 

epigenetic landscape beyond the genome, already associated with neurodegeneration (AD) 

(De Jager et al., 2014; Lunnon et al., 2014), is gaining more attention in PD research (Moore 

et al., 2014). The knowledge about all those factors is still limited (De Lau and Breteler, 2006; 

Lesage et al., 2010). An important in vivo factor playing a significant role in PD, which is 

inherited independent of the genome, are mitochondria (Winklhofer and Haass, 2010). A 

recent meta-analysis based on 104 studies strongly indicates the ex vivo environment as an 

additional risk factor for the onset of PD (Pezzoli and Cereda 2013). In the 1980s first 

conclusive evidence for ex vivo PD triggers was found. As a causative factor inducing PD, the 

toxin MPTP was identified, a side product of the chemical synthesis of 1-Methyl-4-phenyl-4-

propion-oxy-piperidin (MPPP), an opioid analgesic drug and a preform to MPP+ (Büchi et al., 

1952). MPP+ is highly toxic to mDA neurons, consequently inducing PD symptoms (Langston 

et al., 1983). This led to the establishment of the MPTP model of PD, which was further utilized 

for drug discovery research (recently summarized Langston, 2017). Apart from MPTP, a 

variety of (potential) PD inducing toxins was identified. Starting from herbicides, pesticides 

over heavy metals - have all been associated to the onset of PD (Kamel and Hoppin, 2004). 

As an example, pesticide compounds interfering with aldehyde dehydrogenase (ALDH), which 

is strongly expressed in mDA neurons, were shown to be a PD inducing factor. Pesticides 

inhibiting ALDH were associated with 2-6 fold increased PD risk (Fitzmaurice et al., 2014). 

Also, recently, the general pollution by cars was shown to trigger PD (Chen et al., 2017a). 

Worth mentioning, in the context of ex vivo PD trigger identification, it is interesting and 

surprising that tobacco smoking was linked to a reduced risk of developing PD (Searles 

Nielsen et al., 2012). Also interesting and important to mention is the controversial ‘prion-like 

disease hypothesis’ for PD, adding another level of complexity (Frost and Diamond, 2010; 

Makin, 2016). The hypothesis is based on two host-to-graft findings (Kordower et al., 2008; Li 

et al., 2008), showing a transfer of Lewy body inclusions from the host to the graph of 

transplanted fetal mDA neurons. In the following it was shown many times that α-synuclein is 

able to spread when applied in vitro to cell culture media as well as when applied in vivo in 

mouse and macaque brains (Luk et al., 2012; Recasens et al., 2014). This awoke the fear of 

xenogeneic α-synuclein spreading and subsequent seeding as the trigger of PD. However, two 

recent studies show that mouse-α-synuclein significantly attenuates the formation of 

aggregates of human-α-synuclein (Fares et al., 2016; Rochet et al., 2000). This not only 

confirms a xenogeneic barrier for α-synuclein research, but also excludes an external uptake 
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and subsequent seeding of xenogeneic mouse-α-synuclein in PD. To date, it is impossible to 

estimate the frequency of ex vivo triggered PD among iPD cases. The complexity of PD with 

these numerous disease triggers led to the establishment of the ‘multiple-hit’ hypothesis 

(Sulzer, 2007). In most cases, PD is likely triggered by a combination of genetic susceptibility 

SNPs, non-genetic in vivo predispositions, and diffuse environmental ex vivo factors. Only 

additional investigative efforts will further complete this puzzle, enable future generations to 

track disease risk in real-time, and develop proactive preventive personalized therapy 

approaches.  

 

1.2. Parkinson’s disease cellular/molecular mechanisms 

The main obstacle in the development of efficient neuroprotective drugs for PD is the missing 

knowledge on the specific cascade of molecular events that provoke the associated 

neurodegeneration. The sheer number of molecular alterations associated with different 

monogenic forms of PD is overwhelming and mostly difficult to interpret. For some genes linked 

to monogenic PD the exact function of the underlying protein is not yet known. Thus, it is 

difficult to distinguish between direct and indirect effects of the associated mutation. 

Consequently, newly reported phenotypes, dependent on the study setup, need to be 

interpreted with extreme caution. Some of the observed phenotypes can certainly be seen as 

side effects, indirectly induced by the underlying direct deregulation induced by the altered 

protein. In most cases, only the identification of the exact cellular/molecular function of the PD-

associated protein is going to further elucidate the nature of the PD triggering mechanisms. 

 

1.2.1. LRRK2-G2019S associated cellular/molecular mechanisms 

The protein LRRK2 in the focus of our work is a protein with not yet fully uncovered function 

(Wallings et al., 2015). LRRK2 is hypothesized to be a scaffolding protein, a transmitter inside 

the cell, integrating a variety of different signals (Herzig et al., 2011). This is because LRRK2 

was shown to interact with an enormous variety of proteins. LRRK2 was shown to have various 

potential pathogenic interactions with: α-synuclein (Alegre-Abarrategui et al., 2008; Guerreiro 

et al., 2013; Qing et al., 2009), tau (Gammill and Bronner-Fraser, 2003), RAB7 (MacLeod et 

al., 2013; Steger et al., 2016), Drp1 (Wang et al., 2012), and even amyloid precursor protein 

(APP) (Chen et al., 2017b). Mechanistically LRRK2 was linked to: inflammatory response 

(Cook et al., 2017; Gardet et al., 2010; Kim et al., 2012; Moehle et al., 2012), mitochondrial 

dysfunction (Wang et al., 2012), synaptic dysfunction (Matikainen-Ankney et al., 2016; 

Parisiadou et al., 2014), autophagy-lysosomal system (Roosen and Cookson, 2016), 
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regulation of microRNA-mediated translational repression (Gehrke et al., 2010), and vesicle 

transport (Abeliovich and Gitler, 2016; Biskup et al., 2006) . 

The LRRK2-G2019S mutation is located in the kinase domain resulting in increased kinase 

activity (West et al., 2007) affecting inter- but also intra-protein phosphorylative activity 

between GTPase and kinase domain (Gilsbach and Kortholt, 2014). The exact nature of 

intramolecular interaction between GTPase and kinase domain is not conclusively described 

and still under debate. Molecular alterations associated with LRRK2-G2019S are extremely 

diverse and numerous. The most promising targets in the context of LRRK2-G2019S are 

interferences with mitochondrial metabolism (1.2.2.) and ALP (1.2.3.). Figure 5 outlines the 

diversity of these molecular events shown to be altered by LRRK2-G2019S. Thereby, the focus 

on LRRK2-PD linked interventions in mitochondria, mitochondrial biogenesis, and the 

autophagosomal-lysosomal-pathway (ALP), is most relevant for our studies (for more details 

see Figure 6).  

 

Figure 5: Molecular interferences linked to mutant Leucine-rich repeat kinase 2 (LRRK2). Depiction of 

putative cellular mechanisms that are impacted by one or more pathogenic mutations of LRRK2. LRRK2 has been 

reported to regulate lysosomal positioning and autophagy (Alegre-Abarrategui et al., 2009; Dodson et al., 2014; Niu 

et al., 2012; Plowey et al., 2008; Su and Qi, 2013; Wang et al., 2012), synaptic vesicle endocytosis (Matta et al., 

2012), synaptogenesis (Matikainen-Ankney et al., 2016; Parisiadou et al., 2014), cytoskeleton and neurite 

outgrowth (Jaleel et al., 2007; MacLeod et al., 2006; Parisiadou et al., 2009; Smith et al., 2005; West et al., 2007), 

protein synthesis (Gehrke et al., 2010; Imai et al., 2008; Martin et al., 2014a), golgi sorting, and retromer function 

(Lin et al., 2009; MacLeod et al., 2006; Stafa et al., 2014), endosomal biogenesis via Rab interaction (MacLeod et 

al., 2013; Steger et al., 2016). Mutations reported to affect the particular molecular function are indicated (adapted 

from Martin et al., 2014). 
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1.2.2. Mitochondria and mitochondrial biogenesis  

Mitochondria are organelles of endosymbiotic origin, found in most eukaryotic cells. The small 

(0.5-1 µm in diameter, sized like bacteria), double-membraned mitochondria harbor the ability 

to biochemically catalyze adenosine triphosphate (ATP) with high efficiency. ATP is a small 

molecule that functions in cells as a coenzyme and is also termed the "(unit of) molecular 

currency", the most important intracellular energy transporter. Mitochondria synthesize ATP 

mainly via oxidative phosphorylation (OXPHOS). By this nature, a fast catalysis of ATP is a 

significant evolutionary advancement and advantage. Hence, mitochondria are crucially 

involved in numerous cellular processes that rely on energy such as cell growth, maintenance, 

proliferation, activity, and neurogenesis (Beckervordersandforth et al., 2017). During the 

course of evolution, endosymbiotic mitochondria progressively lost already their genetic 

independence. Only a small fraction (13 proteins) of 1000 mitochondrial proteins is synthesized 

exclusively inside mitochondria, as most genes are outsourced to the nucleus and proteins are 

shuttled to mitochondria on-demand (Calvo and Mootha, 2010). The remaining essential 

proteins are encoded by the mitochondrial genome, circular polyploid DNAs (mDNAs) with up 

to several thousand copies existing within one cell (Taylor and Turnbull, 2005). Mitochondrial 

number varies strongly between cell types as most human cells contain several hundred up to 

thousands mitochondria. Maternally inherited mitochondria are a non-genetic (nuclear DNA) 

variable factor in PD. The functionality of mitochondria is affected by the mutation frequency 

in mDNA. Certain combinations of mDNA mutations were shown to induce ‘mDNA disorders’, 

which exhibit a strong phenotype in neural stem cells (Lorenz et al., 2017). Theoretically, 

mitochondrial inheritance is a genetic bottleneck, and even though there are rigorous control 

mechanisms, homo-/heteroplasmic transfer of mitochondria allows the existence of oocytes of 

different mitochondrial quality, with respect to mitochondrial DNA mutations (Johnston et al., 

2015; Li et al., 2016). A low quality mitochondria oocyte in combination with e.g. a monogenic 

PD-associated mutation, is hypothesized to contribute to the risk developing PD during aging 

(Coxhead et al., 2016). However, there is so far only weak evidence for this hypothesis (Schon 

et al., 2012). 

Mitochondria are the major sources of cellular reactive oxygen species (ROS), and when 

dysfunctional, mitochondria even consume cytosolic ATP (Chinopoulos and Adam-Vizi, 2010; 

Finkel and Holbrook, 2000). Hence, mitochondria possess a kind of ‘janus-like‘ nature. Apart 

from all the advantages in energy (ATP) supply, mitochondria can also be highly toxic to cells, 

being involved in apoptosis, necroptosis, and necrosis (Thornton and Hagberg, 2015; Wang, 

2001) (Figure 6). The upmost danger originating from mitochondria is the passive and 

uncontrolled release of reactive oxygen species (ROS) as a byproduct of OXPHOS. ROS can 

induce severe damage by oxidizing e.g. mDNA, DNA, and proteins, a process that is more 
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endangered during ageing, since ROS clearance mechanisms were shown to have an age-

dependent decline. Deregulation of ROS clearance mechanisms is associated with 

neurodegeneration of mDA neurons (Dias et al., 2013). Maintaining healthy mitochondria is 

therefore crucial for the overall cellular fitness. Controlling the risk of mitochondrial toxicity is 

for cells of high importance for survival, specifically of mDA neurons (Dias et al., 2013). 

Mitochondria are highly plastic and motile, being able to fuse (join forces) but also to fission 

(separate parts from the network, usually associated with malfunction), processes under 

constant pressure of cellular demands and mitochondrial health (Youle and Van Der Bliek, 

2012). Fission/fusion are part of ‘mitochondriogenesis’, which is directly related to cellular 

homeostasis and clearly a cellular mechanism of utmost importance (Kornmann, 2014) (Figure 

6). In a healthy situation, mitochondrial turnover is well-balanced in an equilibrium between 

fission and fusion and is where sufficient clearance of defective mitochondria is taking place 

(mitophagy) (Figure 6). Mitophagy summarizes mitochondria-specific autophagy, the cell’s 

mechanism to deal with abnormal mitochondria and thus controls the quality of the 

mitochondrial pool. Mitochondrial quality control mechanisms are specifically important for long 

living neurons and stem cell maintenance (summarized in Sun et al., 2016). There are four 

major pathways of mitochondrial quality control (summarized in Sugiura et al., 2014), ordered 

after cargo size: 1. Misfolded mitochondrial membrane proteins are degraded by two AAA 

protease complexes carrying catalytic sites facing both sides of the mitochondrial inner 

membrane (Langer, 2000). 2. Ubiquitination of mitochondrial proteins and targeted 

degradation via proteasome (Neutzner et al., 2007). 3. Segregation of larger mitochondria 

derived vesicles (MDVs) of selected mitochondrial cargos and degradation via fusion to 

lysosomes of ALP (Micromitophagy, direct fusion without autophagosome formation) 

(Soubannier et al., 2012a, 2012b). 4. Macromitophagy, a subtype of autophagy involves the 

sequestration of entire mitochondria within a double-membrane vesicle, autophagosome, 

followed by further degradation via the lysosome (Gammill and Bronner-Fraser, 2003). In 

addition, in neurons there seems to exist a kind of ‘transmitophagy’, which aims at shuttling 

defective mitochondria to astrocytes (Davis et al., 2014). Multiple times, mitochondriogenesis 

in PD was shown to differ from normal cellular status (Abou-Sleiman et al., 2006; Exner et al., 

2012; Henchcliffe and Beal, 2008). As introduced already, some of the PD-associated genes 

are critically involved in mitophagy. PINK1 coding for mitochondrial associated PTEN-induced 

kinase 1 and the E3 ubiquitin ligase Parkin are important for the accomplishment of 

macromitophagy (Jin and Youle, 2012; Jones, 2010; Wang et al., 2011). PINK1 is imported 

into healthy mitochondria where it is normally cleaved by the mitochondrial protease 

Presenilins-associated rhomboid-like protein (PARL). Upon damage this process is disrupted, 

PINK1 localizes to the outer mitochondrial membrane and recruits polyubiquitination of 
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mitochondrial substrates and by that recruits cytosolic Parkin, which induces phosphor(p)-

polyubiquitination and mitophagy via p62/LC3 (Deas et al., 2011; Jung et al., 2010). In PD-

associated mutations of PINK1 and Parkin carrying neurons, damaged mitochondria are not 

removed sufficiently (Geisler et al., 2010; Narendra et al., 2008) inducing cellular degeneration 

(Surmeier et al., 2010).  

 

Figure 6: Schematic representation of mitochondriogenesis and connected mitochondrial clearance via 
ALP. Both depicted pathways are omnipresent in the context of PD. LRRK2 is interacting with Drp1 and LRRK2-

G2019S induces fission, altering the balance of mitochondriogenesis (Wang et al., 2012). At the same time LRRK2 
is interacting with the ALP and LRRK2-G2019S limits degradation capacities (Roosen and Cookson, 2016). A) 

Mitochondriogenesis is comprising the permanent fission/fusion, quality control, and clearance dynamics of 
mitochondria while providing the cell with sufficient ATP. Fission is taking place in interaction with the ER and is 
mediated by Mitofusin 2 (Mfn2), involving Drp1. Fission is also taking place when the mitochondrial network is 
damaged. Fission in this case results in a damaged mitochondrion. The damaged mitochondrion is depolarized and 
exposed to elevated level of ROS. Four mitochondrial quality control mechanisms prevent further damage to the 
cell (yellow, 1-4). In case these are not working sufficiently the damaged mitochondrion can induce apoptosis or 
necrosis, mostly via cytochrome C release and activation of Bcl-2 pro-apoptotic proteins. Mitochondrial quality 
control mechanisms (1-3) work in parallel to mitochondriogenesis, preventing further damage and even fission. 
These mechanisms involve clearance of damaged mitochondrial proteins (1-2) via AAA-proteases and the 

proteasomal system, both permanently active, preventing damage. Mitochondria and mitochondrial cargo clearance 
mechanisms (3-4) involve the degradation via ALPs. (3) In a mechanism involving local PINK1 and Parkin 

recruitment damaged cargo is exported via budding from a mitochondrion. The budded vesicle fuses ultimately to 
a multivesicular body (MVB) or directly to a lysosome for further degradation. (4) In an ultimate step, in case 

mechanisms 1-3 were not sufficient, a whole mitochondrion can be degraded via mitophagy. In such case PINK1, 
Parkin, and ubiquitination mediated target the mitochondrion for degradation. Upon targeting it is engulfed in an 
autophagosome (involving p62, LC3-II recruitment), resulting in a mitoautophagosome. B) The mitoautophagosome 

(any autophagosome and budded vesicle (3)) fuses to a mature acidified lysosome for final degradation of the waste 
cargo. Sufficient supply of mature and acidified lysosomal is part of lysosomal biogenesis. The lysosomal fusion 
releases proteases and hydrolases degrading the potentially toxic cargo. The terminal of two of four known 
mitochondrial quality control mechanisms in the lysosome highlights the potential rate limitation by insufficient 
lysosome supply for mitochondrial clearance mechanisms (adapted from Füllgrabe et al., 2014; Sugiura et al., 
2014). 
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1.2.2.1. Mitochondrial dysfunction in aging and Parkinson  

Aging is a particularly complex and multifactorial process and the most important risk factor 

contributing to PD progression (Antony et al., 2013). Aging is characterized by a progressive 

decline of the efficiency of physiological function and by an elevated vulnerability to disease 

and death (Finkel and Holbrook, 2000; Gemma et al., 2007). Aging and eventual death of 

multicellular organisms is related to macromolecular damage by passively released 

mitochondrial ROS (López-Otín et al., 2013; Turrens, 2003). Loss of mitochondrial function 

including elevated ROS levels is a general hallmark of aging and more prominent in PD 

(Gammill and Bronner-Fraser, 2003). In this context, one can hypothesize three different 

possible scenarios for the age-dependent decline of mitochondrial function: 1) The function of 

mitochondrial quality control mechanism is stable over time, but is finally overloaded by 

increasing byproducts resulting from mitochondrial or mitochondria-independent, age-

dependent cellular processes 2) Accumulation of byproduct remains constant, but the 

efficiency of mitochondrial quality control mechanism is declining in an age-dependent manner 

3) Parallel decline of both, functioning as a circulum vitiosum. 

Mitochondrial dysfunction is extremely common in age-dependent neurodegenerative disease 

including PD (Lin and Beal, 2006). Mitochondrial dysfunctionality can be seen as a molecular 

hallmark of PD (Winklhofer and Haass, 2010). PD-postmortem brains show oxidative damage 

related pathology in particular in SNc (Drechsel and Patel, 2008). The exact mechanisms, with 

respect to the proposed models, are not fully understood, yet. Long-lived post-mitotic cells, 

such as neurons, are particularly vulnerable to mitochondrial dysfunctionality and ROS. mDA 

neurons produce high levels of ROS by their continuous robust autonomous pacemaker 

activity (Guzman et al., 2009) and the resulting energy demand mostly addressed by 

mitochondria. Further, DA synthesis byproducts are reactive side-products like H2O2 (Graham, 

1978). Both resulting in chronically high levels of ROS in SNc (Jenner, 2003). Consequently, 

mDA neurons are more prone to age-dependent decline of ROS clearance mechanisms. 

Besides, long-lived cells, stem cell pools, were shown to be vulnerable to ROS (García-Prat et 

al., 2016). In this context ROS levels were shown to be specifically high in neural stem cell 

niches, in early progenitor cells (Walton et al., 2012). ROS is also linked to a faster depletion 

of stem cells pools (Chen et al., 2016). Apart from directly triggering cell death, elevated ROS 

levels also alter the finely-tuned balance between self-renewal and differentiation, resulting in 

reduced stem cell maintenance (Ito and Suda, 2014). Over time, the stem cell pool exhausts 

in this scenario as the number of controlled cellular genesis consequently reduces, which was 

interestingly observed in a LRRK2-G2019S mouse model (Winner et al., 2011a) and could 

indicate earlier depletion of neurogenesis during aging in PD. Autophagy was shown to be the 
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main regulatory mechanisms for ROS in stem cell pools and stem cell maintenance (Chen et 

al., 2016; García-Prat et al., 2016) and also declines during aging (Rubinsztein et al., 2011). 

Autophagy is also important in mDA neurons, thus the underlying mechanisms are likely the 

same. Further, aging influences the positioning of mitochondria between stem and daughter 

cell. The future stem cell maintains younger mitochondria. A non-optimal positioning 

compromises stem cell niches and reduces the capacity to give rise to new daughter cells 

(Gammill and Bronner-Fraser, 2003). With respect to the three initially proposed hypothetical 

scenarios, the current literature supports the third scenario for PD, while the particular PD-

associated mutation negatively impacts, either directly or indirectly, mitochondriogenesis. 

PD-associated dysfunctions in this context are reaching from elevated mitochondrial ROS, 

reduced mitochondrial membrane potential, and elevated mutation rate of mitochondrial DNA 

over accumulation of fragmented mitochondria up to altered mitochondrial clearance 

mechanisms.  

 

1.2.3. Cellular (and mitochondrial) clearance mechanisms 

Cellular clearance mechanisms, specifically autophagy, gained much attention during the last 

decades, resulting in an exponential increase in autophagy related studies (Klionsky, 2007, 

Figure 1). The term autophagy is derived from the Greek “auto = self” “phagein = to eat “, 

accurately “self-eating”. Here, only autophagy-dependent clearance eventually merging with a 

lysosome, composing the autophagosomal-lysosomal pathway (ALP) which is a major axis of 

the cellular degradation system, crucial for cellular homeostasis are highlighted (Martinez-

Vicente and Cuervo, 2007) (Figure 6). The cellular degradation system additionally consists of 

the proteasomal (Adams, 2004) and exocytic (Raposo and Stoorvogel, 2013) pathways – 

being similarly important for complete cellular homeostasis. Even though an involvement of 

the latter in cellular clearance is still under debate, it is a potential way to export e.g. defective 

mitochondria (Phinney et al., 2015). Exocytosis alteration in a neurodegenerative disease 

context was recently highlighted (Kanninen et al., 2016; Sarko and McKinney, 2017).  

Groundbreaking work (Bucci et al., 2000; Cuervo and Dice, 1996; Mizushima et al., 1998; 

Takeshige et al., 1992) lead to a better understanding of cellular clearance related 

autophagosomal (Klionsky, 2007) and lysosomal pathways (Luzio et al., 2007). Alteration of 

ALP has been associated with numerous neurodegenerative diseases (Nixon, 2006, 2013 

(Table 2); Pan et al., 2008). Functional autophagy is crucial for survival, development, 

differentiation, and homeostasis (Levine and Brivanlou, 2007). Autophagy involves multiple 

steps comprising the formation of a double membrane structure, the autophagosome, 
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engulfing the cargo to be cleared (Figure 6). Once the formation is completed the 

autophagosome fuses with lysosomes and forms an autophagolysosome, both referred to as 

autophagic vacuoles, characteristic for autophagy (Takeuchi et al., 2005). After fusion, the 

former inner membrane of the autophagosome disintegrates and the lysosomal hydrolytic 

enzymes degrade the autophagosomal cargo. The whole process is referred to as 

macroautophagy. Besides that, microautophagy also exists, comprising the gradual, 

continuous turnover of specific subsets of cytosolic proteins, carrying a CMA targeting motive 

(Bejarano and Cuervo, 2010). This so called chaperone-mediated autophagy (CMA) is a 

secondary ‘line of defense’ usually following macroautophagy. It was shown that CMA is a 

heat-shock cognate protein of 70 kDa (hsc70) mediated. hsc70 binds to the CMA targeting 

motive and guides the protein via LAMP-2A receptor binding inside the lysosome (Crotzer and 

Blum, 2005). Normal function of both pathways require the availability of a sufficient number 

of lysosomes that further need to be sufficiently acidified to conduct their degradative function 

(Luzio et al., 2007). Insufficient function of lysosomes forms the class of the so called lysosomal 

storage disease (LSD), based on major malfunctioning of lysosomes, and results in 

accumulation of unprocessed waste (Neufeld, 1991). Interestingly, it was stated specifically 

that lysosomal turnover rather than autophagosomal LC3 levels are an indicator for ALP 

capacity (Tanida et al., 2005). Alterations in ALP biogenesis are directly linked to mitophagy, 

and thus mitochondriogeneis (Youle and Narendra, 2011)(Figure 6). 

Alterations of both parts of ALP have been associated with PD (Pan et al., 2008). The following 

PD-associated proteins were shown to alter autophagy when mutant: VPS35 (Zavodszky et 

al., 2014), GBA1 (Schöndorf et al., 2014), ATP13A2 and SyT11 (Bento et al., 2016), α-

synuclein (Winslow et al., 2010), and LRRK2 (Roosen and Cookson, 2016). LRRK2-G2019S 

was shown to increase basal autophagy levels, while overall autophagic flux was reduced 

(Sánchez-Danés et al., 2012). LRRK2 was shown to localize to compartments involved in ALP 

(Biskup et al., 2006; Gomez-Suaga et al., 2012). LRRK2 also interplays with CMA, an 

interaction which seems to have a LRRK2 self-perpetuating function (Orenstein et al., 2013) 

and might compromise degradation of other factors (like α-synuclein) via CMA (Cuervo, 2004). 

LRRK2 directly interacts with Rab7 (MacLeod et al., 2013; Steger et al., 2016) a key factor in 

autophagosomal-lysosomal biogenesis, specifically lysosomal maturation (Bucci et al., 2000; 

Hyttinen et al., 2013). 
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1.3. Neurodevelopment and PD 

Recent studies have collected increasing evidence indicating a contribution of the 

neurodevelopment to PD progression (reviewed in Le Grand et al., 2014; Marxreiter et al., 

2013). The exact implication of this new aspect of PD-pathology is so far unclear, but could 

predispose to the onset of PD. In this context particularly interesting is the observation that a 

α-synuclein knock out in mice results in a reduced number of mDA neurons formed in the SNc 

during embryonic neurogenesis (Garcia-Reitboeck et al., 2013), showing the importance of the 

PD-associated SNCA also for mDA neuron development. Further, in human PD-patient post-

mortem brains an 100% increase of mDA neurons in the olfactory bulb was observed (Huisman 

et al., 2004). A very interesting observation when taking in consideration that the olfactory bulb 

development ends around 18 month post-natal (Sanai et al., 2011) and is afterwards basically 

absent (Wang et al., 2011), the observed dramatic differences can be only the result of early 

developmental differences. In the neurodevelopment LRRK2 was shown to be important for 

the regulation of neurogenesis (Gammill and Bronner-Fraser, 2003; Winner et al., 2011b). 

LRRK2 is expressed in proliferative neural stem cell (NSC) niches of the developing embryonic 

mouse brain. This was verified in ex vivo cultured embryonic NSCs (Galter et al., 2006; Zechel 

et al., 2010) and indicates that NSCs as a potential model for studying G2019S-PD. In relevant 

mouse models, embryonic and adult neurogenesis is affected (Bahnassawy et al., 2013; Le 

Grand et al., 2014; Winner et al., 2011b). LRRK2-G2019S transgenic-mice possess reduced 

hippocampal synaptic plasticity (Sweet et al., 2015) without recapitulating a neurodegenerative 

phenotype. The loss of neural plasticity is correlated to neurodegeneration and reduced adult 

neurogenesis in PD (Gammill and Bronner-Fraser, 2003). Induced pluripotent stem cell (iPSC) 

derived LRRK2-G2019S NSCs progressively degenerate and retain indications for altered 

neurodevelopment (Liu et al., 2012). These observations, together with the fact that iPSC 

derived material resembles embryonic identity (Mariani et al., 2012), point at a potential 

predisposition to PD already formed during early human embryonic development. 
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1.3.1. Early embryonic neurodevelopment 

Neurodevelopment can be defined as the birth of all central nervous system (CNS) contributing 

cells in spatiotemporal arrangement, establishment of connectivity, and functional specification 

(Götz and Huttner, 2005). Neurodevelopment bases on a pre-defined genetically encoded 

developmental blueprint under constant evolutionary pressure (Gammill and Bronner-Fraser, 

2003). The complexity of the CNS development in humans is not recapitulated by the used 

animal models, a fact that highlights the limitations of non-human models (Bakken et al., 2016). 

Neurodevelopment starts early in embryogenesis, in humans, post-conception neural 

induction takes place around day 15 (Figure 7). Around this point gastrulation starts and meso-

, endo-, ectoderm start forming the triploblastic embryo. Neural induction at the future dorsal 

side is seen as the earliest step in the determination of neuroectodermal cell fate (Muñoz-

Sanjuán and Brivanlou, 2002). Extrinsic signaling acts on the inner cell mass (ICM) of the 

blastocyst, de facto pluripotent stem cells (PSC), a concept that was highlighted already in 

1924 in xenopus (1924, Spemann and Mangold). Autocrine signaling induces neural induction 

and blocks differentiation into mesendodermal, trophectodermal, and ectodermal cells. Neural 

induction is passively induced via inhibition of bone morphogenetic proteins (BMP)/Nodal 

signaling (TGFb/BMP receptor mediated), resulting in intracellular SMAD signal inhibition and 

downregulation of associated gene expression (Levine and Brivanlou, 2007). Neural induction 

results in neural cells of neuroectoderm with rostral forebrain identity as this is the default 

tendency (Sasai, 2013) (Figure 7). During the following reorganization and expansion, the 

notochord is formed and induces an axial (along cranial-caudal axis) thickening of the 

endoderm. Following this, the neurulation takes place, forming the neural plate first around day 

19, the key developmental structure of the developing CNS. The neural plate is separated from 

surrounding epidermis by the neural plate border. The central part of the neural plate then 

migrates anterior and at the same time the neural plate borders migrate towards each other, 

forming the neural grove. The neural grove then closes and during the fourth week of 

embryogenesis, is covered by the bordering epidermis at the end of the process. The most 

dorsal part of the neural tube is formed by the neural plate borders and contains the neural 

crest cells, the future peripheral nerve system (PNS/spinal cord) and former neural plate border 

cells. The neural tube gives rise to the future CNS, with further specification during the next 

stages of neurodevelopment. During the process of early embryonal neurodevelopment, 

diverse types of neural stem cells (NSC) exist (Alvarez-Buylla et al., 2001; Gage, 2000; Götz 

and Huttner, 2005). NSC, to a certain extent, possess the ability to further proliferate and self-

renew, expand the CNS, and give birth to neuronal or glial cell types. The diverse NSC stages 

in this context are mostly transient, triggered by extrinsic, micro-environmental factors and 
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automated developmental programs (Kriegstein and Alvarez-Buylla, 2009). In mammals like 

humans and mice, certain neural stem cell niches are maintained in adulthood (Gage et al., 

2008). In mice, a foundation of definite adult NSC niches is already made during early 

development and further specified during aging (Fuentealba et al., 2015). Overall, the 

introduced parts of neurodevelopment are highly conserved and of utmost importance for the 

following neurodevelopment (Mieko Mizutani and Bier, 2008). 

 

 

Figure 7: Timing and events during early human neurodevelopment. Depicted in spatiotemporal manner with 

exemplified in vivo electron microscopy pictures of whole mount embryos and transverse plane slices along the 

vertical axis of the future neural tube. Early neurodevelopment starts around day 14 post-conception, after the 

embryo embedded in the endometrium. Neurodevelopment starts with neural induction forming the primitive streak 

dorsal to the notochord. From rostral to caudal alongside the primitive streak neuroepithelial cells line up and form 

the neural plate border surrounding the neuroectoderm. During neurulation the cells neighboring the neural plate 

direct the neuroectodermal cells to proliferate, invaginate, and pinch off the exterior side to form a hollow tube. The 

neurulation continues by further invagination of neuroectodermal cells towards the ventral side of the embryo while 

the neural plate border cells at the neural fold comigrate towards medial. During the fourth week post conception 

and the second week of neurodevelopment the neural groove closes at the dorsal side towards rostral and caudal, 

as a result the neural tube is forms. The neural tube is giving rise to all parts of the central nervous system. The 

neural crest cells originating from the neural fold give rise to the peripheral nervous system. (Parts of the figure 

kindly provided by Lisa M Smits, adapted from: Bear et al., 2016; Gammill and Bronner-Fraser, 2003). Scanning 

electron microscopy pictures of whole mount in vivo situation were kindly provided Hill, M.A. 2017 Embryology Main 

Page. August 3, 2017, from https://embryology.med.unsw.edu.au/embryology/index.php/Main_Page. 

 

 

 

 

https://embryology.med.unsw.edu.au/embryology/index.php/Main_Page
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1.3.2. Embryonic midbrain specification  

Along with the closing of the neural tube, specification of cells continues during the fourth and 

fifth week of neurodevelopment. Regionalization and subdivision results in various brain 

regions, so called “neuromeres”, along the dorsal-ventral (D-V) axis (Figure 8). Neuromeres 

are morphologically or molecularly defined transient segments of the early developing brain. A 

better understanding of this process of early CNS development was established only recently. 

Around 1990, the cell lineage restriction boundaries of the hindbrain were identified in the 

embryonic vertebrate hindbrain (rhombencephalon), subdividing it into a series of tight 

compartments (termed rhombomeres) (Fraser et al., 1990; Wilkinson et al., 1989). Shortly 

after, the first regionalization genes were identified (Figdor and Stern, 1993; Simeone et al., 

1992) and the concept of further subdivision of the mid-fore brain was proposed (Rubenstein 

et al., 1994). Also the midbrain-hindbrain boundary (MHB) was identified, separating 

mesencephalon and rhombencephalon within the developing CNS (Crossley et al., 1996). A 

finding that initiated an ongoing search for additional compartmentation in other regions of the 

developing CNS. Since then further boundaries were identified, separating the primary brain 

vesicles prosencephalon (forebrain) from the mesencephalon, subdivided in the anterior 

telencephalon and the more caudal diencephalon (Stiles and Jernigan, 2010). The 

regionalization of the developing CNS is only possible by the interplay between various 

extrinsic and intrinsic cell fate determinants along anterior-posterior (A-P) and D-V axes 

(Figure 8). 

Along the A-P axis, the midbrain is enclosed by the MHB (isthmic organizer) and the 

diencephalon-midbrain boundary (DMB). The formation of the boundaries is the best 

understood for the MHB. The MHB is defined by counteracting expression of homeobox genes 

Otx2 (fore-/midbarin) and Gbx2 (Only hindbrain). Important are further extrinsic signaling 

gradients of FGFs, Nodal, retinoic acid and WNTs, which are involved (Niehrs, 2004; Wilson 

and Houart, 2004). More precisely, MHB specifies A-P patterning (Nakamura et al., 2008) via 

its signaling molecule fibroblast growth factor 8 (FGF8) under tight regulation of OTX2/Gbx2. 

Besides the expression of FGF8, WNT1, another extrinsic signaling factor, is expressed at the 

MHB and building a gradient to anterior (Figure 8). FGF2 is present during whole 

neurodevelopment (Woodbury and Ikezu, 2014). During regionalization FGF2 induces the 

formation of MHB-like tissue, indicating a dorsalizing role (Dorey and Amaya, 2010). FGF2 

suppresses forebrain markers such as OTX2 and enhances expression of MHB markers FGF8 

and WNT1 (Muguruma et al., 2015). Along the D-V axis, further specification of the developing 

mesencephalon takes place. Roof plate cells release BMP and floor plate cells sonic hedgehog 

(SHH) leading to a dual gradient, both fainting along the D-V axis. SHH in combination with 

WNT1 signaling are an important signal for SNc formation and mDA neuron determinants. 
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Figure 8: Simplified early neural patterning and midbrain specification: The neural tube closes during the 4th-

5th week post-conception. Regionalization and subdivision of the CNS starts, resulting in various brain regions. A) 

Schematic drawing of the mid-sagittal plane of the superior part of the embryo. SHH and FGF8 mainly determine 

regionalization. SHH is expressed by the notochord and the ventral neural tube of the forebrain. In parallel FGF8 is 

expressed and released by the cells at the MHB. From superior/rostral to inferior/caudal: Telencephalon, 

Diencephalon, Mesencephalon, Hindbrain, MHB – mid-hindbrain border, Notochord, Spinal cord B) Coronal plane 

of the neural tube as indicated in A, allowing visualization of a more detailed distribution of mDA neuron patterning 

factors C) Specific regionalization leads to a mDA neuron favorable niche at the most ventral side of the neural 

tube. mDA neuron progenitors ideally originate this favorable zone, expressing LMX1A, FOXA2 and TH. Orientation 

along the axes indicated. (Figure kindly provided by Lisa M. Smits, adapted from Lumsden and Graham, 1995) 

 

1.3.3. Development of midbrain dopaminergic neurons  

Dopaminergic (DA) neurons of the brain are an anatomically and functionally heterogeneous 

group involved in a wide range of neuronal network activities and behavior, using 

predominantly dopamine as a neurotransmitter. Heterogeneity, even within mDA neurons was 

recently highlighted (Gammill and Bronner-Fraser, 2003; La Manno et al., 2016), outlining the 

complexity of the dopaminergic system. An important function of mDA neurons of the SNc is 

the synthesis of the majority fraction of the brain’s dopamine (DA). DA is important for 

locomotion, cognition, affect, and emotion (Grace, 2016). mDA neurons possess robust 

autonomous pacemaker activity (Guzman et al., 2009; Pissadaki and Bolam, 2013). Groups 

of DA neurons originate at the mesencephalic/diencephalic junction and project to various 

forebrain targets. Among the different groups of mDA neurons, A9 DA (mDA) neurons are the 

best described and associated with locomotion and emotion. The ventral tegmental area (VTA, 

A10 group) contains the second group for DA neurons, associated with motivational function 

and arises more medially, as a part of the mesolimbic and mesocortical dopamine systems. 

A9 mDA neurons are considered the most relevant cell type for PD research (Arenas et al., 

2015). 

FOXA2, LMX1A, LMX1b, NGN2, MSX1/2, NURR1 and SHH were all shown to be required for 

regular A9 mDA neuron development, but only SHH and LMX1A are both necessary and 

sufficient to induce mDA neurons (Prakash and Wurst, 2006). Specification of mDA A9 

neurons in the midbrain is modulated by PAX6 expression, defined by BMP/SHH gradients 
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(Figure 8). PAX6 is another regional specifier assumed to interact with the mesencephalic 

markers EN/PAX2 in order to further define the DMB (Matsunaga et al., 2000). The ventral 

midbrain, SNc region is further specified by the expression of two homeobox proteins engrailed 

homeobox 1 and engrailed 2 (EN1/2), both activated by FGF8 (Gammill and Bronner-Fraser, 

2003; Wurst and Bally-Cuif, 2001). Other important determinants of A9 mDA neurons are 

LMX1A and FOXA2, both induced by SHH signaling. Further, expression of LMX1A triggers 

dopaminergic differentiation and recruits MSX1/2, an inhibitor of negative regulators of 

neurogenesis. MSX1 induces the expression of proneural factors such as Neurogenin 2 

(NGN2) which is necessary for the correct development of mDA neurons (Gammill and 

Bronner-Fraser, 2003). mDA progenitors migrate to exit the proliferative zone and start to 

synthesize DA, which is indicated by tyrosine hydroxylase (TH) expression activated by Nurr1 

and mDA progenitors, indicated by the expression of TUJ1 (Abeliovich and Hammond, 2007; 

Sakurada et al., 1999). A last marker important for SNc development is PITX3, an expression 

that is required for the development and survival of A9 mDA neurons of the SNc but not 

required for the A10 VTA mDA neuron development (Oliveira et al., 2017). The dopaminergic 

neuron development continues postnatal. 

 

1.4. Modeling Parkinson’s disease 

The better understanding of the developmental processes that guide the formation of the 

human midbrain is an important step towards an understanding of PD pathomechanisms. This 

knowledge also resulted in the generation of more advanced cellular PD models that allow 

targeted experimental approaches on human mDA neurons. Nevertheless, the history of 

modeling attempts in PD is long. A variety of models were utilized to study PD-associated 

pathological mechanisms (Beal, 2001; Dauer and Przedborski, 2003). PD modeling attempts 

can be divided into genetic and neurotoxin based models (Jagmag et al., 2016). Toxin based 

animal models serve as inducible models, exhibiting mDA neuron specific brain lesions post-

induction. After artificially induced brain lesion, some animal models recapitulate PD-

associated symptomatic clinical manifestation, e.g. the amphetamine 6-OHDA-Lesioned Rat 

model (Olsson et al., 1995). These models mostly serve to study recovery potential and 

pharmacological treatments to rescue the loss of cells and motor-function. Unfortunately, toxin 

based models are substantially variable, limiting the usefulness for therapeutic development 

(Beal, 2010). To that extent, the MPTP modeling in primates and mice can be seen as the best 

model, however, not reproducing Lewy-pathology. None of the toxin induced models 

recapitulates Lewy pathology (Beal, 2010). To what extent neurotoxin based models 

reproduce human-PD is controversially discussed. These models do not allow the study of PD 
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progression, and thus are only utilizable for the development of symptomatic therapies, but not 

for neuroprotective proactive treatments. 

Genetic models for PD reach from in vivo Saccharomyces cerevisiae (Khurana and Lindquist, 

2010), Caenorhabditis elegans (Harrington et al., 2010), Drosophila melanogaster (Feany and 

Bender, 2000), Mus musculus (Antony et al., 2011; Blesa and Przedborski, 2014), rattus 

norvegicus (Björklund et al., 2002), and monkeys like macaca mulatta, to diverse in vitro 

models like immortalized cell lines, primary cell cultures, and patient derived cell cultures. All 

cross species models are limited by their xenogeneic nature, as only functionally, highly 

conserved proteins can be sufficiently studied. Specifically, the central nervous systems differ 

strongly between most of these models and humans. The closest evolutionary relative to homo 

sapiens of the introduced PD models, Macaca mulatta, diverged 25 million years ago (Bakken 

et al., 2016). During these 25 million years, constant evolutionary pressure continuously 

separated homo sapiens from prehistoric ancestors (Bae et al., 2015). Apart from structural 

differences of the neural system, genetics and specifically the long post-natal 

neurodevelopment differs strongly between species (Bakken et al., 2016), exacerbating 

translatability of observations. Notably, just in 2016, the Japanese researcher Dr. Hideyuki 

Okano (Keio University) claimed to have genetically engineered monkeys to develop PD. Dr. 

Hideyuki Okano claimed that these monkeys recapitulate NMS, MS, and Lewy-pathology, all 

appearing within 3 years. Clearly an interesting model to better understand the progression of 

PD, however, the study is not yet published. 

Modeling PD in the cell culture dish started with immortalized cells. The function of PD-related 

proteins and mutations was mostly studied in over-, transient-, and mostly uncontrolled-

expression experiments, resulting in a reduced physiological relevance of the findings. Protein-

protein interaction studies or phenotyping in a not fully controlled situation in immortalized cells 

are extremely difficult to translate (Gibson et al., 2013). With the appearance of controlled, 

targeted genetic engineering tools (1.4.2. Genome editing) transient or transduced expression 

was quickly stigmatized as not ideal. However, despite being more elegant, genetic 

engineering also requires further improvements to ultimately be considered as ‘fast, clean, and 

footprint-free’ (Schaefer et al., 2017). Furthermore, patient primary somatic skin cells 

(fibroblasts) were utilized for disease phenotyping mostly in comparison to age and gender 

matched controls. In addition to not being part of the nervous system these cell cultures are 

not uniform/homogenous, hampering translatability to the nervous system. The recent 

introduction of human stem cell models and stem cell based cultures provides a unique tool 

for recapitulating PD in the dish (Mertens et al., 2016). 
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1.4.1. Patient derived iPSC 

The group of Dr. Shinya Yamanaka (Riken, Japan) introduced the conversion (reprogramming) 

of terminal differentiated mature cells to an immature primitive pluripotent stem cell state 

(Takahashi and Yamanaka, 2006). A permanent conversion was previously assumed to be 

impossible and thought to be unidirectional (Marchetto and Gage, 2012). Cellular 

reprogramming by ectopic expression of defined transcription factors results in reprogramming 

to induced pluripotent stem cells (iPSCs) and was first successfully performed using mouse 

derived cells (Takahashi and Yamanaka, 2006) and soon after in human mature skin cells 

(fibroblasts) (Takahashi et al., 2007; Wernig et al., 2007; Yu et al., 2007). iPSC are intriguingly 

similar to embryonic stem cells (ESC) of the ICM of the blastocyst, which were shown to be 

cultivable beforehand (Thomson et al., 1998). PSC (ESC/iPSC) are able to give rise to all cell 

types of the organism apart from the extraembryonic tissue (Niwa, 2007). iPSC provide a new 

way to model and investigate human in vivo development and disease (Marchetto and Gage, 

2012). PSC are specifically useful for diseases in which the tissue of interest is not accessible 

for cell extraction. 

When studying iPSC based models some small ‘weaknesses’ need to be considered. For 

example, it was shown that iPSC retain some gene expression signatures linkable to their 

origin, which could impact gene expression studies (Chin et al., 2009). The epigenetic memory 

(DNA methylation) of those iPSC was shown to preserve residuals of their somatic tissue of 

origin, accountable for the previously described gene expression effects. Linked to this, 

induced reprogramming efficiency is strongly modulated by several factors e.g. donor age, 

terminality of cells and the methylation state (Kim et al., 2010). Within the epiblast of the post-

implantation blastocyst, different kinds of stem cells exist, naïve and primed (Nichols and 

Smith, 2009). Pluripotency is a transient state and only homogenously represented by 

epiblasts of pre-implantation blastocysts (surrounded by trophoblast (future extraembryonic 

tissue) and hypoblast) (Plusa and Hadjantonakis, 2014). This state is defined as the naïve 

ground state of pluripotency (Arnold and Robertson, 2009). Stem cell priming also appears in 

vitro (Gafni et al., 2013). Priming of iPSC cultures results in lineage restriction (Weinberger et 

al., 2016), a restriction that was shown to be reversible (Gafni et al., 2013; Theunissen et al., 

2014). Maintaining naïve PSC for a long time at the most primitive PSC state was recently 

shown to also bear pitfalls, permanently altering DNA methylation and restricting 

developmental potential, specifically when using MEK inhibition (Choi et al., 2017; Yagi et al., 

2017; Zwaka, 2017). However, since PD is an age-dependent disease, the biggest 

‘disadvantage’ of modeling PD using iPSC based models is the rejuvenation of the cell 

material, resulting in cells mapping to human embryonic development (Mariani et al., 2012). 

Researchers try to overcome this problem now, either by artificial aging iPSC based material 
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(Miller et al., 2013) or by direct reprogramming, avoiding rejuvenation by avoiding the 

pluripotent stem cell step (Han et al., 2012). Another approach to overcome this issue is 

transdifferentiating (lineage reprogramming) (Graf and Enver, 2009; Orkin and Zon, 2008). 

Though, transdifferentiation was not yet utilized in the context of PD research. Another clear 

disadvantage of current reprogramming methods is the clonal step during picking, introducing 

a loss of genetic diversity of donor material (Mertens et al., 2016). Researchers now bring 

iPSC based models closer to humans by using 3D-cultures, better recapitulating the in vivo 

conditions (Kelava and Lancaster, 2016; Lancaster et al., 2013; Monzel et al., 2017).  

iPSC based technologies hold great promise for PD-research and iPSC from PD patients have 

already been derived several times (Cooper et al., 2012; Gammill and Bronner-Fraser, 2003; 

Reinhardt et al., 2013a). Patient specific autologous or human leukocyte antigens (HLA) 

perfectly matching allogeneic cells are good tools for cell replacement strategies, avoiding 

immunosuppression necessary in non-matched allogenic situations (Okita et al., 2011). Even 

though phenotyping PD in 2D cell culture systems is already meaningful, current developments 

are going to bring phenotyping and the translatability of results closer to an in vivo situation, 

allowing better recapitulation of complete PD progression in the ‘dish’. 

 

1.4.2. Genome editing  

The meaningfulness of any experiment is strongly dependent on an appropriate control, for 

iPSC based models this means an age and gender matched control individual, ideally of the 

same ethnicity. However, this approach also bears a likelihood for false-positive/negative 

results. This problem can either be overcome by increasing the number of cell lines or by using 

a smaller set of iPSCs, including genome edited isogenic controls (Germain and Testa, 2017). 

Genome editing describes the introduced, stable, targeted, and permanent manipulation of a 

genomic DNA of choice. DNA bases in the targeted locus can either be replaced, inserted, or 

deleted. Besides, theoretically, any ‘DNA-cargo’ up to a certain size (bp), can be directed to a 

previously specified position in the genome, allowing controlled ectopic expression driven by 

an artificial designer-promoter, e.g. in a ‘safe-harbor’ (Hockemeyer et al., 2009, 2011), as 

applied in the high-throughput analysis of autophagy and mitophagy in the context of this 

thesis. Genome editing presents a new opportunity to create isogenic in vitro models for 

phenotyping purposes, but also shows potential for therapeutic interventions in vivo. 

Genome editing tools comprise of the targeted induction of DNA double strand break (DSB) 

into DNA followed by a manipulation of choice at that targeted position. Up to now, three major 

engineering systems: Zinc-finger nuclease (ZFN), Transcription activator-like effector (TALE) 

nuclease (TALEN) and Clustered regularly interspaced palindromic repeats (CRISPR) 
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associated (Cas) systems (CRISPR/Cas) have been utilized to induce specific DSB in genomic 

DNA (Figure 9). None of the methods is ‘perfect’ and the development of less cost/labor 

intensive, more specific, and efficient nucleases is still ongoing (Carroll, 2016). ZFN and 

TALEN both combine the guide with a rather non-specific DNA cleavage domain (Fok1). 

CRISPR/Cas based editing, introducing the DSB via more specific Cas, is currently the best 

choice, lacking the Fok1-induced off-target effects. DSB activates DNA repair pathways, 

including non-homologous end joining (NHEJ) and homology-directed repair (HDR), which can 

be used for different purposes in the context of genome editing (Stracker and Petrini, 2011) 

(Figure 9). NHEJ requires the recruitment of Ku70/80, DNA ligase IV (LIG4), XLF and XRCC4 

(Mari et al., 2006). It can take place throughout the cell cycle without the need of a homologous 

DNA template. NHEJ is very likely to cause unspecific small insertions or deletions, resulting 

in frameshift and gene knock-out (Gaj et al., 2013). Thus, NHEJ can be used to engineer gene 

knock-out as a more reliable replacement for RNAi technologies. In contrast, HDR only occurs 

in S and G2 phases of cell cycle when a homologous template is available (Dehé and Gaillard, 

2017). Although the frequency of HDR is 1000 times less than that of NHEJ due to its complex 

multi-step machinery, HDR is more specific and less prone to the disadvantages of NHEJ 

(Vasquez et al., 2001). The process of exchanging genetic materials between the target DNA 

and homologous templates during HDR allows to introduce modification of choice though an 

appropriately designed donor DNA template (Ding et al., 2013). So far, all applied methods still 

bear the risk of off-targets like unsolicited indels (point mutation) or unspecific random 

integration in the genome (Wang et al., 2015), requiring excessive control steps. 
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Figure 9: Current state of targeted DSB induction and DSB repair methods. DSB in the DNA, the starting point 

of genome editing is currently initiated using three different methods, here in chronological order of appearance. 

Zinc-finger nuclease (ZFN), transcription activator-like effector (TALE) nuclease (TALEN) and CRISPR-Cas. 

Endogenous DSB repair mechanisms are important for targeted specific manipulation, here non-homologous end 

joining (NHEJ) and homology-directed repair (HDR). NHEJ is mostly used for gene knock out experiments. HDR is 

the current method of choice for targeted manipulations, even of single nucleotides. (sg-RNA, single guided RNA) 

(adapted from Yin et al., 2017). 

Using edited isogenic cell lines allows more precise phenotyping in the context of PD. This 

approach diminishes the uncertainty of studying individual PD-unrelated phenotypes instead 

of PD-associated phenotypes. Previously, PD-phenotyping was based on the comparison 

between healthy controls and patient cells with mutation, sometimes even only of one 

healthy/PD pair (Skibinski et al., 2014). Genome-edited isogenic pairs ensure the validity of 

the observed phenotypes, which are directly linkable to a monogenic PD-associated mutation 

independent of genetic background variations. ZFN-mediated editing of LRRK2-G2019S was 

shown to sufficiently induce or reverse PD-associated phenotypes (Reinhardt et al., 2013a; 

Sanders et al., 2014). Further, it is specifically useful for the dissection of susceptibility factors 

in the genetic backgrounds of patients, accountable e.g. for penetrance variations of PD-

associated variations. 
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1.4.3. In vitro neural stem cells 

Probably the best way of recapitulating neurodevelopment in vitro is starting at its basis, the 

neural fold (Figure 7, Figure 10). During the development of the mammalian central nervous 

system, only multipotent neuroepithelial stem cells (NESCs) are the ultimate embryonic 

lineage precursors/progenitors, accountable for the major expansion of the CNS (Kriegstein 

and Alvarez-Buylla, 2009). The term NSCs encompasses all cell stages possessing the ability 

to proliferate, self-renew, and give rise to all cell types of the neural lineage (Gage, 2000). For 

long, it was assumed that neurodevelopment stops with birth and NSC are not existent 

afterwards. The first hints showing the existence of proliferative cells post-natal was delivered 

in 1963 by J. Altman in rats and cats (Altman, 1963). It took almost half a century, until 1998, 

till the group of Dr. Fred H. Gage (Salk Institute, USA) verified this for humans (Eriksson et al., 

1998), showing the stable maintenance of distinct niches of NSC in the human adult brain. As 

introduced (1.3.), the majority of developmental NSC stages are transient. However, three/four 

main categories can be defined during embryonic development and within the adult 

brain: Neuroepithelial (progenitor or) stem cells (NESC) and Rosette-type NPCs, both at the 

neural-plate-tube, and further, early and late radial glial(-like) NPCs within fetal and adult brain 

(Conti and Cattaneo, 2010; Götz and Huttner, 2005; Mertens et al., 2016) (Figure 10). 

In vitro neural stem cell cultures were not existing before 1992, when the first protocols for 

maintaining mouse primary embryonic and adult NSC in the dish were published (Reynolds 

and Weiss, 1992; Reynolds et al., 1992). The following evolution of in vitro NSC cultures was 

highlighted by Conti and Cattaneo, 2010. Here, only a few achievements are introduced. After 

the establishment of ESC in vitro maintenance conditions (Evans and Kaufman, 1981; Martin, 

1981) the first in vitro NSC derivation and culture protocol from mouse ESC was established 

only 15 years after (Okabe et al., 1996). Due to the known signaling cues, the derivation and 

establishment of human ESC (Thomson et al., 1998) deriving neural stem cells was 

substantially faster (Reubinoff et al., 2001; Zhang et al., 2001). In the meantime NSC derivation 

protocols were continuously improved, resulting in low-cost maintenance of more primitive 

NSC via small molecules (Reinhardt et al., 2013b). The protocol allows the maintenance of 

cell at a NESC stage that can be clonally directed to differentiate into neural tube and neural 

crest lineages, including both peripheral neurons and mesenchymal cells, a potency or 

plasticity usually only matched by PSC. The latter protocol was applied throughout all studies 

summarized in this thesis. However, we are continuously trying to improve the protocol, 

maintaining high proliferation rate with further improved mDA-specific pre-patterning. The 

protocol used utilizes double SMAD inhibition (Chambers et al., 2009)(1.4.4. In vitro midbrain 

patterning and dopaminergic neurons derivation) and subsequent SHH/WNT pathway 

modulation for regionalization (ventralization/opposing SHH signaling - expansion) in the 
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presence of retinoic acid (RA) (Jacobs et al., 2006) allowing stable maintenance while 

maintaining neural plate border identity. 

Figure 10: hPSC based human in vitro neurodevelopment recapitulation and in vivo counterparts. Mapping 

in vitro cell types to actual in vivo counterparts is difficult without direct comparison. Mapping is mostly based on 

lineage restrictions and similarly potent in vivo counterparts. The plasticity of transient in vivo neural stem cell states 

substantially increases the likelihood of the existence of a similar counterpart (Conti and Cattaneo, 2010). Mertens, 

Gage et alia applied the depicted classification and mapping of in vitro neural stem cell like material. The pluripotent 

stem cells stage (iPSC/ESC) is easily mappable to in vivo PSCs of the blastocyst’s ICM. Neuroepithelial NPSs or 

neural plate border stem cells have the potential to develop the CNS and PNS. Only NSCs at the neural plate 

possess are capable of developing towards PNS. Rosette-type NPCs appear after neurulation when the neural 

tube closed, they are more restricted and lost capability to develop into PNS but are capable to develop to neurons 

and glia. In vitro radial glia(-like) NPCs are even more restricted and only give rise to postmitotic neurons, 

resembling the NSCs of the residual neural stem cell niches of the developed brain (SVZ, DG). (adapted from 

Mertens et al., 2016) 

In the periphery of PD research NSC in vitro cultures are specifically valuable for 

understanding the effect of PD-associated mutations e.g. LRRK2-G2019S at an early NSC 

stage (Liu et al., 2012). In vitro NSC allow to recapitulate the in vivo neurodevelopmental cell 

conversions, and thus, the detection of altered neurodevelopment, e.g. to neuronal lineage 

(Figure 10). Further, iPSC derived NSC are a valuable tool for cell replacement therapies, 

allowing flexible integration after transplantation in an in vivo context (Gage et al., 1995; 

Reinhardt et al., 2013b). 
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1.4.4. In vitro midbrain patterning and dopaminergic neurons derivation 

With the appearance of PSC technologies researchers focused on disease recapitulation, 

directing PSCs into any kind of disease associated tissues. For PD research this made 

phenotyping of patient derived mDA neurons (Perrier et al., 2004) possible and opened up a 

new source for cell replacement therapies (Kirkeby et al., 2017; Steinbeck and Studer, 2015).  

To mimic in vivo neurodevelopment, as a first step for directing PSCs to neural lineage, neural 

induction had to be recapitulated. Neural induction is now efficiently recapitulated via dual 

SMAD inhibition (dSMADi), allowing effective PSC to neural conversion with high efficiency to 

neuroectodermal lineage, avoiding mesoderm and ectoderm (Chambers et al., 2009). dSMADi 

is achieved via blocking bone morphogenic protein (BMP) receptor binding (SMAD1/5/8) 

complemented by inhibition of TGFβ receptor induced pathways (SMAD2/3/4). After dSMADi 

cells need to be directed along A-P, D-V, and rostro-caudal axis within the hypothetical neural 

tube, to achieve utmost midbrain specific regionalization within the future brain. 

Regionalization is achieved by using neurodevelopmental patterning factors. For midbrain 

specificity, patterning and further direction to mDA neurons, the following characteristics need 

to be achieved: 1. Cells originating from the floor plate of the ventral mesencephalon (VM-

progenitors) (Arenas et al., 2015), giving rise to mDA neuron progenitors expressing LMX1A, 

FOXA2, and OTX2 (Doi et al., 2014; Kirkeby et al., 2017; Kriks et al., 2011). Ventralization 

along D-V axis is usually achieved via SHH pathway activation. 2. Patterning along A-P axis 

can be achieved via WNT pathway activation 3. Evaluation of rostro-caudal patterning revealed 

that caudalization of VM is essential, achieved via FGF8b substitution. 4. Temporal pattern of 

substitution of regionalization factors is crucial. 5. Once cells are successfully pre-patterned to 

mDA progenitors (Figure 10). Maintenance and successful maturation of mDA neurons in vitro 

using factors like: TGFb3, dcAMP, hGDNF (Rolletschek et al., 2001; Young et al., 2010), RA 

(Yan et al., 2001), and hBDNF (Swistowski et al., 2010). 

Without doubts, PSC based in vitro mDA neuron modelling is not yet at its final stage. The 

here mentioned, most commonly used protocols, all start from PSC stage and thus are long 

and laborious. The underlying concept of the protocol applied throughout this thesis is to 

shortcut and allow more precise regionalized pre-patterning (Reinhardt et al., 2013b). The goal 

of all protocols is the efficient derivation of high numbers of post-mitotic mature A9-mDA 

neurons expressing: LMX1α, FOXA2, NR4A2 (NURR1), PITX3, DAT, ALDH1 and TH positive 

mDA neurons (Gale and Li, 2008). 
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2. Motivation and aims 

In the field of PD research the scientific community mostly focuses on the omnipresent mDA 

neuron degeneration as one of the major neurodegenerative hallmarks of PD. This focus 

persists when it comes to modeling PD in the dish or in vivo (Langston, 2006). Approaching 

PD that way is narrowing the research focus considerably, mostly neglecting pre-/extranigral 

PD-associated phenomena. Braak and colleagues suggest a start of PD progression in the 

olfactory bulb and brainstem, and nigral pathology appearing only later, in the mid-phase of 

the disease (Braak et al., 2001, 2003). Interestingly, Lewy pathologies are not exclusively 

nigral and even present in the peripheral nervous system (Jager and Bethlem, 1960; 

Wakabayashi and Takahashi, 2008). These results and the fact that some NMS are hardly 

linkable to nigral pathologies, initiated a slow paradigm change. It is now accepted that 

progressive neurodegeneration of mDA neurons is rather the ultimate consequence of a long 

and slow PD-progression and very likely not an fundamental initiator (Przedborski, 2017; 

Schapira et al., 2017). Consequently, the fundamental question formulated by Dr. William C. 

Koller: ‘When does Parkinson’s disease begin’ is not yet answered (Koller, 1992). This implies 

that major parts of PD-aethiology are not sufficiently understood yet. 

In the periphery of PD α-synuclein (Garcia-Reitboeck et al., 2013) and LRRK2 (Sweet et al., 

2015) have been both linked to neurodevelopment in mouse models, altering the brains’ 

cytoarchitecture. These facts leave the door wide open for the question: ‘Is there an early 

predisposition forming an anlage of PD and where is PD factually starting?’. Work from several 

labs, including ours, indicates mutant LRRK2 as an trigger that alters adult (Winner et al., 

2011a), but also embryonic neural stem cells (Bahnassawy et al., 2013; Liu et al., 2012; 

Sanders et al., 2014). Findings that strongly point at a neural stem cell problem related to PD. 

Since neural stem cells are the most important entities in central nervous system development, 

and PD linked mutations show an effect in these cells, we speculated that an altered 

neurodevelopment could be part of the predisposition to PD. We hypothesized that, if there is 

such predisposition existing in PD, this needs to manifest in distinct phenotypes in vitro. 

Consequently, the fundamental question addressed in this thesis was ‘Is Parkinson’s disease 

factually a neurodevelopmental disorder?’. Taking the incidences together, we formulated our 

main hypothesis: 

 

Main hypothesis: 

“Parkinson’s Disease-associated LRRK2-G2019S impacts the embryonic 

neurodevelopment, resulting in an early predisposition to PD” 
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2.1. Aims: 

1. Verify human iPSC based NESCs as a meaningful model for PD.  

2. Verify, identify, and extend NESC stage phenotypes. 

3. Dissect LRRK-G2019S dependency of these phenotypes. 

4. Investigate how the NESC stage phenotypes influence in vitro neuronal 

differentiation, resembling neurodevelopment. 

5. Identify cellular and molecular mechanisms underlying these phenotypes 
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3. Results 

The four manuscripts summarized in my thesis cover different topics, all in the context of 

Parkinson’s Disease and life-sciences. Manuscript 1 (M1) and Manuscript 2 (M2) have the 

same impetus, both aim at elucidating a potential neurodevelopmental contribution to 

Parkinson’s disease. For any disease an early alteration from a developmental blueprint 

displays a first potential negative interference, for other neurologic disease such interference 

was already shown to be disease triggering. Both manuscripts try to identify if such early 

alteration actually exists in Parkinson’s Disease. Further proof in this direction would be from 

fundamental importance, since the question about the start or origin of Parkinson’s Disease 

has not been answered yet. To gain further proof, we based both studies on stable 

neuroepithelial stem cells at the neural plate border, an early neurodevelopmental model, and 

their transition to midbrain dopaminergic neurons. In Manuscript 1 we showed that, starting 

from a neuroepithelial stem cell state, the in vitro transition to dopaminergic neurons is altered 

in a LRRK2-G2019S-dependent manner. Such direct effect on dopaminergic 

neurodevelopment was not yet shown before. Importantly, we were able to show that the 

changes are the result of alterations already taking place in the neuroepithelial stem cells. In 

Manuscript 2 we mainly focused on the alterations taking place in the stable neuroepithelial 

stem cells itself. In contrast to Manuscript 1, this study covered more the LRRK2-G2019S 

specificity of the observed phenotypes, identifying the genetic background contributions to the 

phenotypes. Essentially, the study highlights that the detected changes in gene expression are 

mostly related to neurodevelopment. 

In contrast, Manuscript 3 (M3) and Manuscript 4 (M4) aim clearly at advancing the current 

state of the laboratory techniques applied. Overcoming technical limitations to finally answer 

important research question is an omnipresent problem in any sciences. Manuscript 3 was 

driven by the limitations of the currently most commonly applied techniques for studying 

mitophagy and autophagy. The latter biological processes are both reported to be 

dysfunctional in Parkinson’s Disease. For this purpose we advanced an already available dual- 

fluorophore based monitoring system by targeting its genomic integration, as well as controlling 

its expression. Noteworthy, in a small set of edited PD-iPSC the PD-related pathway limitations 

were already visible. Further, the detailed study of any disease-related mutation requires 

genomic edited isogenic controls for best practice result validation. Genome editing to obtain 

isogenic controls is specifically tricky and particularly labour-intensive. In Manuscript 4 we 

further advanced Crispr-CAS9-based genome editing in an FACS-assisted approach. Our 

newly developed approach dramatically facilitates the success of genome editing of most loci 

tested and represents a highly valuable tool for future projects. 
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3.1. Manuscript I 

‘Genetic forms of Parkinson’s Disease prime neural stem cells and 

alter neurodevelopment’ 

 

Jonas Walter1, Paul M.A. Antony1,6, Sarah L. Nickels1,2,6, Suresh Kumar Poovathingal1,6, Luis 

Salamanca1, Stefano Magnin1, Rita Perfeito4, Frederik Hoel3, Xiaobing Qing1, Javier Jarazo1, Jonathan 

Arias-Fuenzalida1, Tomasz Ignac1, Anna Monzel1, Laura Gonzalez-Cano1,6, Silvia Bolognin1, Luis 

Almeida4,5, Alexander Skupin1, Karl Johan Tronstad3, Jens C. Schwamborn1 

1 Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, L-4362 Belvaux, 

Luxembourg 

2 Life Science Research Unit (LSRU), University of Luxembourg, L-4362 Belvaux, Luxembourg 

3 Department of Biomedicine, University of Bergen, Bergen, 5020, Norway 

4 CNC-Center for Neuroscience and Cell Biology, University of Coimbra, Rua Larga, Coimbra 3004-504, 

Portugal 

5 Faculty of Pharmacy, University of Coimbra, Coimbra 3000-548, Portugal 

6 These authors contributed equally 

Status: The manuscript preparation is ongoing, I am preparing the story for Cell (Cell Press) 
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3.1.1. Preface 

This was the main project of my PhD. Here we followed our initial impetus, introduced in the 

objectives and aim section. We were able to verify our hypothesis and detected strong 

alterations of in vitro neurodevelopment in LRRK2-G2019S NESC. There alterations might 

predispose to develop PD during adulthood. Neurodevelopmental phenotypes manifest in 

stem cell problems at the NESC stage (Figure1-7; pages 67-73) and an altered transition to 

mDA neurons (Figure 1-4; pages 67-70). 

I did the initial reprogramming and characterization of some of the used iPSC. I further 

generated of some of the NESC lines we utilized. I did the stocking and characterization of 

NESCs in collaboration with Sarah L. Nickels. I further did all cell culture related work, 

established the relevant assays for NESCs screenings, and screened the cells. I processed 

and plotted the resulting data of experiments. I provided the samples for and contributed to the 

data analysis and interpretation of single cell RNA sequencing and mitochondrial 3d 

morphology analysis. I used the resulting graphs for final figure composition. Most of the work 

would not have been possible without the further substantial contribution by and collaboration 

with others. In collaboration with Paul Antony we performed extensive high content screening 

(HCS) image analysis after independent assay design and HCS image acquisition. We based 

the analyses of the mDA differentiation phenotype on scripts resulting from the collaboration 

with Silvia Bolognin and further developed analyses for Ki-67, c.PARP. Together with Paul 

Antony we further analyzed the NESC stage. In this context we developed HCS analyses for 

mitochondrial morphology, lysosomal morphology via LAMP2, mature lysosome morphology 

analysis via acidotrophic LysoTracker in live staining. The 3d mitochondrial morphology 

analysis was performed by Karl Johan Tronstad and Frederik Hoel, experts on 3d-imaging 

quantification. HCS and 3D-based analysis approaches of mitochondrial morphology verified 

each other, with more details revealed in 3D. Single cell RNA sequencing was done in 

collaboration with Suresh Kumar Poovathingal. The success of scRNA sequencing analysis 

would not have been possible without the great contribution of Luis Salamanca, Stefano Magni, 

Tomasz Ignac, and Alexander Skupin. To complete our analyses on ALP pathway we started 

an additional collaboration with Rita Perfeito and Luis Almeida, experts on autophagy analysis. 

Together, we confirmed limitations of ALP in NESCs already at the level of autophagosome 

formation. Collaborators from our laboratory helped me with technical problems, assay design, 

and gave substantial input relevant for the success of the project. Jens C. Schwamborn 

supervised and guided the project, added new aspects, and had the initial research idea. In 

this case it was a truly interesting experience for me to combine so many state-of-the-art 

techniques and to team up with numerous collaborators. 



                                                                                                                                        Results 

 

                                                                                                                                                  39 

3.1.2. Manuscript 
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Figure 1:  
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Figure 7: 
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3.2. Manuscript II 

‘The genetic background of Parkinson’s disease complements 

LRRK2 pathogenicity in neural stem cells’ 

 

Sarah Louise Nickels1,2, Jonas Walter1, Silvia Bolognin1, Christian Jaeger1, Xiaobing Qing1, Johan 

Tisserand1, Javier Jarazo1, Kathrin Hemmer1, Amy Harms3, Paul M.A. Antony1, Enrico Glaab1, Thomas 

Hankemeier3, Christine Klein4, Lasse Sinkkonen2, Thomas Sauter2, Jens C. Schwamborn1 

 

1 Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, L-4362 Belvaux, 

Luxembourg 

2 Life Science Research Unit (LSRU), University of Luxembourg, L-4362 Belvaux, Luxembourg 

3 Leiden Academic Centre for Drug Research (LACDR), Analytical Biosciences, Leiden University, NL-

2333 CC Leiden, Netherlands 

4 Institute of Neurogenetics, University of Luebeck, D-23538 Luebeck, Germany 

Status: submitted to Developmental Cell (Cell Press) 
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3.2.1. Preface 

Here my colleague Sarah Louise Nickels followed a similar impetus and further dissected the 

LRRK2-G2019S effect at the NESC stage. In her study she included some of the NESC lines 

I derived. We initially identified a reduced viability of NESCs in the presence of LRRK2-

G2019S. She pursued this phenotype and was able to verify a LRRK2-G2019S’ impact on 

NESC viability. While doing so she verified not only the LRRK2-G2019S specific viability 

phenotypes, but also detected a contribution of the PD-patient specific genetic background to 

the phenotypes (Figure 2g,h & 3b,c, page 145). This was only possible by the utilization of 

genetically engineered LRRK2-G2019S corrected patient lines. She identified the patient 

genetic background as the main contributor to the gene expression changes detected via 

microarray, with no major changes upon insertion or correction of LRRK2-G2019S (Figure 4, 

page 149). Correcting the mutation was not sufficient to rescue viability and self-renewal 

phenotypes at NESC state (Figure 2, 3; page 146-7). Incomplete introduction or rescue of the 

phenotypes was also visible in my manuscript (M1, Figure 7G, H; page 73), but not in the main 

focus. In her microarray analysis she identified serine racemase (SRR) as being 

downregulated in PD-LRRK2-G2019S-patients, and only partially being dependent on the 

LRRK2-G2019S (Figure 4g; page 149). Thus, serving as a genetic background susceptibility 

factor. qPCR verification verified approximately a 50% expression level in comparison to the 

control level. SRR catalyzes the conversion of L-serine to D-serine. D-serine metabolism is 

involved in several neurodegenerative diseases and neurodevelopment. Further, SRR is 

regulating apoptosis and necrosis. Accordingly, metabolic analyses verified L-Serine 

accumulation in PD-patients (Figure 5; page 149). Patient data verified this as a LRRK2-

G2019S specific phenotype. D-Serine supplementation of the media was sufficient to rescue 

the viability and self-renewal phenotypes (Figure 6; page 150). Rescue attempts with D-Serine 

had no effect on neuronal differentiation dynamics. Thus, D-Serine was unfortunately not 

interesting for a pharmacological rescue of the phenotypes in manuscript 1.  

My main contribution to this project was the establishment of the initial NESC cell death 

phenotype in LRRK2-G2019S NESCs. I was substantially involved in the generation of 4 iPSC 

lines used throughout the study and I derived seven of the 19 NESC lines used. 
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3.2.2. Manuscript 
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3.3. Manuscript III 

‘Automated high-throughput high-content autophagy and mitophagy 

phenotyping in Parkinson's disease’ 

Jonathan Arias-Fuenzalida
1,2,5,6, Javier Jarazo

1,2,6, Jonas Walter
1,2,6, Gemma Gomez-Giro

1,2,4, 

Julia Forster
1,3, Paul M.A. Antony

1,3,7 & Jens C. Schwamborn
1,2,7 

 

1 Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Luxembourg, 7 avenue des Hauts-Fourneaux 

2 Laboratory of Developmental and Cellular Biology 

3 Laboratory of Experimental Neurobiology 

4 Max Planck Institute for Molecular Biomedicine, Laboratory of Cell and Developmental Biology, Roentgenstrasse 20, 

Muenster, Germany 

5 Graduate School of Biostudies, Kyoto University, Kyoto 606-8501, Japan 

6 Authors equally contributed to this article 

7 Correspondence should be addressed to P.A. (paul.antony@uni.lu) and J.S. (jens.schwamborn@uni.lu) 

Status: submitted to Journal of Autophagy (Taylor & Francis) 
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3.3.1 Preface 

One of the initial research tasks described in my PhD project was to study mitophagy. It turned 

out that most of the methods applied in literature for analyzing mitophagy deliver only 

indications of such events, without any definite proof. Thus, we develop a more reliable tool to 

study mitophagy with sufficient robustness, not only delivering indications but real proof. While 

reviewing the literature I got the idea to utilize a so called Rosella-sensor system that was 

applied before on human cells (Sargsyan et al., 2015). However, no one, so far, has applied 

controlled and targeted ectopic expression of the Rosella or similar systems. This is exactly 

what we did; we combined two available systems TALEN genome editing and the Rosella-

reporters for mitophagy and autophagy (Figure 1, page 188). The Rosella system is a dual-

fluorophore system of RFP and pHluorin (eGFP derivative). The latter is efficiently quenched 

in low pH environments like inside a lysosome (Figure 1). The system can be tagged in 

principle to any kind of protein of choice. Here mitochondrial complex V: ATP synthase 

subunits (ATP5C1) and autophagosomal microtubule associated protein 1 light chain 3 alpha 

(LC3) were tagged. After fusing the systems we nucleofected them first in one control iPSC 

line, with good success. We expanded iPSC and purified reporter expressing cells in two FACS 

rounds. Subsequent imaging confirmed purity of resulting culture of stably 

autophagy/mitophagy reporting iPSCs (Figure 1). We then extended the approach to three 

PD-patient lines carrying different mutations associated with PD and in parallel established the 

image analysis in collaboration with Paul Antony (Figure S1, S2; page 205-206). In the 

following we performed several imaging rounds and confirmed the validity of the system. We, 

in addition to basal levels, applied different modulators of autophagy and mitophagy inducers. 

Our results (Figure 2-6, pages 188-191) in combination with lysosome analyses (Figure 4, 

page 189) highlighted the ALP as a commonly shared pathological feature of PD, even at a 

primitive PSC-stage. 

Here I contributed with the initial idea of utilizing the Rosella-sensors applied throughout the 

study. For me, it was specifically important to have a readout for autophagy and mitophagy 

that was not just an indication, not leave any space for doubts about the results and 

interpretations. I contributed to the discussions about the strategy of how to deliver the system 

to the cells, resulting in the approach of generating stable reporter lines. I reprogrammed and 

characterized two of the four iPSC lines utilized in this project. I contributed to the conceptual 

design of the screening applied on the cells and helped with the experiments. I performed 

some image acquisitions which we used for this manuscript. I contributed to the numerous 

discussions in the context of this study. 
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3.3.2. Manuscript 
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3.4.1 Preface 

In this manuscript we developed a deterministic genome editing approach. We termed this 

technique FACS-assisted CRISPR/Cas9-mediated genome editing (FACE). Our strategy uses 

dsDNA donors containing fluorescent protein markers allowing the rapid screening of biallelic-

edited cells. The approach utilizes a pair of donors, each with a different fluorescent-proteins-

coding sequence (EGFP or dTOMATO) and a linked mutation or single nucleotide 

polymorphism aimed to each allele. Dependent on the design of the donor template, editing 

success is directly assessable using fluorescence based screening. Furthermore, FACS can 

be used to enrich one of the marker combinations. Using this strategy, two donors with a 

defined genotype combination can enter in each allele of the same gene. This strategy allows 

external screening of internal events, indicating bi-allelic integration. To detect random 

integration, which occur in any type of genome editing approach, a third fluorescent marker 

was placed in the backbone of the donor plasmid to select against random integration. We 

used the FACE method to generate isogenic hiPSCs that were precisely mutated with either 

A30P, A53T in α-synuclein, or I368N in PINK1. We were able to successfully edit the iPSC, 

purify them, and quality control them. For phenotype recapitulation, we derived NESC and 

performed mitochondrial activity analysis as a proof of concept (Figure 4, page 238). We 

successfully recapitulated the PD associated mitochondrial phenotypes previously described 

for the A53T α-synuclein mutation (Ryan et al., 2013). My main contribution was the 

recapitulation of the PD-associated mitochondrial phenotypes. 
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3.4.2. Manuscript 

 

 

 

 

 

 

 



                                                                                                                                        Results 

 

                                                                                                                                                  213 

 

 

 



                                                                                                                                        Results 

 

                                                                                                                                                  214 

 



                                                                                                                                        Results 

 

                                                                                                                                                  215 



                                                                                                                                        Results 

 

                                                                                                                                                  216 



                                                                                                                                        Results 

 

                                                                                                                                                  217 



                                                                                                                                        Results 

 

                                                                                                                                                  218 



                                                                                                                                        Results 

 

                                                                                                                                                  219 



                                                                                                                                        Results 

 

                                                                                                                                                  220 



                                                                                                                                        Results 

 

                                                                                                                                                  221 



                                                                                                                                        Results 

 

                                                                                                                                                  222 



                                                                                                                                        Results 

 

                                                                                                                                                  223 



                                                                                                                                        Results 

 

                                                                                                                                                  224 



                                                                                                                                        Results 

 

                                                                                                                                                  225 



                                                                                                                                        Results 

 

                                                                                                                                                  226 



                                                                                                                                        Results 

 

                                                                                                                                                  227 



                                                                                                                                        Results 

 

                                                                                                                                                  228 



                                                                                                                                        Results 

 

                                                                                                                                                  229 



                                                                                                                                        Results 

 

                                                                                                                                                  230 



                                                                                                                                        Results 

 

                                                                                                                                                  231 



                                                                                                                                        Results 

 

                                                                                                                                                  232 



                                                                                                                                        Results 

 

                                                                                                                                                  233 



                                                                                                                                        Results 

 

                                                                                                                                                  234 



                                                                                                                                        Results 

 

                                                                                                                                                  235 



                                                                                                                                        Results 

 

                                                                                                                                                  236 

 



                                                                                                                                        Results 

 

                                                                                                                                                  237 



                                                                                                                                        Results 

 

                                                                                                                                                  238 



                                                                                                                                        Results 

 

                                                                                                                                                  239 

 

 

 

 

 



                                                                                                                                        Results 

 

                                                                                                                                                  240 



                                                                                                                                        Results 

 

                                                                                                                                                  241 



                                                                                                                                        Results 

 

                                                                                                                                                  242 



                                                                                                                                        Results 

 

                                                                                                                                                  243 



                                                                                                                                        Results 

 

                                                                                                                                                  244 



                                                                                                                                        Results 

 

                                                                                                                                                  245 



                                                                                                                                        Results 

 

                                                                                                                                                  246 



                                                                                                                                        Results 

 

                                                                                                                                                  247 



                                                                                                                                        Results 

 

                                                                                                                                                  248 



                                                                                                                                        Results 

 

                                                                                                                                                  249 

 

 

 



                                                                                                                                        Results 

 

                                                                                                                                                  250 



                                                                                                                                        Results 

 

                                                                                                                                                  251 



                                                                                                                                        Results 

 

                                                                                                                                                  252 



                                                                                                                                        Results 

 

                                                                                                                                                  253 

 

 

 

 



                                                                                                                                  Discussion 

 

                                                                                                                                                  254 

4. Discussion and perspectives 

The fundamental question addressed in this thesis was ‘Is Parkinson’s disease factually a 

neurodevelopmental disorder?’. The theory of a contribution of the neurodevelopment to the 

vulnerability to PD is relatively young, but can be considered of utmost importance for a better 

understanding of PD-aethiology and progression. If such a theory turns out to be true, this 

could induce a complete rethinking of PD as an age-related disease and induce a paradigm 

shift, being even beneficial for other diseases. Furthermore, a neurodevelopmental 

contribution to PD would have tremendous implications for the development of proactive 

treatment strategies. It is accepted that nigral neurodegenerative pathologies start not until the 

early-mid phase of PD-progression while clinical MS appear even later (Schapira et al., 2017). 

Nonetheless, the question of when Parkinson’s disease begins has not yet been answered, 

even a quarter of a century after being formulated (Koller, 1992). This fact highlights that the 

current way of approaching PD might not necessarily be the best one. Additionally, the focus 

of PD research, in general, could be wrong – being too focussed on late nigral pathologies that 

are not the ultimate start and underlying triggers of PD. 

Providing a theoretical answer to the question formulated by Dr. William C. Koller: ‘When does 

Parkinson’s disease begin’, was the main impetus behind our research efforts, in the hope to 

contribute to a better understanding of the PD-aethiology. In literature, the 

neurodevelopmental approach we followed does not have much support yet, mostly adult 

neurogenesis has been highlighted so far (Le Grand et al., 2014; Marxreiter et al., 2013). In 

the context of a neurodevelopmental aspect, two reported findings were specifically important. 

First, the observation of an increased number of mDA neurons in the olfactory bulb of post-

mortem brains of PD-patients, indicated a different cytoarchitectural composition in humans 

(Huisman et al., 2004). And secondly, a study of an α-synuclein knock out in a murine model 

highlighted the neurodevelopmental role of α-synuclein in the development of the nigral mDA 

neuron niche (Garcia-Reitboeck et al., 2013). Since mDA neurons are maintained by complex 

interactions with astrocytes, oligodendrocytes, and microglia, an alteration from a certain 

homeostasis could critically create more vulnerable niches within the brain, like the SNc. 

Following our initial research hypothesis, we were able to further prove an effect of LRRK2-

G2019S on a neuroepithelial embryonic stage highlighting a potential contribution to the early 

neurodevelopment. 
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4.1. NSC and neurodevelopment in PD 

During the development of the mammalian central nervous system, multipotent neuroepithelial 

stem cells (NESCs) are the ultimate embryonic neural lineage precursors (Gage, 2000). 

Increasing evidence indicates a link between embryonic neurodevelopment and the onset of 

PD. During the development, NSC stages are considered as being rather transient as different 

kinds of NSCs are present throughout the whole neurodevelopment. The adults’ neural stem 

cell niches in the subventricular zone (SVZ) and the dentate gyrus (DG) are maintained 

throughout the whole life span (Eriksson et al., 1998). Both adult neural stem cell niches 

originate from embryonic neurodevelopment (Fuentealba et al., 2015). Adult neural stem cell 

deregulations were reported as part of extranigral pathologies of PD (Curtis et al., 2007; 

Höglinger et al., 2004). LRRK2-G2019S is associated with neural stem cell problems of adults 

(Winner et al., 2011a) and embryonic neural stem cells (Bahnassawy et al., 2013; Liu et al., 

2012; Sanders et al., 2014). In the adult brain, neural stem cell pools are maintained but are 

not as potent as neuroepithelial stem cells. The research community is not yet entirely sure 

about the human in vivo implications and the translation of the LRRK2-G2019S associated 

neural stem cell dysfunctionalities. The question remaining now is if the stem cell pool is 

already, inherently formed smaller during embryonic neurodevelopment, or simply declines 

faster. From our findings on NESCs, it is not possible to draw a final conclusion on this question 

yet. However, we are clearly able to confirm the neural stem cell problem related to LRRK2-

G2019S. In which form this phenotype is present also in vivo only future studies are going to 

be able to answer. 

After the recapitulation of LRRK2-G2019S related neural stem cell alterations, we monitored 

the transition from NSC to neuron. The question here was if there were any indications present 

supporting the hypothesis of an altered embryonic neurodevelopment. The approach was 

mainly based on the idea that the alteration of NSC almost mandatorily needed to have further 

impacts on cellular transitions. The idea was further fueled by the findings that a knock out of 

α-synuclein results in a different embryonic manifestation in the composition of the SNc, with 

less mDA neurons present (Garcia-Reitboeck et al., 2013). Further, there was the indication 

of an increased number of mDA neurons in olfactory bulbs of post-mortem brains of PD-

patients (Huisman et al., 2004). Specifically the latter finding is surprising, since the adult OB 

is fueled by the rostral migratory stream (RMS), connecting SVZ and olfactory bulb. In humans, 

the RMS is only highly active very shortly post-natal (18 months) (Sanai et al., 2011) and is 

afterwards basically absent (Wang et al., 2011). Thus, these cytoarchitectural alterations, with 

more mDA neurons present, are likely already made during early neurodevelopment, latest 

when the RMS stops being active. The results we obtained support the hypothesis of an altered 

embryonic neurodevelopment, potentially resulting in the foundation of more vulnerable niches 
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predisposing to PD during aging (Manuscript (M) 1, Figure 1B, C, D; M2, Figure 2). More mDA 

neurons formed, while i.e. the number of support cells stays the same, could specifically 

expose the mDA neuron niche of the SNc to stress during the age-dependent decline in 

support. 

In summary, we are able to conclude an instability NSC in the periphery of PD-aethiology that 

could result in an altered embryonic neurodevelopment. The latter is likely creating more 

vulnerable niches more predisposed to neurodegeneration. 

 

4.2. Modeling age-related disorders using embryonic cells? 

(i)PSC-based modeling bears many advantages, it provides the research community a source 

for any kind of terminal somatic cells. Although initially, the exact cues to guide PSCs towards 

a particular cell type had to be identified. A positive side-effect of this process was a better 

understanding of in vivo developmental processes, e.g. the mechanisms of neural induction 

via dual SMAD inhibition (Chambers et al., 2009). PSC based disease phenotyping is 

specifically valuable for the identification of the molecular alterations in the context of disease. 

Specifically disease affected tissues that would normally not be accessible for phenotyping are 

now possible to assess. Thus, disease recapitulation and molecular phenotyping in vitro are 

the current main applications. The reprogramming process converting somatic cells to PSC 

stage acts as a ‘rejuvenation’, resetting several age-related hallmarks (summarized in Studer 

et al., 2015). For our particular research approach of studying LRRK2-G2019S effects on 

embryonic neurodevelopment, the reprogramming related rejuvenation effects were a superior 

advantage. The iPSC based NESCs used throughout most projects mimic cells around third 

week post-conception, at the neural plate border (Reinhardt et al., 2013b). Apart from modeling 

this particularly early event in neurodevelopment, iPSC-derived neural material resembles 

embryonic nature per se (Mariani et al., 2012). Since the LRRK2-G2019S mutation is in most 

cases already present right after fertilization of the oocyte, the reprogramming process enabled 

us to study particularly early phenotypes associated with monogenic LRRK2-G2019S induced 

PD. However, since classically PD is regarded as an age-associated disorder, rejuvenation is 

considered the major disadvantage of iPSC based PD-phenotyping. For age-associated 

phenotyping there are approaches for solving this problem. It is possible to avoid the PSC 

stage related rejuvenation via transdifferentiation approaches to induced neural stem cells 

(Han et al., 2012) or to reverse rejuvenation using artificial aging approaches (Miller et al., 

2013). However, this is not necessary if PD actually is a developmental disorder. Thus, iPSC 

based disease modeling was an ideal approach for recapitulating early neurodevelopment in 

the dish, independent of age-dependent effects. 
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The rejuvenation of iPSC based models has some additional advantage. The observable 

phenotypes in such models, even without aging, are certainly of high relevance and will only 

become more severe during aging (Finkel and Holbrook, 2000; Gemma et al., 2007). These 

phenotypes theoretically indicate the major deregulations underlying PD. One could even 

argue that these phenotypes could be masked by the general age-related physiological 

decline. Most phenotypes at an early developmental stage can be considered similar in similar 

cell types during aging, specifically in vulnerable cell types like mDA neurons. However, with 

our approach we had to keep in mind that a carry-over of the tissue of origin with respect to 

DNA-methylation and gene expression profile is possible. When comparing the cell lines we 

used throughout the studies, this effect was neglectable, only in manuscript 2, a cell line of 

non-fibroblast origin was included, including the necessary isogenic control. 

 

4.3. Autophagosomal-lysosomal alterations underlying PD 

With these facts about iPSC derived material, the observed subcellular phenotypes at the 

embryonic stages have a high relevance for PD. LRRK2 interferes with the autophagosomal-

lysosomal-pathway at many stages (Roosen and Cookson, 2016). Consequently, we detected 

extensive alterations of the ALP, starting from autophagosome formation alterations to 

limitations of the lysosomal turnover (M1, Figure 7). In our western blot analyses, we detected 

no differences in autophagosome (LC3bII) presence at basal conditions (M1, Figure 7I). This 

indicates only a very low activity of this pathway at NESC stage in basal conditions. However, 

the elevated presence of autophagy receptor SQSTM1 (p62) indicated a potentially higher 

activity (M1, Figure 7K). In literature LRRK2-G2019S is associated with higher levels of basal 

LC3bII, while the autophagic-flux is reduced (Sánchez-Danés et al., 2012). Here we were not 

able to find any differences in basal conditions, while the autophagic flux seems to be 

increased in LRRK2-G2019S NESCs. We could proof the latter by blocking the 

autophagosome to lysosome fusion via chloroquine, which results in autophagosome 

accumulation. That speed of accumulation of LC3bII is a better indicator of the 

autophagosomal pathway activity (Klionsky et al., 2012). The observed effects in comparison 

with the current literature indicate a cell type dependent effect and our results might be a result 

of a low dependency of NESCs on that pathway. In a next analysis we starved NESCs, while 

fusion with lysosomes was blocked. This resulted in elevation of levels of LC3bII in kind of a 

linear increase in the PD2.GC control NESCs, which was not the case in PD2.G2019S. These 

results highlight the contribution of mitochondria. As soon as the cells are forced in a metabolic 

state, more similar state to neurons, this induces similar effect like observed in literature in 

LRRK2-G2019S mutant iPSC derived mDA neurons (Sánchez-Danés et al., 2012). When 
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taking into consideration the parallel quantification of Beclin-1, a upstream activator of 

autophagy (Kang et al., 2011), we observe a strong activation signal (3h, 6h CLQ 100 µM). 

However, in PD2.G2019S NESCs this is not resulting in autophagosome formation or LC3bII 

synthesis, probably because of the missing abundance of LC3bII under the same conditions. 

This might implicate a negative regulation via mTOR signaling pathway (He and Klionsky, 

2009). In literature, though, LRRK2 mediated regulation of macroautophagy was shown to be 

independent of mTOR and ULK1 but dependent on Beclin-1 activation signaling (Manzoni et 

al., 2016). This implies either an additional, unknown, interference of LRRK2-G2019S with this 

pathway or the existence of negative feedback loops. 

In summary, our results indicate a significantly higher autophagic flux in PD-patient NESCs, a 

higher sensitivity to induced metabolic stress, which might indicate limitation in metabolically 

demanding situations. As Dr. Daniel Klionsky et alia stated, the accumulation of LC3bII is a 

better indicator of autophagy activity (Klionsky et al., 2012). However, high levels of LC3bII 

could indicate autophagic induction, but could conversely be a sign that the complete ALP is 

defective, resulting in accumulation of LC3bII within autophagosomes or lysosomes. 

Consequently, we had to complete our ALP analysis with a lysosome analysis. 

Throughout the ALP the sufficient supply of lysosomes is rate and capacity limiting. Literature 

specifically highlights lysosomal turnover rather than autophagosomal LC3 levels as an 

indicator for ALP capacity (Tanida et al., 2005). As a logical consequence the study of 

limitations of the ALP needs to contain an analysis of lysosomes, or should be even started 

with such analysis. Macroautophagy and CMA are both dependent on sufficient supply of 

functional lysosomes (Settembre et al., 2013). Consequently, an extensive lysosomal 

morphology analysis was included in the investigations downstream of autophagy. We 

detected a reduced number of lysosomes in LRRK2-G2019S NESCs, and by this a rate-

limitation in the final step of ALP. Based on this one could argue that the lower number of 

lysosomes results in insufficient fusion of autophagosomes with lysosomes. Limitations of 

lysosomal turnover were consistent present as an ALP limitation in NESC, but also in iPSC 

(M3, Figure 2F, I). Two different methods to analyze lysosomal morphology were applied, 

using PFA fixation and subsequent antibody staining (ICC) with LAMP2 (Cuervo and Dice, 

2000). Since there is a potential LRRK2 - LAMP2 interaction, indirect via Rab-protein family 

(MacLeod et al., 2013; Steger et al., 2016), a LAMP2 independent acidotrophic live stain was 

included, too. The LAMP2 protein is not only present in mature acidified lysosomes but also in 

more immature states, thus, the ICC approach is staining both immature and mature 

lysosomes. The live staining approach, however, only captures mature acidified lysosomes. In 

ICC based lysosome formation, in almost all comparisons consistent differences between 

LRRK2-G2019S and the particular controls were observed. However, the isogenic LRRK2-
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G2019S insertion in the healthy genetic background was not fully inducing the phenotype. 

Consequently, this phenotype is a combination of LRRK2-G2019S and patient genetic 

background. In the analysis of mature lysosomes only, a much lower number of stained puncta 

was observed, mostly verifying the initial staining based results. Interestingly, a rescue effect 

in PD.GC NESC, like that observed in ICC was absent.  

The results clearly highlight a limitation in the lysosomal turnover which, according to the 

literature, is a rate limiting factor of the ALP. On the one hand these results verified an 

interference of LRRK2-G2019S with LAMP2 synthesis and lysosome supply, but it also 

highlights an LRRK2-G2019S independent effect as observed by the missing rescue in the PD 

patient on the level of mature lysosomes. A possible contribution of the genetic background is 

further highlighted by the incomplete induction of lysosome phenotypes via LRRK2-G2019S 

insertion in control NESCs (M1, Figure 7G, H). As introduced, LAMP2 not only necessary for 

lysosome formation (Cuervo and Dice, 1996) but also for CMA mediated α-synuclein 

degradation (Orenstein et al., 2013). Thus a lower number of LAMP2 puncta indicates a 

limitation not only of ALP but also of CMA.  

In summary, the observed limitations in combination with Lewy-pathology that is mostly 

observed in PD are very similar to lysosomal storage diseases (LCD). In fact, Lewy aggregates 

can be also observed in Gaucher's disease (GD) (Wong et al., 2004). The link between PD 

and GD was finally made by the identification that GBA mutations (Sidransky and Lopez, 2012) 

not only induce GD, but also serve as a risk factor for PD. The effect in PD is however much 

weaker, more age-dependent, and mostly manifests in nigral pathology. This means, any 

genomic mutation that is affecting the ALP similarly is a potential risk factor for PD.  

 

4.4. Mitochondriogenesis 

Mitochondrial dysfunctionalities have been linked to almost all forms of monogenic PD 

(Winklhofer and Haass, 2010) and are considered a fundamental problem associated with PD 

(Abou-Sleiman et al., 2006; Henchcliffe and Beal, 2008). In mitochondriogenesis (Figure 6) 

mitochondrial health and ALP deregulations are theoretically directly linkable. ALP 

dysfunctionalities could cause mitochondrial phenotypes the other way around is hardly 

imaginable. Thus there are the following different hypothetic scenarios possible: 1. Direct 

interaction with factors mandatory for mitochondriogenesis 2. Indirect interaction with 

mitochondriogenesis via ALP deregulation, independent of factors important for 

mitochondriogenesis itself 3. LRRK2 is interacting and affecting both, thus several events 

happen in parallel and eventually exaggerate each other. 
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Since stem cells are strongly dependent on glycolysis rather than mitochondria for energy 

supply, we were skeptic when we started our investigations (Ito and Suda, 2014). But, 

consistent with the literature (Cooper et al., 2012; Sanders et al., 2014; Su and Qi, 2013), we 

detected mitochondrial problems in NESCs carrying the LRRK2-G2019S mutation (M1, Figure 

5, 6). The relevance of our findings was further strengthened by the group of Dr. Alessandro 

Prigione, highlighting NESCs as an excellent model for mitochondria phenotyping (Lorenz et 

al., 2017). Throughout our morphology studies the maturity of the mitochondria in NESCs was 

confirmed. Mitochondria in NESCs form a highly fused network (Figure 5G). However, in 

LRRK2-G2019S NESCs the network is fragmented. Mitochondrial maturation supposedly 

further advances during neuronal differentiation (Fang et al., 2016), requiring a functional 

mitochondrial fission fusion machinery (Youle and Van Der Bliek, 2012). Fission and fusion is 

exactly the demerit shown to be altered by LRRK2 (Wang et al., 2012). LRRK2-G2019S in this 

context was linked to a higher degree of mitochondrial fragmentation, which was confirmed to 

be directly LRRK2 kinase domain dependent. The whole process is mediated via direct LRRK2 

to Dynamin-1-like protein (DNM1L/Drp1) interaction. Drp1 is directly involved in fission. 

Initiated by an ER contact Drp1 binds to adaptor proteins on the mitochondrial surface, dimers 

and oligomers into a spiral-shaped superstructure, a ring around the mitochondrion. A 

successful fission event further requires the recruitment of other proteins of the fission 

machinery like FIS1 and MFF. In a last step, Drp1 hydrolyzes GTP and divides the OMM and 

IMM, generating two daughter mitochondria (Smirnova et al., 2001). Fission and fusion are 

controlled by metabolic demands of the cell, in situations of higher demand in the absence of 

glucose, mitochondria would normally fuse and join forces (Rossignol et al., 2004). Altered 

fission/fusion homeostasis results in either more elongation or fragmentation of the 

mitochondrial network. Smaller mitochondria need to pump more protons to meet the energy 

demands of the cells, resulting eventually in more ROS. Interestingly, mitochondrial 

fragmentation was shown to be essential for cell conversion during reprogramming (Prieto et 

al., 2016). This might be true for any cellular conversions, e.g. NESC to neuron. Thus, a 

combination of elevated ROS levels (M1, Figure 5B) and smaller, more fragmented 

mitochondria (M1, Figure 5D-M) might be beneficial for a faster NESC to neuron transition. 

However, meeting the higher energy demands in neurons is in the end even more difficult. 

Since the clearance mechanisms at the same time do not function properly, this results 

ultimately in cell death and faster depletion of the stem cell pool (M1, Figure 2C, A, B). 

Mitochondrial phenotypes in NESCs were directly linkable to LRRK2-G2019S, however, 

specifically in the functionality assay the capacity of corrected PD.GC NESCs (corrected) was 

only minorly rescued. This highlights the contribution of other susceptibility factors, in this case 

likely, the insufficient rescue of the ALP might be a triggering factor. The dependency of both 
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phenotypes needs to be further investigated prior final conclusions are possible. With the 

current knowledge number three of the proposed option would be the most likely, parallel 

alteration of mitochondria via excessive fission in combination with ALP limitations. 

 

4.5. Susceptibility factors of PD 

As highlighted in the introduction, the susceptibility to PD is modulated by diverse genetic and 

non-genetic factors. GWAS studies outline the variety of potential genetic risk factors (Nalls et 

al., 2014). One could hypothesize, the more of these factors are present, the earlier the onset 

of PD is going to be. This may certainly be the case, however, a final systematic correlative 

proof is still missing. This theory resulted in the multiple hit hypothesis and indicates the 

complexity of PD modulation by in vivo and ex vivo factors (Sulzer, 2007). Additionally, the fact 

that only around 30% of LRRK2-G2019S carrier develop symptomatic PD is a good example 

of the contribution of other factors apart from the mutation (Paisán-Ruiz et al., 2013). Thus, we 

were inquisitive if it was possible to detect such contributions of the patient’s susceptibility 

background. The usage of isogenic controls, insertion and correction of LRRK2-G2019S in 

control and patient cells enabled us to distinguish between effects directly linkable to LRRK2-

G2019S and those not linkable to the mutation. However, the contribution of several genetic 

factors to a potential phenotype is dependent on the expression of that or those genes in a 

particular tissue. NESCs seem to express only extremely low levels of LRRK2 mRNA thus, the 

effect of the susceptibility factors should be even easier dissectible. In other cell types that 

express high levels of LRRK2, the impact of LRRK2-G2019S is certainly higher. However, 

higher LRRK2 expression would likely mask or cover, at least partially, the possible 

contribution effect of the patient’s susceptibility factors, being indistinguishable in the end. 

NESCs are therefore specifically suitable for dissecting patient background contributors in 

LRRK2 linked PD. 

Throughout our studies of NESCs and NESC derived neuronal material we detected a few 

factors that seem to be independent of LRRK2-G2019S. Starting at the gene expression level 

(M2), the majority of genes differently regulated were dependent on the background, whereas 

the correction of LRRK2-G2019S was not having a big effect on gene expression in NESCs 

and most of the regulated genes were dependent on the individual background of PD-patient. 

The correction of LRRK2-G2019S in this context was consequently having only a minor effect, 

with 17 genes differently regulated. In contrast, between patients and healthy control subjects, 

778 genes were differently regulated. Those genes are mostly attributable to the patients’ 

susceptibility background deregulation. Major deregulation was detected for: RAB32, 

CHCHD2, DNAJC15, and SRR. The regulation of those genes was not reversed to a healthy 
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level in a PD.GC vs. PD.G2019S comparison. Phenotypes that are associated with an 

insufficient rescue at NESC stage are: viability, total ROS level, mitochondrial membrane 

potential (MMP), mitochondrial activity (OCR), levels of mature lysosomes and proliferation. 

Interestingly, in contrast, neuronal differentiation phenotypes were more clearly dependent on 

LRRK2-G2019S. The results mostly fit to our observations during single cell analysis where 

we observed an upregulation of LRRK2.  

 

4.6. PD beyond nigral degeneration 

As introduced already, the scientific community mostly focuses on the omnipresent mDA 

neuron degeneration as the major hallmark of PD. This focus persists when it comes to 

modeling PD in vitro or in vivo (Langston, 2006). However, this way of approaching PD is 

narrowing the focus considerably, mostly neglecting pre-extranigral disease-linked 

phenomena. Recently the immune system was more and more linked to PD. The involvement 

of LRRK2 was highlighted by expression in immune cells (Gardet et al., 2010; Hakimi et al., 

2011), which is altered in PD (Cook et al., 2017). In this context it is important to mention that 

LRRK2 was associated with autoimmune diseases like Crohn’s disease or leprosy (Barrett et 

al., 2008; Zhang et al., 2009). In addition, α-synuclein pathologies were recently linked to 

T cells, which might be a part of α-synuclein clearance. This fact is substantially increasing the 

likelihood of an involvement of the immune system in PD (Sulzer et al., 2017). Of additional 

interest is the fact that Lewy pathology is not exclusively nigral and even present in the PNS 

(Jager and Bethlem, 1960; Wakabayashi and Takahashi, 2008). Our lab is having unpublished 

data indicating that specifically mDA neurons possess high levels of p129-synuclein (Qing et 

al., in revision). Specifically the p129-synuclein peptide was shown to induce immune reactions 

in the T cells of PD patients (Sulzer et al., 2017). In this context one could hypothesize an 

autoimmune reaction against cells with particularly high levels of p129-α-synuclein – mostly 

mDA neurons. The triggers of such overload could be: age-dependent decline or insufficient 

activity by supportive cell types, resulting in further elevating levels. This would ultimately result 

in a p129-synuclein overload and downstream immune reaction against mDA neurons. A 

triggered autoimmune reaction might also explain the kind of necroptotic cell death of mDA 

neurons, which is common in immune system triggered cell death (Pasparakis and 

Vandenabeele, 2015).  

Our findings in combination with the current literature fit the slow paradigm change and support 

that the progressive neurodegeneration of mDA neurons is rather the ultimate consequence 

of PD-progression and likely not the initial trigger of PD (Przedborski, 2017; Schapira et al., 

2017).  
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4.7. Hypothetical in vivo translation and vision of PD 

Here a vision of PD, combining our new findings with the current literature is outlined. Our 

studies summarized in this thesis support the likelihood of an altered neurodevelopment 

underlying PD. The already known problems in neural stem cells, lower viability, faster exhaust 

of the stem cell pool, were confirmed by our findings at an embryonal stage (M1, M2). However, 

the exact in vivo impact of these findings is difficult to estimate. At the neural stem cell level I 

propose an inherently smaller and definitely less stable neural stem cell pool by default. At the 

same time the observed alterations of neuronal transition create imbalanced, more vulnerable 

niches within the brain. Since no severe macroanatomic abnormalities were reported in the 

context of PD, the neurodevelopmental alterations necessarily take place at a cytoarchitectural 

level and a subtle scale. Apart from the hypothesized more fragile interconnections between 

cells might not be that well established, which is very likely since LRRK2 was shown to be 

involved in synapse formation (Parisiadou et al., 2014). Vulnerability of imbalance niches might 

manifests in altered cell composition in certain areas of the brain. Hypothetically, if there are 

more mDA neurons forming the SNc in a LRRK2-G2019S patient, while the quantity of glial 

cells stays similar, this theoretically creates a more vulnerable toxic niche within the brain. 

More precisely, less support cells per mDA neuron resulting in an increased vulnerability of 

the mDA neurons present. Toxicity, however, becomes only relevant with a decreased turnover 

and renewal rate of non-neuronal cells during aging (Spalding et al., 2013; Yeung et al., 2014), 

resulting in a decline of support of those niches. Since mDA neuron myelination is already 

naturally low (Sulzer and Surmeier, 2013), mDA neurons consequently would be particularly 

vulnerable to such loss of support. Interesting in this context is a study that is showing the 

importance of rapid production of oligodendrocytes for early stages of motor-skills (Xiao et al., 

2016). If oligodendrocytes are important for motor-skills by default, a loss of oligodendrocyte 

support might explain parts of the uncontrolled loss of motor-skills in PD. 

In my vision of PD the observed alterations of the ALP and mitochondria mostly become 

relevant only with the age-dependent additional loss of physiological function. Alteration 

already present at the PSC stage seem to be within a physiological range, otherwise this would 

result in more severe abnormalities. Both findings were already highlighted by several studies, 

however, not that clearly in neural stem cells and even PSCs (Pan et al., 2008; Rivero‑ Ríos 

et al., 2015). Also the clear identification of a rate limitation of the ALP in the very last step, the 

lysosomes, was so far not highlighted in such detail and mostly only one single readout was 

used for the assessment (M1, Figure 7). Our stable sensor cells (M3) in this context, will allow 

us to observe the ALP in any kind of setups in the future. Our approach is going to allow us to 

identify the exact steps in autophagy where LC3 is accumulating and the autophagosomal 
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pathway is blocked. Our findings further strengthen the link between PD and GD (Wong and 

Krainc, 2016; Wong et al., 2004). The similarities in pathologies of both diseases is highlighted 

by the shared risk factor GBA (Sidransky and Lopez, 2012). However, the differences in 

lysosomal abnormalities are rather subtle in PD and not as obvious as in GD. Only with the 

age-dependent decline of physiological functions in an untreated individual at risk of PD, the 

differences become severe. As one of the consequence α-synuclein but also mitochondria are 

not efficiently degraded anymore. Neurons, in particular mDA neurons, starts to engulf α-

synuclein in inclusions bodies. As mentioned, during aging, the support of mDA neurons by 

oligodendrocytes and astrocytes declines. In addition to a physiological reduction of the 

turnover of those cells, the disease-associated reduction might be further intensified by the 

mitochondrial and ALP alterations. Upon this loss of support mDA neurons need to increase 

their already high activity level, resulting in an overload of ALP by mitochondria. As a 

consequence, cytosolic p129 synuclein levels increase and the cell is not able to efficiently 

distribute it to Lewy aggregates anymore. High p129 synuclein levels might ultimately trigger 

an autoimmune reaction leading to necroptotic cell death of mDA neurons. 

The outlined vision of PD differs strongly from the current view of the disease. In such scenario 

the cell death of mDA neurons is of course still the ultimate and obvious histopathological 

phenotype and certainly being part of the PD-associated MS. However, loss of mDA neurons 

would be only secondary and ultimate event primarily initiated by the loss of support and 

secondly finalized by an autoimmune reaction triggered. In such scenario the question 

concerning the factual start of PD would still be open and could be, as we suggest, 

neurodevelopmental. Unravelling the exact cascade of those events is an interesting, exciting, 

and extremely difficult challenge ahead. 
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4.8. Conclusions 

Our findings throughout the studies summarized in this thesis suggest an effect of the PD-

associated monogenic LRRK2-G2019S mutation at an early developmental stage, resembling 

embryonic neurodevelopment. Our finding, of an altered LRRK2-G2019S specific phenotype 

in the dynamics of mDA neuron appearance, highlight the aspect of an altered development 

as a potential contributor to PD-progression. Those findings hopefully contribute to a paradigm 

change and a rethinking of where PD factually starts. Apart from that, we highlight the necessity 

to investigate the neuronal environment in addition to purely mDA neuron pathology. 

Throughout our studies we identified extensive stem cell deregulations linked to monogenic 

PD. The LRRK2-G2019S related neurodevelopmental phenotype manifests specifically in the 

early transition phase from NESC to mDA neuron. NESCs carrying the LRRK2-G2019S 

mutation initially produce elevated abundance of mDA neurons. This is an interesting and 

much unexpected finding, as in vitro nothing in this direction was reported before. For the sake 

of the fact that mDA neuron numbers converge at later time points analyzed, it is likely that 

others might missed this phenotype while analyzing mostly mature mDA neurons. We assume 

the unexpected mDA neuron dynamics to be highly meaningful, since others reported already 

in a similar direction in vivo (Huisman et al., 2004). With our findings, we add a new aspect 

and challenge to PD research. A potential scenario of how the predisposition might works was 

outlines (4.7). 

In more detail, our research highlights the following new aspects as potential contributors to 

PD-progression: 1. LRRK2-G2019S alters the neural epithelial stem cell stage. NESCs 

carrying LRRK2-G2019S are primed and more prone to spontaneous differentiation. 2. During 

neuronal differentiation, the NESC stage priming manifests in significantly higher initial mDA 

neuron quantities, faster loss of stemness and cell cycle exit. 3. All cell stages in LRRK2-

G2019S cultures were accompanied by significant loss of viability, likely induced by the 

observed mitochondriogenesis and ALP limitations. 4. Genome edited isogenic controls 

rescue or induce most phenotypes in direct relation to presence of LRRK2-G2019S. 5. The 

patient-specific genetic background complements the observed viability phenotypes at NESC 

stage.  
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4.8.1. Major achievements 

1. NESCs are a meaningful model of PD. 

2. LRRK2-G2019S strongly alters mDA neuronal differentiation dynamics.  

3. Phenotypes at NESC stage are mostly LRRK2-G2019S dependent and 

comprise: Gene expression, metabolism, mitochondria, autophagosomal, and 

lysosomal turnover limitation. 

4. Cell death and lack of mature lysosomes at NESC stage are not rescuable by 

isogenic LRRK2-G2019S correction. 

5. PD-patient genetic background acts as a susceptibility factor at NESC stage. 

6. Development of a more advanced technique to capture autophagy dynamics.  

7. The stable reporter cell lines indicate the ALP as a common PD-phenotype.  

8. The need of isogenic controls resulted in an advancement of CRISPR/Cas9 

genome editing. 

 

4.8.2. Future directions 

Based on the results obtained throughout our studies, neurodevelopment needs to be 

considered as an important predisposing factor to PD. It going to be interesting to see to what 

extent the observed neurodevelopmental alterations are transferable to in vivo situations. 

However, it is questionable how to detect and study such a disease predisposition at birth. 

Especially, since this could be an alteration of rather minor nature. Likely, also the stability of 

the inherent neural stem cell pool at birth is a critical factor, also an assessment of that is 

impossible to date. In the neurodevelopmental context, it would be advisable to follow up the 

study (M1) and investigate the LRRK2-G2019S interference with WNT and Notch signalling 

pathways. Both of them were shown to be connected to LRRK2 and certainly to 

neurodevelopment (Berwick and Harvey, 2012; Imai et al., 2015). WNT signalling modulation 

is used for patterning the regionalization of NESCs and testing different WNT modulations in 

NESCs resulted in modulation of the number of TH+ cells in healthy conditions but not in 

LRRK2-G2019S (data not shown). Thus, there is a likelihood that part of LRRK2-G2019S 

NESCs phenotype manifestations is an effect of a slightly different sensitivity to the WNT 

modulator; a fact, however, that is further supporting the likelihood of neurodevelopmental 

interference. 

As a first test of the in vivo relevance of the observed neurodevelopmental alterations, 

screenings of the phenotype manifestation in self-organizing 3d organoid systems would be 

interesting to see and easily applicable, since such systems are available in our lab (Monzel 

et al., 2017, Smits et al. in press). In this context, it would also be interesting to extensively 
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characterize non-neuronal cells, or the ratios of neuronal to non-neuronal cells. Verification in 

such an organoid system would also allow further conclusions about the robustness of the 

phenotypes and translatability to other in vitro systems. If translatability is given, this 

substantially increases the likelihood of in vivo relevance. Apart from cell type quantity ratios it 

would be interesting to also do myelination analyses of mDA neurons in PD vs. healthy 

backgrounds. Once the baselines for certain phenotypes are well defined, manipulation via 

known non-genetic risk factors can be introduced. For example ROS elevation or continuous 

high level activation of mDA neurons. Also, in such a scenario, the effect of an exposure to 

primed PD-patient and healthy microglia could be tested to address a potential autoimmunity 

aspect.  

For the 3d modelling approach in the context of our perception of PD as a potential 

neurodevelopmental disease and with the knowledge about the in vivo manifestation of an α-

synuclein knock out in mouse (Garcia-Reitboeck et al., 2013), it would be highly interesting to 

see a verification of the in vivo phenotype in 3d organoids. It would be specifically interesting 

to see the impact of the opposite, the α-synuclein triplication in contrast. α-synuclein triplication 

is the ultimate trigger of PD with a penetrance of 100% (Hernandez et al., 2016). A study 

including different synuclein mutations, isogenic controls, a knock out and a triplication of 

synuclein in contrast would be desirable. 

The fact that we were able to clearly detect LRRK2-dependent phenotypes in NESC while 

mRNA levels are barely detectable tells us how little we know about the LRRK2 protein itself. 

Protein turnover of LRRK2 was not yet analyzed in detail. A multidimensional LRRK2 protein 

analysis in the near future is desirable. Apart from already available transcriptomics data 

(showing barely LRRK2 expression at NESC stage), additional proteomics data would also be 

interesting, both preferable in dynamics. Since the antibodies currently present in the market 

are of doubtful quality, one needs to think of alternative, more robust approaches of how to 

analyze LRRK2 further. It would be recommendable to endogenously tag the LRRK2 protein 

with a fluorophore. Ideally, such endogenous tag would be inducible, a system that could also 

be used to study the half-life time and localization of LRRK2.  

Taken the results obtained during the ALP phenotyping one could speculate that the observed 

limitations of the turnover of this pathway are a widely common phenotype of PD and might 

serve as a kind of amplifier underlying PD. Finding a treatment ameliorating the capacity 

limitation of the ALP will be a future challenge. In this context, it would be interesting to 

investigate the plasticity of the underlying regulatory gene network, the so called Coordinated 

Lysosomal Expression and Regulation (CLEAR) gene network in more detail (Sardiello et al., 

2009). Based on the results, we observed that this could be a good target and could be 
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commonly deregulated as a disease mechanism. It would be interesting to see the regulations 

in healthy vs. LRRK2-G2019S in the presence of defined stimuli. The CLEAR network is also 

an interesting target for treatments approaches (Decressac et al., 2013). The transcription 

factor EB (TFEB) is the master regulator, controlling the expression of many ALP involved 

genes. In case there are no differences observable, this may still be meaningful, excluding this 

pathway as commonly altered. In this context the autophagy/mitophagy reporters would be 

quickly applicable to conduct further characterize the ALP deregulations as a common PD 

phenotype. 
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5.1. Abbreviations 

ALDH   aldehyde dehydrogenase 

ATP   adenosine triphosphate 

ALP   autophagosomal-lysosomal-pathways 

A-P   anterior-posterior 

BMP   Bone morphogenetic proteins 

bp   base pairs 

BSA   bovine serum albumin 

CNS    central nervous system 

DA   dopamine 

DMB   diencephalon-midbrain boundary 

DNA   deoxyribonucleic acid 

DSB   double strand break 

dSMADi  dual SMAD inhibition 

D-V    dorsal-ventral 

EGFP   enhanced green fluorescent protein 

ELA    endocytic/lysosomal activities 

ER   endoplasmic reticulum 

FACE   FACS-assisted CRISPR/Cas9-mediated genome editing 

FACS   fluorescence-activated cell sorting 

FGF   fibroblast growth factor 

GD   Gaucher’s disease 

GWAS   genome-wide association studies 

HCS   high content screening 

HLA   human leukocyte antigens 

ICM   inner cell mass 

iPSC    Induced pluripotent stem cell 

IMM   inner mitochondrial membrane 

ILBD   incidental Lewy body disease 

iPD   idiopathic PD 

M1, 2, 3, 4  manuscript 1, 2, 3, 4 

mDNA   mitochondrial DNA  

mDA   mesencephalic dopaminergic 
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MHB   midbrain-hindbrain boundary 

MMP   mitochondrial membrane potential 

MS   motor symptoms 

MVB   multivesicular body 

NGS   next generation sequencing 

NESC   neuroepithelial stem cells 

NMS   non-motor symptoms 

NSC   neural stem cell 

ss/dsDNA  single/double stranded DNA 

kb   kilo base 

OMM   outer mitochondrial membrane 

OXPHOS  oxidative phosphorylation 

PD   Parkinson’s disease 

PSC   pluripotent stem cells 

RA   retinoic acid 

RNA   ribonucleic acid 

ROS   reactive oxygen species 

RT   room temperature 

SEM   standard error of mean 

SHH   sonic hedgehog 

SNPs   single-nucleotide polymorphisms 

SNc   substantia nigra pars compacta 

SNr   SN pars reticulate 

VTA   ventral tegmental area 
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