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要旨 

Abstract 

Neuronal models for human neurodegenerative diseases are of critically important to 

understand pathologies in central nervous system cells of all types, with inherent restricted 

accessibility. Parkinson’s disease is second most prevalent neurodegenerative disease 

worldwide. This pathology imposes a large economic burden in patients and families that 

suffer from it. Parkinson’s disease is a multifactorial genetic and environmentally-induced 

pathology. The genetic factors that most significantly influence its phenotypic outcome has 

been defined to ten genes. These genes affect multiple cellular processes, but they have 

common factors such as inducing a reduction in protein homeostasis. These impairments are 

manifested by the accumulation of protein aggregates in the midbrain region substantia nigra 

pars compacta. The protein aggregates have been attributed as both the cause and the result 

of the selective degeneration in the substantia nigra and associated neuronal paths of the 

brain. In the present work three components are studied that reduce protein homeostasis, 

namely autophagy, mitophagy and mitochondria energy metabolism. These pathways are 

analyzed for Parkinson’s disease-associated mutants in the genes LRRK2, VPS35, PINK1 and 

SNCA. Using human induced pluripotent stem cells, neuroepithelial stem cells, as well as 

genome editing tools and reporter systems, is demonstrated that Parkinson’s disease mutants 

not only share autophagy, mitophagy and mitochondria energy metabolism impairments, but 

they also present a characteristic fingerprint that classify them and define the pathways that 

modulate their phenotype.  
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The present section will introduce the concepts of genetic diversity (section 1-1), how the 

genetic variant composition results in phenotype modulation (section 1-2), and an example of 

pathogenic genetic variants that result in neurodegeneration, namely PD (section 1-3). A 

subset of the genes involved in PD pathology, including SNCA (section 1-4), VPS35 (section 1-

5), LRRK2 (section 1-6), and PINK1 (section 1-7). The pathways of autophagy (section 1-8), and 

mitophagy (section 1-9) will be introduced, taking into account how they are affected during 

PD. Then, cellular models used for early development disease modelling, such as human iPS 

cells (section 1-10), and NESCs (section 1-11). Next, strategies for genome editing (section 1-

12) in order to achieve isogenic disease models, and the development of genetically encoded 

pH sensors pHluorin and Rosella (section 1-13). Finally, an overview of extracellular energy 

flux analysis and its relation to mitochondria electron transport chain (section 1-14) and a 

summary of the technologies for automated high-throughput and high-content analysis 

(section 1-15), will be covered in this introduction. 
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1-1 遺伝的多様性 

Genetic diversity 

Genetic diversity in human population is composed by combinations of at least 15 million SNVs 

and CNVs (Genomes Project et al., 2010). Such variations include coding sequence and non-

coding sequence variations (Shiina et al., 2006; Zhang and Lupski, 2015). First, coding 

sequence variants can result in (i) missense (ii) nonsense or (iii) silent mutations. Missense 

mutations lead to changes in amino acid sequence. Mutant amino acid chains different in their 

physicochemical properties can result in protein misfolding, loss of function or emergent 

functions (Valastyan and Lindquist, 2014). Nonsense mutations lead to stop codons, and 

produce truncated proteins. The truncated proteins can miss structural domains, which 

affects their function or subcellular localization (Hogervorst et al., 1995). Silent mutations 

affect the nucleotide sequence yet result in the same amino acid sequence. Second, non-

coding mutations can affect transcriptional regulatory regions (Melton et al., 2015), non-

coding RNA regulatory sequences (Khurana et al., 2016), splicing regulatory regions (Ward and 

Cooper, 2010) or non-functional sequences. 
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1-2 表現型 

Phenotype modulation 

Phenotype can be represented as a multifactorial function composed of the partial 

contribution of all polymorphism variants. Polymorphism variants can enhance or decrease 

this phenotype output. Polymorphic variants that enhance the phenotype output are called 

risk factors (Liou et al., 2016), while variants that decrease the phenotype output are called 

protective factors (Wirdefeldt et al., 2005). Then, polymorphism composition modulates the 

phenotype output of an organism and its cellular model. Hence, the composition of 

polymorphic variants play a critical role when comparing cellular models from different 

genetic backgrounds (Kalinderi et al., 2016). Comparison of cellular models does not only 

compare a genotype of interest, but also the known and unknown, risk or protective factors 

of that defined model. The diversity in human genome and the variability of polymorphisms 

make necessary the use of cellular models that share the same genetic background – isogenic 

cellular models (Ryan et al., 2013). In that way, the phenotype observed can be attributed 

exclusively to the genetic difference studied. Here are developed isogenic models for PD-

associated mutations in the SNCA gene. 
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1-3 パーキンソン病 

Parkinson’s Disease 

PD is a neurodegenerative disorder characterized by non-motor and motor symptoms. The 

non-motor symptoms include sleep disorders, cognitive changes, mood disorders and 

hallucinations. The motor symptoms include postural instability, rigidity, resting tremor and 

bradykinesia (Barker et al., 2015; Lotharius and Brundin, 2002). PD patients can be diagnosed 

as sporadic or familial - genetically defined. In sporadic cases, the genetic cause is unknown 

with the disease resulting from exposure to environmental insults. Familial or genetically-

defined PD cases can be attributed to at least 18 defined genes. These genes include SNCA 

(Polymeropoulos et al., 1997), LRRK2 (Funayama et al., 2002; Paisan-Ruiz et al., 2004; Zimprich 

et al., 2004), VPS35 (Lesage et al., 2012; Sharma et al., 2012a; Sheerin et al., 2012; Vilarino-

Guell et al., 2011; Zimprich et al., 2011), SLC6A3 (Kurian et al., 2009), PINK1 (Valente et al., 

2004; Valente et al., 2001), PARK7 (van Duijn et al., 2001), ATP13A2 (Ramirez et al., 2006), 

FBX07 (Di Fonzo et al., 2009; Paisan-Ruiz et al., 2010), PRKN (Kitada et al., 1998) and TAF1 

(Graeber and Muller, 1992; Lee et al., 1991). GWAS demonstrate that at least 28 loci modulate 

the onset and phenotype strength of PD (Do et al., 2011; Edwards et al., 2010; Hamza et al., 

2010; Hernandez et al., 2012; International Parkinson Disease Genomics et al., 2011; Lill et al., 

2012; Nalls et al., 2014; Pankratz et al., 2012; Pankratz et al., 2009; Saad et al., 2011; Satake 

et al., 2009; Sharma et al., 2012b; Simon-Sanchez et al., 2011). Here are studied the cellular 

phenotypes for PD associated mutations in the genes SNCA, VPS35, LRRK2 and PINK1. 
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1-4 SNCA, α-シヌクレイン 

SNCA, α-Synuclein 

In physiological conditions, α-Synuclein is located in the presynaptic terminal and vesicles of 

neurons. α-Synuclein is involved in synaptic transmission, fusion of membranes, exocytosis, 

endocytosis and regulation of vesicle curvature (Lautenschlager et al., 2017). In PD, aggregates 

of α-Synuclein are observed in SN dopaminergic neurons. α-Synuclein aggregates can be 

classified as Lewy bodies and Lewy neurites (Goedert et al., 2013). α-Synuclein mutations in 

PD patients have been described in familial early onset cases. SNCA mutations are autosomal 

dominant, they include and increase in gene dosage (Devine et al., 2011) and the missense 

mutations SNCA p.A30P (Kruger et al., 1998), SNCA p.E46K (Zarranz et al., 2004), SNCA p.H50Q 

(Proukakis et al., 2013), SNCA p.G51D (Lesage et al., 2013) and SNCA p.A53T (Polymeropoulos 

et al., 1997). These mutations disrupt the KTKEGV repeat motifs interactions (Dettmer et al., 

2015b) and affect α-Synuclein native conformation. α-Synuclein is present as tetramers in its 

native conformation (Bartels et al., 2011). Tetramers are dependent on KTKEGV repeat motifs. 

Mutations in the repeat motifs modify the balance from tetramer to monomer form (Dettmer 

et al., 2015a). The tetramer and monomer are abundant in alpha helix structures, as 

demonstrated by circular dichroism experiments (Bartels et al., 2011; Luth et al., 2015). In 

pathological conditions, the alpha helix rich monomer shifts to a beta rich structure (Luth et 

al., 2015), which in turn acts as a template for further unfolding of native monomers in a 

process similar to amyloidogenic crystal seeds. 
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1-5 Vacuolar protein sorting-associated protein 35 - VPS35 

 

VPS35 is a core member protein of the retromer complex. The retromer complex core 

members include VPS26, VPS29, and VPS35. The retromer complex is a structure essential for 

the formation of the retromer. The retromer is a membrane-composed structure responsible 

for sorting and recycling vesicular cargo (Seaman, 2004). Transport is mediated between the 

late endosome, trans Golgi network, endoplasmic reticulum (Tang et al., 2015) and cell 

membrane (Tabuchi et al., 2010). The vesicular mobilization mediated by the retromer 

facilitates the recycling of membrane-bound receptors such as CIMPR. Importantly, some of 

the retromer receptors transport mediators of protein degradation such as the lysosomal acid 

hydrolase enzyme cathepsin D. Hence, VPS35 plays a central role in the modulation of 

intracellular vesicle trafficking and of autophagy (Zavodszky et al., 2014). VPS35 alterations 

have been associated with multiple neurodegenerative diseases such as Alzheimer’s disease, 

Ceroid lupofuscinosis and PD. Mutations in VPS35 protein were first identified in a late onset 

PD kindred (Vilarino-Guell et al., 2011), and thereafter regarded as one of the well-defined 

factors inducing PD. 
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1-6 Leucine-rich repeat serine/threonine-protein kinase 2 -  

LRRK2 

LRRK2 protein is a highly ubiquitous and large protein consisting of six structural domains.  It 

contains a central tridomain composed of: 1) Ras of complex GTPase, 2) carboxy-terminal of 

Roc, and 3) kinase domain (Mata et al., 2006). All pathological mutations on LRRK2 are located 

within the central tridomain region, and present segregation in a Mendelian manner. Such 

observations suggest that pathology induced by LRRK2 is restricted to its enzymatic activity 

modification (Cookson, 2010). LRRK2 protein exerts its function as a dimer complex (Berger et 

al., 2010; Greggio et al., 2008).  Furthermore, the dimerization properties of LRRK2 enable its 

self-regulation through the kinase domain. LRRK2 has been shown to be an interacting partner 

for multiple cellular processes including cytoskeleton assembly with tubulin, protein 

translation, cellular trafficking with Rab7, and response to protein misfolding with heat shock 

proteins (Cookson, 2015). Importantly, LRRK2 interacts with two proteins linked to 

pathological mechanisms - microtubule-associated protein tau and α-Synuclein (Cookson, 

2010). LRRK2 has been associated with the endosomal pathway (Steger et al., 2016) and the 

transition between the early and late endosome, converging in the lysosomal pathways 

(Roosen and Cookson, 2016). Hence, those studies linked LRRK2 function with control of 

autophagy and cellular homeostasis. Mutations in LRRK2 have been directly associated to 

neurodegeneration in PD (Funayama et al., 2002; Paisan-Ruiz et al., 2004; Zimprich et al., 

2004), and regarded as a risk modulator in Gaucher’s disease (Woodard et al., 2014).  
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1-7 PTEN-induced putative kinase 1 - PINK1 

 

PINK1 protein kinase plays essential roles in mitochondrial surveillance. The monitoring 

aspects include regulation of mitochondria network dynamics, mitochondria maintenance 

(Bertolin et al., 2015), removal of damaged mitochondria fragments (McLelland et al., 2016), 

local protein translation (Gehrke et al., 2015), mitophagy (Jin and Youle, 2012), and 

mitochondria biogenesis (Mouton-Liger et al., 2017). PINK1 presents a mitochondria targeting 

sequence, single transmembrane helix and kinase domain. Upon loss of mitochondrial 

membrane potential, it is translocated to the inner mitochondria membrane and degraded 

(de Vries and Przedborski, 2013). Active PINK1 interacts with PARKIN and phosphorylates it 

(Koyano et al., 2014). PARKIN phosphorylation promotes its E3 ubiquitin ligase activity, and 

activation of mitophagy (Georgakopoulos et al., 2017). Furthermore, active PINK1 and PARKIN 

promotes mitochondria release from the cytoskeleton though RHOT1 degradation (Wang et 

al., 2011). In addition, PINK1 and PARKIN promote mitochondria fission through degradation 

of MFN2 (Chen and Dorn, 2013). Mutations in PINK1 result in increased accumulation of 

mitochondrial damage. As consequence of such accumulation, intracellular ROS generation is 

continuous (Requejo-Aguilar et al., 2014) and mitochondria energy performance hindered. 

Both aspects are a consequence of mutant PINK1-induced mitophagy impairments (Allen et 

al., 2013). Mutations on PINK1 that result in its loss of function have been directly linked to 

neurodegeneration in PD (Valente et al., 2004; Valente et al., 2001).  
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1-8 オートファジー 

Autophagy 

The term autophagy is derived from the Greek words self (autos) and eat (phagein). It refers 

to the cellular process in which intracellular material is degraded during normal development 

or disease. Pioneering studies first identified autophagy in yeast models (Takeshige et al., 

1992). In human physiological conditions, different cell types adjust their intracellular 

composition by autophagy (Kundu et al., 2008). In addition, autophagy participates in 

maintaining a basal level of protein turnover that can account for 2% per hour in stem cells 

(Mizushima and Klionsky, 2007; Mizushima et al., 2001). Upon environmental insults, cells can 

be subjected to oxidative stress resulting in the accumulation of damaged cellular components 

(Poillet-Perez et al., 2015). The intracellular structures involved in autophagy are 

phagophores, autophagosomes, autolysosomes and lysosomes. Phagophore membranes are 

nucleated and assembled by the ATG family of proteins (Abreu et al., 2017). The first step 

towards the generation of the phagophore complex is the activation cleavage of LC3 

(Mizushima and Klionsky, 2007). Phagophores are subjected to membrane enclosure that 

engulf the protein and lipid components aimed for degradation (Karanasios et al., 2016). The 

double membrane autophagosomes and autophagic cargoes fuse to lysosomes, giving rise to 

autolysosomes (Tooze and Yoshimori, 2010). The autolysosomes present an acidified luminal 

space and abundant hydrolases that enable disassembly. Subsequently, the luminal proteins 

of autolysosomes are degraded and recycled. Mutations in proteins involved in autophagy 

have been reported in conjunction with multiple neurodegeneration diseases, such as 

Alzheimer and Huntington’s disease (Jiang and Mizushima, 2014; Levine and Kroemer, 2008). 

In this work, autophagy is assessed in the context of PD using LC3 fusion reporters. 
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1-9 マイトファジー  

Mitophagy 

Mitophagy is the selective engulfment of a mitochondrion or mitochondrial fragments by the 

autophagic machinery (Jin and Youle, 2012). During physiological conditions and 

development, mitochondria are degraded in order to adjust their numbers to specific cellular 

requirements (Kundu et al., 2008). As part of their ATP-producing function or environmental 

insults, mitochondria can be subjected to oxidative stress, resulting in damage of structural 

proteins and lipids (Kim et al., 2007). A set of regulatory mechanisms exists to monitor the 

oxidative levels and protein integrity. Upon detection of loss in membrane-potential, a 

degradative response is activated that includes the PARKIN-dependent ubiquitination of 

integral transmembrane proteins (Narendra et al., 2008), PINK1-dependent phosphorylation 

of regulatory proteins and the disassembly of the microtubule anchorage. Mitochondrial 

surface proteins tag parts of the mitochondrion for degradation. The selected fraction of the 

mitochondrion is excised from the mitochondrial network and incorporated into the 

autophagic pathway (Narendra et al., 2008). Thus, mitophagy is a sub-group of autophagic 

events restricted to degrading mitochondria or their components. Upon integration of 

mitochondrial cargoes into the autophagosome lumen, lysosomes are fused releasing 

hydrolases, and the luminal pH decreases. Upon lysosome fusion, the autophagosome is called 

an autolysosome. The early autolysosome continues to degrade its luminal cargo and its 

internal membrane, progressing to a mature late autolysosome. Mutations that affect 

mitochondrial homeostasis and mitophagy result in metabolic and degeneration pathologies. 

PD has been associated with mutations in PINK1, which, as described above, is involved in 
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mitophagy regulation (Pickrell and Youle, 2015). In this work, mitophagy in the context of PD 

is assessed using mitochondrial fusion reporters. 
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1-10 人工多能性幹細胞 – iPS細胞  

Human induced pluripotent stem cells – iPS cells 

Pluripotent stem cells are a transient population during early embryo development. In 

humans, cells from the embryo inner cell mass present a pluripotent naive state (Nichols and 

Smith, 2009). The inner cell mass differentiates into a disk-like structure that gives rise to the 

epiblast and hypoblast. The epiblast presents a reduced degree of pluripotency level called 

primed state (Nichols and Smith, 2009). Successively, the epiblast gives rise to all the tissues 

from the embryo proper. The assistance of mouse models enabled the derivation of the first 

embryonic stem cells from the inner cell mass (Evans and Kaufman, 1981; Martin, 1981). 

Embryonic stem cells are defined operationally by their ability to derive all germ layers in vitro 

or in vivo (Martin, 1981). The culture of conventional mouse ground state naive stem cells 

require the use of LIF (Yoshida et al., 1996), ERK/MEK inhibitors (Burdon et al., 1999) and 

GSK3-β inhibitor (Ying et al., 2008). The human in vitro equivalent of inner cell mass-derived 

mouse naive stem cells has been achieved only recently (Gafni et al., 2013; Takashima et al., 

2014; Theunissen et al., 2014). The minimal key transcriptional factors required to induce the 

conversion from terminally differentiated cells to primed pluripotent stem cells in mice 

(Takahashi and Yamanaka, 2006), and in humans (Takahashi et al., 2007) have been identified. 

Accordingly, the transcription-factors converted stem cells have been called induced 

pluripotent stem cells or iPS cells (Takahashi et al., 2007; Takahashi and Yamanaka, 2006).  The 

transcriptional network controlling pluripotency has been extensively characterized, and the 

key regulator proteins defined as NANOG, SOX2, OCT4, KLF4, KLF2, TBX3 and ESRRB 

(Takashima et al., 2014; Yu and Thomson, 2008). A multitude of studies have used iPS cells for 

mechanistic, early developmental model and disease modelling studies. Importantly, such 
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studies include mature neuronal (Kriks et al., 2011), and early neuronal (Reinhardt et al., 2013) 

disease models. Similarly, in this work iPS cells are used for disease modelling in the context 

of PD. 
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1-11 神経上皮幹細胞 - NESCs 

Neuroepithelial stem cells - NESCs 

Neuronal progenitors relate to the neuronal plate and neural tube stage of embryo 

development (Conti and Cattaneo, 2010). There is a multitude of in vitro models of neuronal 

progenitors. Such in vitro models correlate to different temporal stages, and hallmarks of 

neuronal development. The current neuronal progenitor models can be classified as: primitive 

neuroepithelial progenitors (Smukler et al., 2006), neuronal rosette cells (Elkabetz et al., 2008), 

primitive neural stem cells (Li et al., 2011), radial glial-like cells (Bibel et al., 2007), and NESCs 

(Reinhardt et al., 2013). Neuronal progenitors are of great value for disease modeling and as 

a source of biological material equivalent to early neuronal development. Access to such in 

vivo material is ethically restricted and limited. Additionally, neuronal progenitors provide an 

experimental source for the generation of mature neurons (Reinhardt et al., 2013). NESC 

derivation from human iPS cells is based on the addition of a set of small-molecule inducers 

of neuronal linage. Those modulators result in SMAD pathway inhibition (Chambers et al., 

2009), BMP pathway inhibition (Kim et al., 2010), WNT pathway activation by GSK3-β inhibitor 

(Chambers et al., 2012), and SHH pathway activation by a SHH agonist (Chen et al., 2002; 

Sinha and Chen, 2006). NESCs are characterized by the expression of neuronal progenitor 

markers SOX1, SOX2 and NESTIN (Reinhardt et al., 2013). NESCs are used in the present 

work as an early neurodevelopmental disease model. 
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1-12 ゲノム編集 

Genome editing 

The advent of genome editing tools such as ZFN (Soldner et al., 2011), TALEN (Ding et al., 2013) 

and CRISPR-Cas9 (Mali et al., 2013) have enabled targeting nucleases to specific genomic 

regions to induce dsDNA breaks. Events of dsDNA breaks can be resolved through NHEJ or 

HDR. The NHEJ repair mechanism is dependent on protein complexes XRCC5, XRCC6, MRN 

(MRE11, RAD50 and NBN)-complex, PRKDC, DCLRE1C, NHEJ1, XRCC4 and LIGIV. The HDR 

repair mechanism is dependent on protein complexes of ATM, MRNIIP, RAD51, RPA1 and 

dsDNA template. NHEJ results in high frequency indel events (Lei et al., 2012). HDR results in 

high frequency sequences with high identity (Chu et al., 2015). The NHEJ process can be used 

to harvest gene knock-out engineered lines, while HDR can serve the derivation of precise 

transversion or transition mutant lines. Hence, combinations of precise nucleases like ZFN, 

TALEN or CRISPR-Cas9 with dsDNA templates enable the modification of the genome to 

introduce polymorphism variants. This enables the generation of isogenic cellular models 

(Miyaoka et al., 2014). This study used CRISPR-Cas9 nuclease for the generation of SNCA 

isogenic mutants. 
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1-13 pHluorin and Rosella 

The use of fluorescent proteins has enabled a multitude of developments in cellular biology. 

They include cell tracing (Cai et al., 2013; Livet et al., 2007), cell tracking (Hatta et al., 2006), 

subcellular localization (Rizzo et al., 2009), gene activity (Theunissen et al., 2014), protein 

conformational changes (Aoki et al., 2008), and protein-protein interaction (Frommer et al., 

2009; Kenworthy, 2001). The structural characterization of the chromophore component and 

their environment allowed the generation of synthetic variants with shifted absorbance or 

emission wavelength (Bindels et al., 2017). Furthermore, point mutation studies have enabled 

the generation of monomer, smaller, and tandem dimer variants (Shaner et al., 2005). 

Importantly, the quantum yield of the chromophore can be affected by the proton 

concentration of the internal barrel. This enabled the generation of pH-responsive fluorescent 

proteins (Miesenbock et al., 1998; Shen et al., 2014). Furthermore, the addition of targeting 

sequences enabled restricting the spatial location of the fluorescent proteins. Targeting 

sequences for all organelles and membranes have been successfully used (Rizzo et al., 2009). 

Of special relevance to autophagy and mitophagy are the phagophore and mitochondria 

targeting sequences LC3 and ATP5C1 proteins (Sankaranarayanan et al., 2000; Tanida et al., 

2014). The fusion of the targeting sequence of LC3 or ATP5C1 with DsRED-pHluorin Rosella 

enabled the generation of a traceable pH sensor (Sargsyan et al., 2015). In this work, Rosella 

reporters are used for the generation of stable lines in conjunction with genome editing tools. 
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1-14 Extracellular energy flux analysis 

Extracellular energy flux analysis is a widely accepted assay to define mitochondria 

performance in cellular models (Cooper et al., 2012; Ryan et al., 2013). It is based on the 

sequential blockage of the mitochondria complexes. The mitochondria complexes are an 

integral part of the electron transport chain of mitochondria. The electron transport chain 

plays a crucial role in cellular energy generation. This is represented as a proton gradient, ATP 

production and fumarate production. The mitochondria electron transport chain is composed 

of five complexes. Complex-I is a NADH-ubiquinone oxidoreductase, responsible for 

transferring electrons from NADH to the ubiquinone carrier. Additionally, it transfer protons 

across the membrane creating a proton gradient (Zhu et al., 2016), and can be inhibited by 

rotenone. Complex-II is a succinate dehydrogenase coupled to the citric acid cycle. Complex-

II catalyzes the conversion from succinate to fumarate (Sun et al., 2005). Complex-III is a 

cytochrome BC1 complex. Complex-III transfer electrons from the ubiquinone QH2 to 

cytochrome C. In addition, it transfer protons across the membrane contributing to the proton 

gradient (Solmaz and Hunte, 2008). Complex-III can be inhibited by antimycin A. Complex-IV 

is a cytochrome C oxidase. Complex-IV transfer electrons from cytochrome C to molecular 

oxygen, and contributes to the creation of the proton gradient (Yoshikawa et al., 1998). 

Complex-V is an ATP-synthase responsible for coupling the proton gradient dissipation with 

the generation of ATP from ADP and inorganic phosphate (Jonckheere et al., 2012). Complex-

V can be inhibited with oligomycin. An additional component of the electron transport chain 

is the mitochondrion inner membrane, which maintains the proton gradient created by 

complex-I, complex-III and complex-IV. The impermeability of the membrane is essential for 

energy efficiency. The ionophore CCCP can disrupt the membrane potential by dissipating the 



36 
 

proton gradient. Hence, CCCP can uncouple this gradient generation from ATP synthesis. 

Therefore, as described above, there are four steps in which the electron transport chain can 

be modulated to evaluate mitochondria performance. The sequential blockage of complex-V, 

the membrane potential, complex-I and complex-III allow for deriving important conclusions 

about the cellular state. These parameters are the non-mitochondrial respiration, basal 

respiration, maximal respiration, proton leak, ATP production capacity, spare respiratory 

capacity, acute response and coupling efficiency. The sequential steps described above are 

the root of extracellular energy flux analysis. This work used such methodology to establish 

comparisons within isogenic disease models in the context of PD.   
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1-15 Automated high-throughput and high-content image 

acquisition and analysis 

The use of automated approaches to assess biological hypotheses enable high control of 

experimental conditions, contribute to the reproducibility, and provide high statistical power. 

Automation can be incorporated in controlling culture conditions by using laboratory stations 

connected with robotic arms (Check Hayden, 2014). In addition, acquisition of data can be 

automated by incorporating programmable experimental pipelines and computer level 

protocols (Carvalho, 2013; Linshiz et al., 2013). Furthermore, data analysis can be performed 

in a supervised automatic manner or unsupervised manner. Supervised automatic approaches 

require human coding of the algorithms on part of a dataset to implement it in bigger datasets. 

In contrast, in unsupervised approaches, machine learning and neuronal networks develop 

non-monitored code solutions to optimize a set of outputs. The three layers of automation 

described above - maintenance automation, acquisition automation and analysis automation 

- constitute the next generation of precision research. Multiple examples of automated data 

acquisition and analysis exist for live-monitoring of single cell dynamics (Skylaki et al., 2016). 

Here, two layers of automation are used: automated acquisition and supervised automated 

analysis. 
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2-1 Genetically-encoded Rosella-LC3 and ATP5C1-Rosella systems allow for the visualization 

of the complete autophagy and mitophagy pathways 

Generation of stable lines expressing Rosella sensors allowed the reconstruction of the 

complete autophagy and mitophagy pathways (Figure 2-1). In the case of the autophagy 

reporter lines, it is possible to observe all autophagy structures (Figure 2-1 A). First, it is 

possible to observe phagophores, as evident on punctate-like structures with pHluorin-

positive and DsRED-positive signals (Figure 2-1 B). Furthermore, early-closure 

autophagosomes and mature autophagosomes correspond to semi-spheres and sphere-like 

structures, respectively. They present both pHluorin-positive and DsRED-positive double 

membrane peripheries, with pHluorin-negative and DsRED-negative centers (Figure 2-1 B). In 

addition, is possible to define early autolysosomes, as noted on spherical structures with 

pHluorin-positive and DsRED-positive single membrane edges, with pHluorin-negative and 

DsRED-positive center (Figure 2-1 B). Finally, detection of mature autolysosomes is evidenced 

by spheres of DsRED-positive center without signals in its membrane (Figure 2-1 B). In the case 

of the mitophagy reporter lines, both mitochondria and mitophagic vacuoles can be visualized 

(Figure 2-1 C). Firstly, it is possible to observe mitochondria and the mitochondria network as 

evidenced by the rod-like structures with pHluorin-positive and DsRED-positive signals (Figure 

2-1 D). Secondly, there are mitophagic vacuoles with partly digested mitochondria in their 

lumen, as evidenced by sphere structures with pHluorin-negative and DsRED-positive body, 

surrounding pHluorin-positive and DsRED-positive rod-like structures (Figure 2-1 D). Finally, 

mature mitophagic vacuoles  are detected as sphere-like structures pHluorin-negative and 

DsRED-positive body (Figure 2-1 D). 
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Figure 2-1. Genetically-encoded Rosella-LC3 and ATP5C1-Rosella systems allow for the 

visualization of the complete autophagy and mitophagy pathways. A. Representative image 

of Rosella-LC3 healthy control line. The pHluorin and DsRED channels are shown separately. 

Scale bar indicates 10µm. B. Structure of the Rosella autophagy reporter system. It is possible 

to identify all autophagy structures, including phagophores, autophagosomes, and 

autolysosomes. C. Representative image of ATP5C1-Rosella healthy control line. The pHluorin 

and DsRED channels are shown separately. Scale bar indicates 10 µm. D. Structure of the 

Rosella mitophagy reporter system. It is possible to determine mitochondrial network 

structure and mitophagy events.  
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2-2 3D reconstruction of reporter lines confirms complete reconstruction of autophagy and 

mitophagy pathways 

3D reconstruction analysis confirmed that the structures described in section 2-1 match 

(Figure 2-2). Spinning-disk microscopy z-stacks were used for the 3D reconstruction of the 

autophagy reporter line (Figure 2-2 A). For the autophagy reporter lines, pHluorin-positive and 

DsRED-positive phagophores (Figure 2-2 A), autophagosomes with pHluorin-positive and 

DsRED-positive cortex (Figure 2-2 A), and autolysosomes with pHluorin-negative and DsRED-

positive body (Figure 2-2 A) are observed. A navigation video can be visualized by scanning 

the QR code provided (Figure 2-2 A). Confocal microscopy z-stacks were used for 3D 

reconstruction of the mitophagy reporter line (Figure 2-2 B). Mitophagy reporter lines were 

treated with valinomycin, a mitochondria stress modulator, to increase the rate of mitophagy 

events. A representative z-stack shows a DsRED-positive mitophagic vacuole surrounding 

partially digested mitochondria in an acidic environment (Figure 2-2 B).  The partially digested 

mitochondria are evident by pHluorin-negative DsRED-positive rod-like structures (Figure 2-2 

B). Beside the mitophagic vacuole is a pHluorin-positive DsRED-positive phagophore cluster 

(Figure 2-2 B). 
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Figure 2-2. 3D reconstruction of reporter lines confirms complete reconstruction of 

autophagy and mitophagy pathways. A. 3D reconstruction based on the autophagy reporter 

healthy control line. The insets show pHluorin-positive DsRED-positive autophagosome 

structures, pHluorin-negative DsRED-positive autolysosome structures, and pHluorin-positive 

DsRED-positive phagophores. Scanning the QR code will provide a navigation video of the 3D 

reconstruction. Scale bar indicates 10µm. B. 3D reconstruction based on the mitophagy 

healthy control line.  An autolysosome with an ongoing mitophagy process is shown. The 

autolysosome is represented with an equatorial cross section and the light intensity DsRED 

volume is represented in cyan. The partly digested mitochondria inside the autolysosome 

maintains the pH-resistant DsRED signal and is pHluorin-negative in this acidic environment. 

A pHluorin-positive DsRED-positive phagophore cluster is located in the upper left corner. The 

inset shows a single plane overlay. High frequency mitophagy conditions were induced with 

5µM valinomycin. Scale bar indicates 4µm. 
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2-3 Human iPS cells present dynamic autophagy activity 

Using spinning-disk microscopy live imaging, a remarkably active autophagy dynamic in 

healthy control human iPS cells was observed (Figure 2-3). Representative frames from the 

time-lapse are shown (Figure 2-3). Time-lapse videos can be accessed with the provided QR 

codes (Figure 2-3). Movement of autophagic vesicles range to approximately 5µm per second 

(Figure 2-3 A). Higher magnification of autophagy reporter lines allowed the observation of 

the emergence of autophagic vacuoles (Figure 2-3 B). Early autolysosomes present transient 

association to mature autolysosomes and phagophores (Figure 2-3 B). This suggests fusion of 

autophagic structures (Figure 2-3 B).  The membrane of autolysosomes is partially deformed 

when associated to filament-like structures reminiscent of cytoskeleton (Figure 2-3 B). It was 

possible to observe that during cell division events, autophagic vacuoles are segregated to cell 

poles and separated by the metaphase plate (Figure 2-3 C). These observations are in 

agreement with the essential roles assigned to autophagy during development. Mutations in 

autophagy components result in lethality during pre-implantation development (Tsukamoto 

et al., 2008). 
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Figure 2-3. Human iPS cells present dynamic autophagy activity. A. The autophagy reporter 

healthy control line was imaged for 1 hour 15min. Representative frames from the time-lapse 

video are shown. Phagophores dynamically fuse and are mobilized throughout the cell. 

Autophagosomes grow and transform to autolysosomes. Speed 25fps. Scale bar indicates 

20µm. Time-lapse video can be accessed with the provided QR code. B. Close-up of the 

autophagy reporter healthy control line from A. Representative frames from the time-lapse 

video. Arrows heads indicate the association between multiple autophagic structures and the 

early autophagosome. The generation of pHluorin-positive DsRED-positive autophagosomes 

and the maturation to autolysosomes of pHluorin-negative DsRED-positive lumen are 

observed. Speed 25fps. Scale bar indicates 5 µm. Time-lapse video can be accessed with the 

provided QR code. C. Close-up of the autophagy reporter healthy control line from A. 

Representative frames from the time-lapse video. After the nucleus (indicated with a dashed 

line) is disassembled, the autophagic structures are segregated to both cell poles (indicated 

with arrow heads). The condensed chromosomes (indicated with a dashed line) migrate to the 

cell equator and establish the metaphase plate (indicated with a dashed line). Speed 25fps. 

Scale bar indicates 5 µm. Time-lapse video can be accessed with the provided QR code. 
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2-4 Human iPS cells present a dynamic mitochondria network and mitophagy activity 

Using live imaging, a dynamic mitochondrial network in human iPS cells can be seen (Figure 2-

4). Mitochondria network re-structuring and splitting can be seen (Figure 2-4 A). Furthermore, 

abundant mitophagy events occur (Figure 2-4 A). This observation is consistent with studies 

that demonstrate the importance of mitochondria homeostasis in pluripotent stem cells, both 

during development and in adult cells (Jahreiss et al., 2008; Lorenz et al., 2017; Ma et al., 2015; 

Wang et al., 2015). Autolysosomes that were responsible for mitophagy are visible as 

pHluorin-negative and DsRED-positive vesicles (Figure 2-4 A). Higher magnification of the 

time-lapse revealed mitochondrial network re-structuring and splitting (Figure 2-4 B). In 

addition, mitochondria network monitoring through the “kiss and run” mechanism was 

observed (Figure 2-4 C) as previously described (Jahreiss et al., 2008). 

  



51 
 

   



52 
 

Figure 2-4. Human iPS cells present a dynamic mitochondria network and mitophagy 

activity. A. The mitophagy healthy control reporter line was imaged for 1 hour 15min. 

Mitochondria network dynamically reorganized and split. Autolysosomes that were 

responsible for mitophagy are visible as pHluorin-negative DsRED-positive vesicles. Speed 

25fps. Scale bar indicates 20 µm. Time-lapse video can be accessed with the provided QR code. 

B. Close-up of the mitophagy healthy control reporter line in A. Mitochondria network re-

structured and split. Splitting point indicated with arrow head. Speed 25fps. Scale bar indicates 

20 µm. Time-lapse video can be accessed with the provided QR code. C. Close-up of the 

mitophagy healthy control reporter line in A. Autolysosomes associate with the mitochondrial 

network and monitor it with the “kiss and run” mechanism (indicated with arrow head). 

Mitochondrial networks dynamically reorganize. Speed 25fps. Scale bar indicates 20 µm. 

Time-lapse video can be accessed with the provided QR code.  
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2-5 Generation of image analysis algorithms to identify autophagy structures 

Evaluating autophagy differences between healthy control and mutant lines requires the 

development of quantification tools. For this purpose, image analysis algorithms were 

developed. These tools allow for the classification and quantification of autophagy structures 

automatically and in an unbiased way. Automated high-throughput imaging platforms (Opera, 

Perkin Elmer) produce live images in a reproducible and high-throughput manner for all the 

reporter lines in controlled incubation conditions (37oC and 5%CO2). The algorithms used for 

image analysis were implemented in Matlab code. This process is described below. The raw 

images (Figure 2-5 A) were flat-field corrected and deconvolved with the Richards-Wolf optical 

model (Figure 2-5 B). Then, a series of difference of Gaussian curves were applied in both 

channels (Figure 2-5 C-D), and both channels were assessed with Boolean OR logical 

operations (Figure 2-5 C-D). Watershed functions with Euclidean distance was implemented 

for DsRED (Figure 2-5 C). Ratio images were calculated, and top-hat functions included in both 

channels to detect potentially missed autolysosomes (Figure 2-5 E). To detect 

autophagosomes based on their cavity vesicle property, a chain of: Fourier transform, Euler 

filtering, Butterworth high-pass filter, binarization, maximum projection, and erosion were all 

implemented. Components containing cavities have an Euler number 0 and are 

autophagosomes (Figure 2-5 F).  To detect the remaining autophagosomes, Hough transforms 

for circles were included (Figure 2-5 G). The mask of all autophagosome candidates was 

computed by combining Fourier-Euler and Hough-derived autophagosomes (Figure 2-5 F-G). 

For classification, all vesicles detected via the different approaches shown above were 

combined with Boolean operations. For the remaining vesicles, the eccentricity was assessed 

(Figure 2-5 H). The classification of the segmented vesicles was defined to consider four vesicle 

types: phagophores, autophagosomes, early autolysosomes, and late autolysosomes. For this 
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purpose, a progressive exclusion algorithm based on logical operations was implemented and 

is exemplified (Figure 2-5 I). 
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Figure 2-5. Generation of image analysis algorithms to identify autophagy structures. Image 

analysis workflow for autophagy reporter lines. A. Overlay of raw DsRED and pHluorin 

channels, raw image for DsRED and raw image for pHluorin channel. B. Flat field and 

deconvolved images for channel DsRED and pHluorin. C. Difference of Gaussian, top hat filter 

and stencil filter for DsRED channel. D. Difference of Gaussian and Laplacian of Gaussian 

analysis for pHluorin channel. E. Ratio of intensities to identify autolysosomes. F. Difference 

of Gaussians and Euler analysis on pHluorin channel to identify autophagosomes. G.  Hough 

transforms to identify autophagosomes. H.  Composed mask of all vesicles identified and non-

circular vesicles. I. All vesicles mapped on pHluorin and DsRED channel. Scale bar indicates 

20µm and 3x zoomed insets are highlighted with yellow boxes. 
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2-6 Generation of image analysis algorithms to identify mitochondria and mitophagy 

structures 

Evaluating mitophagy differences between healthy control and mutant lines requires the 

development of quantification tools. For this purpose, and similarly to section 2-5, image 

analysis algorithms were developed. They allow the classification and quantification of 

mitophagy structures automatically and in an unbiased way. The algorithms used for image 

analysis were implemented in Matlab code, and the process for mitophagy reporters is 

described below. Representative raw images are shown (Figure 2-6 A-C). The DsRED channel 

is subjected to difference of Gaussians (Figure 2-6 D), and a grey tone threshold applied to 

define mitochondria mask (Figure 2-6 E). Mitophagy vacuoles were defined by intensity ratio 

analysis and morphological filters based on difference of Gaussian thresholds (Figure 2-6 F). 

Mitophagy vacuole mask was optimized with shape reconstruction functions (Figure 2-6 G).  A 

base difference of Gaussians was established in the DsRED channel to identify the mitophagic 

vacuoles (Figure 2-6 H). Finally, the resulting segmented mitochondria (Figure 2-6 I) and 

autophagic vacuole masks (Figure 2-6 J) were defined. 
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Figure 2-6. Generation of image analysis algorithms to identify mitochondria and mitophagy 

structures. Image analysis workflow for mitophagy with ATP5C1-Rosella reporter lines. A. 

Overlay of raw DsRED and pHluorin channels. B. Raw image for pHluorin channel. C. Raw 

image for DsRED channel. D. Difference of Gaussian for pHluorin channel. E. Mitochondria 

network mask. F. Mitophagic vacuoles mask by intensity ratio threshold. G.  Refinement of 

Mitophagic vacuole mask with reconstruction function. H.  Difference of Gaussian in the 

DsRED channel. I. All mitochondria and mitophagic vacuoles mapped on pHluorin channel. J. 

All mitochondria and mitophagic vacuoles mapped on DsRED channel. Scale bar indicates 

20µm and 3x zoomed insets are highlighted with yellow boxes. 
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2-7 Generation of image analysis algorithms to identify lysosomes 

The interpretation of autophagy and mitophagy modulation in some cases is dependent on 

the lysosome capacity of a cell. Hence, a lysosome recognition algorithm was developed 

(Figure 2-7). The autophagy and mitophagy reporter lines were treated with lysosomal 

tracking dyes and images used for pattern recognition. The raw images in deep red (Figure 2-

7 A) were deconvolved (Figure 2-7 B). A set of difference of Gaussians were used for 

convolving the foreground and subtracting the background (Figure 2-7 C). A partial mask for 

lysosomes was obtained by threshold functions (Figure 2-7 E). Additionally, a set of Laplacian 

of Gaussians were applied on the deconvolved images (Figure 2-7 D). A second mask of 

lysosomes is detected with grey tone threshold functions (Figure 2-7 F). The combination of 

both lysosome masks with Boolean functions allows for the detection of lysosomes (Figure 2-

7 G). 
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Figure 2-7. Generation of image analysis algorithms to identify lysosomes. Image analysis 

workflow for the Lysotracker assay in reporter lines. A. Raw image for lysotracker in deep red 

channel. B. Deconvolved image of lysosomes. C. Difference of Gaussian for deep red channel. 

D. Laplacian of Gaussian for deep red channel. E. Lysosome mask from difference of Gaussians. 

F. Lysosome mask from Laplacian of Gaussians. G.  Combined lysosome mask. Scale bar 

indicates 20µm and 3x zoomed insets are highlighted with yellow boxes.  
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2-8 PD-mutant lines present a reduced autophagy capacity in basal conditions 

Making use of the automated image analysis tools developed, quantification of the autophagic 

structures in healthy control and PD-mutant lines was performed in human iPS cells: 

PINK1(p.I368N), VPS35(p.D620N), and LRRK2(p.G2019S). First, all mutants were compared 

with healthy controls in basal conditions. The absolute frequency of phagophores was reduced 

in PINK1(p.I368N) and VPS35(p.D620N) mutants with respect to  the healthy control line 

(Figure 2-8 A). Autophagosomes are transient, therefore their detection was infrequent. The 

frequency of autophagosomes was significantly reduced in the LRRK2(p.G2019S) mutant with 

respect to healthy control (Figure 2-8 B). Early autolysosomes were significantly reduced in 

PINK1(p.I368N) and VPS35(p.D620N) mutants (Figure 2-8 C). Furthermore, late autolysosomes 

were significantly reduced in all the mutants (Figure 2-8 D). Autophagic vacuoles are defined 

as the sum of all autophagosomes, early autolysosomes, and late autolysosomes in a cell, a 

convention widely accepted by the autophagy community (Klionsky et al., 2016). The 

autophagic vacuoles of all mutants were reduced in comparison to the healthy control (Figure 

2-8 E). Therefore, these results indicates that LRRK2(p.G2019S), PINK1(p.I368N), and 

VPS35(p.D620N) mutations result in an overall decreased autophagy capacity in basal 

conditions.  
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Figure 2-8. PD-mutant lines present a reduced autophagy capacity in basal conditions. A. 

Frequency of phagophores for healthy control and mutant lines. B. Frequency of 

autophagosomes. C. Frequency of early autolysosomes. D. Frequency of late autolysosomes. 

E. Frequency of autophagic vacuoles. Kruskal-Wallis and Dunn’s multiple comparison test for 

all the lines with respect to its reference (ref) healthy control counterpart. All structures were 

measured in basal conditions. Significance levels are *p<0.05, ** p<0.01, *** p<0.001, and 

**** p<0.0001. 
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2-9 PD-mutant lines present an impaired autophagy reaction constant 

A reaction constant is defined as the ratio between products and reagents. Hence, an 

autophagy reaction constant can be established. This can be achieved by calculating the 

experimental frequency of phagophores and the autophagic vacuoles in basal conditions. 

Approximations of this concept have been previously conducted by western blotting of stage-

specific protein forms (Klionsky et al., 2016). The autophagy reaction rate constant for healthy 

control and PINK1(p.I368N) cells were 0.41 and 0.37s-1, respectively (Figure 2-9 A). In basal 

conditions, the healthy control and PINK1(p.I368N) autophagy reaction rate constant has no 

significant difference (Figure 2-9 A). The VPS35(p.D620N) and LRRK2(p.G2019S) mutant cell 

lines present higher proportions of phagophores in comparison to autophagic vacuoles, 

hence, they have a decreased ability to progress through autophagy in basal conditions. Their 

autophagy reaction rate constants were 0.28s-1 and 0.31s-1, respectively (Figure 2-9 A). 
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Figure 2-9. PD-mutant lines present an impaired autophagy reaction constant. A. Autophagy 

reaction rate constant for healthy control and mutant lines. The reaction rate constant is 

calculated as the ratio of autophagic vacuoles and phagophores. Kruskal-Wallis and Dunn’s 

multiple comparison test for all the lines with respect to its reference (ref) healthy control 

counterpart. All structures were measured in basal conditions. Significance levels are *p<0.05, 

** p<0.01, *** p<0.001, and **** p<0.0001. 
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2-10 Responsiveness of reporter lines to autophagy and mitophagy modulation 

Autophagy and mitophagy pathways can be modulated at several points, including the 

pathways upstream of phagophore formation, fusion of lysosomes to autophagosomes and 

mitochondria integrity (Figure 2-10 A-B). In order to evaluate the responsiveness of the 

studied mutant lines, multiple autophagic and mitophagic small-molecule modulators were 

used. These modulators included: bafilomycin, chloroquine, rapamycin, thapsigargin, CCCP, 

DFP, oligomycin and valinomycin. Here indicates the quantification results of autophagic 

vesicles types, as in the previous section, for all the lines and treatments (Figure 2-10 C-F). This 

includes: healthy control (Figure 2-10 C), PINK1(p.I368N) mutant (Figure 2-10 D), 

VPS35(p.D620N) mutant (Figure 2-10 E) and LRRK2(p.G2019S) mutant (Figure 2-10 F). Detailed 

description of each treatment is indicated in the following sections.  
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Figure 2-10. Responsiveness of reporter lines to autophagy and mitophagy modulation. A. 

Schematic representation of the autophagy pathway and the points at which small-molecules 

can modulate it. Compounds are indicated in blue. An antagonist relationship is indicated with 

a bar and an agonist reaction with an arrowhead. B. Schematic representation of the 

mitophagy pathway and the points at which small-molecules can modulate it. Compounds are 

indicated in blue. An antagonist relationship is indicated with a bar and agonist reaction with 

an arrowhead. C. Absolute frequency quantification of autophagic structures for all the 

autophagy (orange background) and mitophagy (light orange background) modulators used 

on the healthy control line. D. PINK1(p.I368N) mutant. E. VPS35(p.D620N) mutant. F. 

LRRK2(p.G2019S) mutant. Oligomycin (oligo), valinomycin (val) bafilomycin (baf), chloroquine 

(chlo), rapamycin (rapa) and thapsigargin (thap). Kruskal-Wallis and Dunn’s multiple 

comparison test for all the structures with respect to its reference (ref) basal condition. 

Significance levels are *p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. 
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2-11 Differential phagophore responsiveness to autophagy blockage 

The accumulation of phagophores was evaluated by blocking the progression through the 

autophagy pathway with bafilomycin and chloroquine. Upon addition of the proton ATPase 

inhibitor bafilomycin, acidification of lysosomes is impaired. This results in the blockage of the 

degradation pathway as previously described (Klionsky et al., 2016). An increased level of 

phagophores for PINK1(p.I368N) (Figure 2-10 D and Figure 2-11 A) and VPS35(p.D620N) 

(Figure 2-10 E and Figure 2-11 A) mutants was observed with respect to their respective basal 

references (Figure 2-10 D-E and Figure 2-11 A). The concentration of bafilomycin used did not 

result in accumulation of phagophores in the healthy control with respect to its basal 

conditions (Figure 2-10 C and Figure 2-11 A). Bafilomycin resulted in decreased abundance of 

autophagic vacuoles for healthy control (Figure 2-10 C and Figure 2-11 B) and 

LRRK2(p.G2019S) cells (Figure 2-10 F and Figure 2-11 B), when compared to their respective 

basal conditions. For healthy control, this is in agreement with blockage of lysosome fusion 

and progression through autophagy (Klionsky et al., 2016).  Similarly, addition of chloroquine 

resulted in increased levels of phagophores for PINK1(p.I368N) (Figure 2-10 D and Figure 2-11 

A) and VPS35(p.D620N) (Figure 2-10 E and Figure 2-11 A) cells. Chloroquine resulted in 

decreased levels of autophagic vacuoles for healthy control (Figure 2-10 C and Figure 2-11 B) 

and LRRK2(p.G2019S) cells (Figure 2-10 F and Figure 2-11 B)  as it was for bafilomycin. 
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Figure 2-11. Differential phagophore responsiveness to autophagy blockage. A. Absolute 

quantification of phagophores in healthy control, PINK1(p.I368N), VPS35(p.D620N) and 

LRRK2(p.G2019S) mutants. B. Absolute quantification of autophagic vacuoles in healthy 

control, PINK1(p.I368N), VPS35(p.D620N) and LRRK2(p.G2019S) mutants. Bafilomycin (baf) 

and chloroquine (chlo). Kruskal-Wallis and Dunn’s multiple comparison test for all cell types 

with respect to its reference (ref) basal condition. Significance levels are *p<0.05, ** p<0.01, 

*** p<0.001, and **** p<0.0001. 
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2-12 Regulation of phagophore upstream pathways: CaMK-β/AMPK and mTOR 

The CaMK-β protein regulates the autophagy pathway upstream of phagophore formation 

(Hoyer-Hansen et al., 2007). CaMK-β activates AMPK, and subsequently AMPK inhibits the 

mTOR complex. Since mTOR is an inhibitor of phagophore formation, inhibition of the inhibitor 

results in promotion of autophagy (Kim et al., 2011). Together these three pathways result in 

combined regulation of the autophagy flow. Thapsigargin increases the intracellular 

concentration of Ca+2, and was used to quantify CaMK-β/AMPK axis-dependent autophagy 

and mitophagy (Figure 2-10 A-B). Thapsigargin resulted in increased phagophore levels in 

VPS35(p.D620N) (Figure 2-10 E and Figure 2-12 A) and PINK1(p.I368N) mutants (Figure 2-10 D 

and Figure 2-12 A). This suggests that there is a spare CaMK-β/AMPK capacity on 

VPS35(p.D620N) and PINK1(p.I368N) mutants. The concentration of thapsigargin used 

resulted in no modification of the phagophore level for healthy control (Figure 2-10 C and 

Figure 2-12 A). Furthermore, in VPS35(p.D620N) and PINK1(p.I368N) cells, the AMPK input 

resulted not only in increased phagophore levels but also in increased abundance of 

autophagic vacuoles (Figure 2-10 D-E and Figure 2-12 B). This result highlights a latent demand 

for phagophore generation in the mutant lines, which results in a burst of mature autophagic 

structures, upon CaMK-β/AMPK input (Figure 2-10 D-E and Figure 2-12 B). As mentioned 

above, mTOR complex 1 inhibits autophagy by its interaction with ULK1, which results in 

reduced formation of the phagophore complex (Kim et al., 2011). Rapamycin is an inhibitor of 

mTOR, hence its use allowed quantification of the direct extent of autophagy controlled by 

the mTOR pathway. Addition of rapamycin resulted in increased phagophore levels in 

VPS35(p.D620N) and PINK1(p.I368N) mutants (Figure 2-12 A). This suggested that modulation 

of mTOR could increase the phagophore generation in other VPS35 and PINK1 mutant types. 

Remarkably, treatment of PINK1(p.I368N) cells with rapamycin restored phagophore levels to 
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healthy control basal levels (Figure 2-10 D Figure 2-12 A). As reported in the literature (Kim et 

al., 2011), there was an increased level in phagophore formation for healthy control cells 

(Figure 2-12A). As discussed in section 2-8 autophagic vesicle levels are significantly higher in 

healthy control lines compared to all mutants under basal conditions. It is possible that the 

combined addition of thapsigargin and rapamycin could have synergistic effects on autophagy 

because of the double input provided by the CaMK-β/AMPK and mTOR pathways. However, 

further increase in phagophore formation was not observed when compared to rapamycin 

alone (Figure 2-10 C-F and Figure 2-12 A). This can be due to ubiquitous effects of the mTOR 

pathway (Kim et al., 2011). Moreover, rapamycin alone or in combination with thapsigargin 

resulted in an increase in autophagic vacuoles for PINK1(p.I368N) and VPS35(p.D620N) 

mutants (Figure 2-12 B). 
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Figure 2-12. Regulation of phagophore upstream pathways: CaMK-β/AMPK and mTOR. A. 

Absolute quantification of phagophores in healthy control, PINK1(p.I368N), VPS35(p.D620N) 

and LRRK2(p.G2019S) mutants upon the addition of upstream-phagophore modulators. B. 

Absolute quantification of autophagic vacuoles in healthy control, PINK1(p.I368N), 

VPS35(p.D620N) and LRRK2(p.G2019S) mutants upon the addition of upstream-phagophore 

modulators. Rapamycin (rapa) and thapsigargin (thap). Kruskal-Wallis and Dunn’s multiple 

comparison test for all cell types with respect to its reference (ref) basal condition. Significance 

levels are *p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. 
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2-13 Evaluation of mitophagy contribution to general autophagy 

The reporter system Rosella-LC3, described in section 2-1, quantifies the level of all 

autophagic structures of general autophagy. General autophagy is the composition of both, 

mitochondrial autophagy, also called mitophagy, and non-mitochondrial autophagy. The 

reporter system ATP5C1-Rosella quantifies the mitophagy contribution to general autophagy. 

Hence, comparisons of the Rosella-LC3 and ATP5C1-Rosella reporter readouts indicate the 

distribution of autophagic resources when exposed to mitochondrial stress. In order to 

establish the mitophagy contribution to general autophagy and the cellular responsiveness to 

mitochondrial stress, a panel of widely accepted mitophagy inducers was used (Bendor et al., 

2013; Sargsyan et al., 2015). The compounds oligomycin, valinomycin, and CCCP induce stress 

through regulation of the mitochondrial membrane potential, resulting in PINK1-dependent 

mitophagy. On the other hand, the compound DFP induces mitophagy through Fe+2 chelation 

and PINK1-independent mechanisms (Bendor et al., 2013). Upon addition of membrane 

potential-mitophagy modulators, the levels of phagophore and autophagic vacuoles increased 

in VPS35(p.I368N) and PINK1(p.I368N) mutants (Figure 2-13 A). Mitophagy can be induced 

through PINK1-dependent and PINK1-independent mechanisms. Phagophore and autophagic 

vacuole levels increased for the PINK1(p.I368N) mutant when PINK1-dependent 

mitochondrial stressors CCCP, oligomycin and valinomycin (Figure 2-13 A-B) were used. This 

could be explained by the activation of PINK1-independent mitophagy mechanisms (Bendor 

et al., 2013). In addition, the PINK1-independent inducer of mitophagy, DFP, increased the 

levels of autophagic vacuoles in PINK1(p.I368N) and VPS35(p.I368N) mutants (Figure 2-13 A). 

For the LRRK2(p.G2019S) mutant, distinct modulators of mitophagy consistently decreased 

the levels of all autophagic structures (Figure 2-13 A-B). This is in agreement with the 

observations of a reduced tolerance to stress in this mutant. Increased levels of autophagic 
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and mitophagic structures are expected upon stress induction, however, the basal levels of 

autophagic structures for LRRK2 mutant are significantly lower than healthy control, and an 

additional stress might result in complete loss of homeostasis. From the mitochondria 

stressors used, only oligomycin and valinomycin were able to induce an increase in 

phagophore levels in the healthy control (Figure 2-13 A). When analyzing the levels of 

autophagic vacuoles, CCCP, DFP and valinomycin induced an increase of autophagic vacuoles 

in the healthy control (Figure 2-13 B). Finally, all mitochondria stressors increased autophagic 

vacuole levels for PINK1(p.I368N) and VPS35(p.D620N) mutants (Figure 2-13 B). 
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Figure 2-13. Evaluation of mitophagy contribution to general autophagy. A. Absolute 

quantification of phagophores in healthy control, PINK1(p.I368N), VPS35(p.D620N) and 

LRRK2(p.G2019S) mutants upon the addition of mitophagy modulators. B. Absolute 

quantification of autophagic vacuoles in healthy control, PINK1(p.I368N), VPS35(p.D620N) and 

LRRK2(p.G2019S) mutants upon the addition of mitophagy modulators. Oligomycin (oligo) and 

valinomycin (val). Kruskal-Wallis and Dunn’s multiple comparison test for all cell types with 

respect to its reference (ref) basal condition. Significance levels are *p<0.05, ** p<0.01, *** 

p<0.001, and **** p<0.0001. 
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2-14 Definition of autophagy fingerprints in control and PD mutants 

As hypothesized, the pharmacological tests described above define responsiveness patterns, 

or fingerprints, and establish global relationships between the PD mutants. Heatmap 

clustering analysis for phagophores and autophagic vacuoles was conducted for all the lines 

and all the conditions used. The analysis demonstrated a distinctive branch for chemical 

perturbations for the healthy control line (Figure 2-14 A). Interestingly, VPS35(p.D620N) and 

PINK1(p.I368N) clustered together in a different branch enriched in PD mutants (Figure 2-14 

A). The basal conditions for LRRK2(p.G2019S) clustered in the healthy control branch (Figure 

2-14 A). However, upon stress perturbations the LRRK2(p.G2019S) autophagic patterns 

clustered in the mutant branch. This suggests an increased susceptibility in LRRK2(p.G2019S) 

mutant for autophagy or mitophagy-stress perturbations. Importantly, conditions that 

demonstrated rescue for mutants lines, as shown by rapamycin for PINK1(p.I368N) mutant, 

grouped in the healthy control line branch. Overall, these results indicate there are distinctive 

autophagic staging fingerprint alterations in the studied PD mutants. 
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Figure 2-14. Definition of autophagy fingerprints in control and PD mutants. A. Heatmap 

clustering for healthy control and mutant lines across all mitophagy and autophagy 

modulating treatments. Valinomycin (val), rapamycin (rapa), thapsigargin (thap), oligomycin 

(oligo), chloroquine (chlor), bafilomycin (baf). Color scale in absolute event frequency.  
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2-15 Quantification of mitochondria network and mitophagic vacuole volume 

Mitochondrial network and mitophagic vacuole volumes were quantified for healthy control 

and mutant lines (Figure 2-15). The mitochondria network volume of PINK1(p.I368N) mutant 

was significantly higher than healthy control cells (Figure 2-15 A-B). This characteristic is in 

agreement with previous reports that show elongated mitochondria for PINK1 inactivation 

mutants, as PINK1(p.I368N) (Yu et al., 2011). In contrast, VPS35(p.D620N) and 

LRRK2(p.G2019S) mutants presented significantly decreased mitochondrial network volumes 

(Figure 2-15 A-B). This observation is in agreement with previous reports, which demonstrated 

that LRRK2 mutants have fragmented mitochondria (Su and Qi, 2013). The autophagic 

vacuoles resulting from mitophagy events are defined as mitophagic vacuoles. Next, the 

properties of the mitophagic vacuoles resulting from such abnormal mitochondria networks 

was evaluated. In agreement with the previous results of mitochondrial network volume, 

there was an increased volume for PINK1 mutant in comparison to healthy control (Figure 2-

15 A-C). Likewise, LRRK2 mitophagic vacuoles presented smaller volumes, consistent with a 

reduced mitochondrial network volume and fragmented mitochondria (Figure 2-15 A-C). 

Overall, these results are logical in relation to the steps of the mitophagy pathway. Since 

autolysosomes that process mitochondria are downstream of mitochondria, mitophagic 

vacuole volumes follow the same pattern as mitochondria. Hence, for both parameters 

healthy control and VPS35(p.D620N) presented similar volumes (Figure 2-15 B-C). 
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Figure 2-15. Quantification of mitochondria network and mitophagic vacuole volume. A. 

Representative images of ATP5C1-Rosella reporter lines for healthy control and mutants. 

Mitochondria network mask on green perimeter and mitophagic vacuole mask on red 

perimeter. Scale bar indicates 20µm. B. Mitochondrial volumes for each line in basal 

conditions. Kruskal-Wallis and Dunn’s multiple comparison tests were performed for all the 

lines with respect to the healthy control reference (ref). C. Mitophagy volumes for each line 

in basal conditions. Kruskal-Wallis and Dunn’s multiple comparison tests were performed for 

all the lines with respect to healthy control reference (ref). Significance levels are *p<0.05, ** 

p<0.01, *** p<0.001, and **** p<0.0001. 
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2-16 Evaluation of the mitophagy levels 

Section 2-13 described the results of autophagy reporter Rosella-LC3 lines when exposed to 

mitochondria stressing agents. Here, the mitophagy levels are presented as direct 

measurement from the mitophagy reporter ATP5C1-Rosella for each mutant line in basal and 

stressed conditions. Mitophagy is a sub-component of general autophagy; therefore increase 

in its levels influence the overall degradation capacity. Analysis of the mitophagy levels further 

complement the observations of the general autophagy reporter lines. The validated 

mitochondria stressor CCCP provided robust results in the autophagy assays, therefore it was 

used as a mitophagy-inducing agent for quantification. In basal conditions, all mutants 

presented higher mitophagic vacuole frequencies than healthy control (Figure 2-16 A). 

Furthermore, CCCP-stressed healthy control mutant presented mitophagy levels similar to 

mutants in basal conditions (Figure 2-16 A). Accordingly, CCCP-stressed mutants presented 

mitophagy levels exceeding healthy control stressed levels (Figure 2-16 A). Stressed mutants 

reached a mitophagy level of approximately two fold that of stressed healthy control (Figure 

2-16 A). 
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Figure 2-16. Evaluation of the mitophagy levels. A. Mitophagy frequencies for all lines in 

basal conditions and after mitochondrial stress induction. Kruskal-Wallis and Dunn’s multiple 

comparison tests were performed for all the lines with respect to the basal healthy control 

reference (b-ref) and stressed healthy control reference (s-ref). Significance levels are 

*p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. 
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2-17 Distribution of autophagy resources upon mitochondrial stress: mitophagy, non-

mitochondrial autophagy, and general autophagy 

Section 2-13 described the modulation of general autophagy. Those results summarized 

conditions upon mitochondrial stress induction and were obtained using the autophagy 

reporter Rosella-LC3 lines. They demonstrate the combined effect on non-mitochondrial 

autophagy and mitophagy. Furthermore, section 2-16 presented the modulation of 

mitophagy levels. Those results presented conditions upon mitochondrial stress induction and 

were obtained using the mitophagy reporter ATP5C1-Rosella lines. Non-mitochondrial 

autophagy is determined by subtracting the ATP5C1-Rosella data (section 2-16) from the 

Rosella-LC3 data (section 2-13). Here, those analyses are combined to establish a consolidated 

overview of both general autophagy and mitophagy. In addition, the way in which the 

autophagic resources are distributed upon mitochondria perturbations is evaluated. Upon 

stress induction in healthy control cells, the frequency of autophagic vacuoles was reduced to 

70% and mitophagy increased to 170% (Figure 2-17 A). The frequency of general autophagy 

increased to 380% in VPS35(p.D620N) cells (Figure 2-17 A).  The frequency of mitophagy in 

the VPS35(p.D60N) mutant indicates that general autophagy was primarily dedicated to 

degradation of mitochondria in basal conditions (Figure 2-17 A). Similarly, the mitophagy level 

increased to 180% for PINK1(p.I368N) cells. The absolute frequency of general autophagy for 

PINK1(p.I368N)  increased to 140% (Figure 2-17 A). 
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Figure 2-17 Distribution of autophagy resources upon mitochondrial stress: mitophagy, 

non-mitochondrial autophagy, and general autophagy. A. Mitophagy and non-mitochondrial 

autophagy fractions for each line before and after mitochondria stress induction. Percentages 

for mitophagy and non-mitochondrial autophagy are indicated on each bar section. This figure 

corresponds to a composition analysis of section 2-13 and section 2-16. 
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2-18 Evaluation of lysosome capacity in control and mutant lines 

The acidification of autophagosomes depends on lysosomal fusion. Therefore, the progression 

through autophagy is affected by the reservoir of lysosomes. Correspondingly, the poll of 

lysosomes is reduced by increased speed of autophagic flow when lysosome synthesis is 

constant. To determine the acidification capacity of control and mutant lines, the autophagy 

and mitophagy reporter lines were combined with lysosomal dyes (Figure 2-18 A). For this 

purpose, lysosome quantification algorithms were developed and described in section 2-7. 

This allowed for the determination of the acidification capacity available for the autophagic 

vacuoles (Figure 2-18 A). The lysosome frequency in PINK1(p.I368N) mutant was elevated in 

comparison to healthy control cells (Figure 2-18 B). In contrast, the VPS35(p.D620N) mutant 

presented decreased lysosome frequency (Figure 2-18 B) with the LRRK2(p.G2019S) mutant 

showing similar lysosome frequencies to the healthy control cells (Figure 2-18 B). Next, the 

lysosome diameter was evaluated for control and mutant lines. If lysosome luminal pH is 

similar across lines, the diameter and frequency account for the overall cellular acidification 

capacity. The analysis revealed reduced lysosome size for all the mutants compared to healthy 

control cells (Figure 2-18 C). In addition, the diameter of autophagic vacuoles was quantified. 

These results revealed that VPS35(p.I368N) cells present larger autophagic vacuoles than 

healthy control cells (Figure 2-18 D). The combination of these factors - reduced lysosome 

frequency with reduced lysosomal volume and increased autophagic vacuole volume - could 

result in decreased acidification of autolysosomes in the VPS35(p.I368N) mutant (Figure 2-18 

B-D). 
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Figure 2-18. Evaluation of lysosome capacity in control and mutant lines. A. Representative 

lysotracker staining for healthy control and mutant lines. Lysosome mask on red perimeter. 

Scale bar indicates 20µm. B. Lysosome frequency for each line in basal conditions. One way 

ANOVA and Dunnett’s multiple comparison tests were performed for all the lines with respect 

to the healthy control reference (ref). C. Lysosome diameter for healthy control and mutants. 

Percentiles 10 to 90 are represented in the boxplot range. Non-parametric Kruskal-Wallis test 

(p<0.0001) and Dunn’s multiple comparison test were performed for all the lines with respect 

to the healthy control reference (ref). D. Autophagic vacuole diameter for healthy control and 

mutants. Non-parametric Kruskal-Wallis and Dunn’s multiple comparison tests were 

performed for all the lines with respect to the basal healthy control reference (ref). 

Significance levels are *p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001. 
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In this work, the development of two recent technologies are utilized: genome editing on 

human iPS cells, and genetically encoded pH sensors. This enables the evaluation of the 

autophagy and mitophagy activity of a set of healthy control and PD-associated mutants. 

Complete reconstruction of the autophagy and mitophagy pathways were achieved using the 

LC3 and ATP5C1-bound pHluorin sensors. Interestingly, an active autophagy and mitophagy 

pathway was observed in this early developmental state. In basal conditions, there were 

abundant autophagic and mitophagic structures. Furthermore, time-lapse microscopy 

allowed for the visualization of the distribution of autophagic resources during cell division. 

These observations are in agreement with previous studies that demonstrate essential roles 

of autophagy pathways during pre-implantation development (Tsukamoto et al., 2008), 

maintenance of pluripotency, and resistance to senescence.  

Reports from the autophagy community have highlighted the need to develop tools to define 

pathway stages and quantification of their structures (Klionsky et al., 2016). This is essential 

to draw correct interpretations from the phenotypic traits observed. In this work a set of 

algorithms was developed to automatically, and, in a high-throughput manner, identify 

autophagic and mitophagic structures using high-content microscopy imaging technology. 

Namely, these structures are phagophores, autophagosomes, early autolysosomes, late 

autolysosomes, mitochondria network, mitophagic vacuoles, and lysosomes. Furthermore, 

the algorithms allowed the identification of properties such as frequency, diameter, volume, 

eccentricity and intensity ratio. Overall, this achieved a resolution on autophagy and 

mitophagy composition not reached before by conventional or high-throughput methods.   

The sensitivity of the platform was evaluated using a set of well-characterized modulators of 

autophagy (Allen et al., 2013; Galluzzi et al., 2017). The selection of compounds used 
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modulated autophagy and mitophagy at different stages of the pathway. This setup compared 

the experimental observations with previous reports and evaluated well-described pathway 

mechanisms (Galluzzi et al., 2017). The assortment of compounds used can be classified in 

four groups: (1) autophagosome-autolysosome blockers, (2) phagophore formation 

modulators, (3) PINK1-dependent mitochondria stressors, and (4) PINK1-independent 

mitochondria modulators. The patterns observed reproduced the well-described mechanisms 

for all the categories. 

When comparing the healthy control and PD mutants in basal conditions, a reduced 

autophagic capacity was observed in all mutants as accounted by the absolute frequency of 

phagophores, autophagosomes, early autolysosomes and late autolysosomes. The evaluation 

of the autophagy rate constant demonstrated a reduced capacity to progress through the 

autophagy pathway for LRRK2(pG2019S) and VPS35(p.D620N) mutants. Although the 

absolute frequency of autophagic structures for the PINK1(p.I368N) mutant was lower than 

healthy control, the proportion of phagophores to autophagic vacuoles was similar between 

them. 

The evaluation of the autophagosome-autolysosome blockers bafilomycin and chloroquine 

demonstrated that healthy control, PINK1(p.I368N) and VPS35(p.D620N) can build up 

phagophore resources upon blockage of autophagy progression. In contrast, LRRK2(p.G2019S) 

mutant presented an increased sensitivity to the blockage and resulted in further decrease of 

phagophore levels compared to its basal condition. Evaluation of the phagophore formation 

modulators thapsigargin and rapamycin demonstrated that mutants are responsive to both 

an increase via the CaMK-β/AMPK pathway activation and mTOR pathway repression. 

Remarkably, PINK1(p.I368N) phagophore levels reached healthy control levels upon mTOR 
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inhibition. This result indicates that modulators of mTOR are potential rescue candidates for 

autophagy-related traits in PINK1 mutants. Similarly, rapamycin further increased the 

phagophore level in healthy control. The evaluation of PINK1-dependent and independent 

mitochondria stressors demonstrated that PINK1(p.I368N) and VPS35(p.D620N) increased the 

phagophore levels with respect to their basal conditions. This observation indicates that their 

basal phagophore resources are not sufficient to cope with the increasing mitochondria 

degradation demand. In agreement with previous reports, healthy control, PINK1(p.I368N), 

and VPS35(p.D620N) were able to increase autophagic vacuole levels in response to 

mitochondria stress. Consolidation of the compound dataset analysis using clustering analysis 

demonstrated that the basal LRRK2(p.G2019S) pattern groups within the healthy control 

branch and, upon stress induction, shifts towards the mutant branch. Conversely, basal 

PINK1(p.I368N) pattern groups in the mutant branch and upon treatment with mTOR inhibitor 

or other phagophore builder compounds shifts toward the healthy control branch. 

The analysis of mitochondria network and mitophagic vacuoles demonstrated that 

PINK1(p.I368N) mutant presents increased mitochondria volume, in agreement with previous 

reports that linked elongated mitochondria to PINK1 loss of function (Yu et al., 2011). Such 

elongated mitochondria result in mitophagic vacuoles with higher volumes compared to 

healthy control and might result in reduced acidification capacity of the vacuoles. Conversely, 

LRRK2(p.G2019S) mutant displayed reduced mitochondria network volume. This observation 

confirms reports that associate LRRK2 mutations with fragmented mitochondria (Su and Qi, 

2013). Such fragmented mitochondria resulted in mitophagic vacuoles with reduced volume. 

Comparisons of the mitophagic vacuole frequencies demonstrated that all mutants present 

higher basal levels when compared to healthy control. Furthermore, the stressed healthy 

control is lower or similar to the mutants. This suggests a higher demand for mitochondria 
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degradation under basal conditions. A continuous state of high degradation demand might 

result in an overall decrease in the autophagic resources if de novo synthesis of autophagic 

structures is impaired. Combined analysis of autophagy, mitophagy, and their ratio 

demonstrated that mitophagic resources impose a higher energetic demand. This observation 

is supported by a consequential loss of energy-generating mitochondrial volume. The mutant 

lines presented an overall higher proportion of mitophagy than autophagy.         

The inclusion of lysosomal dyes to the autophagy and mitophagy analysis gives further insight 

into potential phenotypic interpretations. The lysosome frequency for VPS35(p.D620N) 

mutant was lower. Furthermore, its volume was lower than healthy control and its autophagic 

vacuoles presented higher volumes compared to all lines. These observations demonstrate 

that VPS35 mutant presents a significantly reduced acidification capacity and suggests that 

modulation of lysosome pathways could alleviate the phenotypic traits present in this mutant. 

Remarkably, all the mutants presented smaller lysosome volumes compared to healthy 

control. This global reduction in lysosome volume and acidification capacity could be a direct 

or indirect consequence of the mutations.  

Currently, the autophagy field faces the challenge of identifying the different stages of 

autophagy and mitophagy in a high-throughput manner (Klionsky et al., 2016). The steps and 

sub-cellular structures of autophagy and mitophagy are important for the proper 

interpretation of phenotypic traits. This compartmentalization cannot be accounted for when 

using bulk population analysis techniques such as western blotting. Here, a platform that 

accounts for vesicular compartmentalization was developed. The platform uses unbiased 

automated analysis in combination with automated high-content imaging, providing high 

statistical power and assay sensitivity. The autophagy and mitophagy staging analyses 
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highlighted that the mutations LRRK2(p.G2019S), VPS35(p.D620N) and PINK1(p.I368N) not 

only share autophagy and mitophagy homeostasis impairments as a common trait 

characteristic of PD but also reveal mutant-specific phenotypic fingerprints. 

While the present study focused on the development of autophagy staging in PD, it should be 

noted that the methodology could be leveraged for autophagy research on other metabolic 

pathologies. Due to the substantial level of automation, this platform can be used for genetic 

and chemical screening and thereby accelerate current endeavors in precision medicine. 
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4-1 Fluorescent proteins – SNP pairs enable achievement of deterministic genotype 

outcomes 

Homology-directed repair allows for the integration a selection module cassette alongside a 

designer mutation (Figure 4-1 A). The use of a donor pair, containing different fluorescent 

protein reporter cassettes associated with a defined SNP enables outcomes of a known 

genotype (Figure 4-1 B). The deterministic genotype outcomes include: heterozygous, 

homozygous healthy, and homozygous pathogenic (Figure 4-1 B). One-step biallelic targeting 

occurs with a mean frequency of 37.5% using dsDNA donor vectors (Table 1). Such high 

frequency allows the purification of biallelic-targeting events, as defined above (Figure 4-1 B). 

Moreover, the incorporation of a tagBFP-negative selection module excludes random 

integration events (Figure 4-1 C). Pathologic mutations on the SNCA gene are dominant, and 

are therefore of heterozygous genotype (Bozi et al., 2014; Kruger et al., 1998). Two well-

defined SNCA mutations are SNCA p.A30P and SNCA p.A53T. Those mutations are located far 

from each other in different exons, namely exon 2 and exon 3. Hence, two pairs of donors 

with heterozygous a combination were produced as described above and matching the design 

of population type 1A (Figure 4-1 B). The heterozygous combinations in SNCA-mutant donors 

contain rs104893878 (p.A30P), and rs104893877 (p.A53T). In the case of SNCA exon 2, an 

EGFP-mutant donor carried the transversion c.88g>c. Likewise for SNCA exon 3, an EGFP-

mutant donor carried the transition c.209g>a. For both loci a corresponding dTOMATO wild-

type donor was included. After the knock-in and antibiotic selection tagBFPpos random 

integrations events were excluded from the polyclonal population using FACS (Figure 4-1 D). 

In the non-random-tagBFPneg population, a similar reporter expression level was observed 

from both alleles in chromosome 4, SNCA gene (Figure 4-1 E). This is evidenced by a proportion 

of ~50% for both EGFPpos and dTOMATOpos populations in the FACS analysis (Figure 4-1 E).   
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Figure 4-1 Fluorescent proteins – SNP pairs enable achievement of deterministic genotype 

outcomes. A. Standard donor vector structure. It contains a fluorescent-positive selection 

module expressing EGFP or dTOMATO, and a negative selection module expressing tagBFP. 

Positive selection modules contain a puromycin resistance gene (Puro). B. Outcomes of the 

derived population are defined according to donor vector combination design. Knock-in (KI). 

C. The tagBFP negative selection module allows removal of random integration events, 

assisting in the derivation of defined outcomes. D. Representative example of SNCA exon 3 

polyclone 636. Random integration tagBFPpos cells are excluded from the correctly edited on-

target cells tagBFPneg. E. Representative example of SNCA exon 3. On-target EGFPpos and 

dTOMATOpos cells include homozygous populations, EGFPpos/EGFPpos and 

dTOMATOpos/dTOMATOpos (type 2), and heterozygous populations of undefined second-allele 

state EGFPpos/WT-NHEJ or dTOMATOpos/WT-NHEJ (type U). Wild type (WT).  
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Table 1. Biallelic targeting frequency 

Polyclone sample Frequency composed 

biallelic (a) 

Frequency single 

channel biallelic (b) 

Frequency total 

biallelic (c) 

SNCA exon 3 636 0.032 0.179 0.390 

SNCA exon 2 630 0.021 0.145 0.311 

SNCA exon 2 632 0.022 0.148 0.319 

SNCA exon 3 634 0.056 0.237 0.529 

SNCA exon 3 636 0.012 0.110 0.231 

PINK1 exon 5 517 0.033 0.182 0.396 

PINK1 exon 5 526 0.042 0.205 0.452 

Mean total   0.375 

 

(a) Frequency composed biallelic is defined as the experimentally measured 

EGFPpos/dTOMATOpos population. 

(b) Frequency of single channel biallelic represents the EGFPpos/EGFPpos and 

dTOMATOpos/dTOMATOpos populations separately, calculated as √ (frequency composed 

biallelic) . 

(c) Frequency total biallelic corresponds to frequency composed biallelic + 2*frequency of 

single channel biallelic.  
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4-2 Similar reporter expression levels are achieved in different genomic regions 

In order to test whether similar expression levels occur in other genomic regions, the gene 

PINK1 of chromosome 1 was targeted. A well-characterized PINK1 mutation is p.I368N, which 

affects its stability and kinase activity (Ando et al., 2017). The mutation coding p.I368N is 

located in exon 5 of the PINK1 gene. In contrast to PD patients with SNCA mutations, PINK1 

PD patients are homozygotes or compound heterozygotes (Ishihara-Paul et al., 2008). Hence, 

the target population for the PINK1 mutant corresponds to type 1C from the previous section 

(Figure 4-1 B). For PINK1 exon 5, both EGFP and dTOMATO donors carried the pathogenic 

transversion c.1197t>a. The alleles of chromosome 4 SNCA exon 2, chromosome 4 SNCA exon 

3 and chromosome 1 PINK1 exon 5 showed similar reporter expression levels as evidenced by 

comparative FACS analysis (Figure 4-2 A-B). The ratio of EGFP to dTOMATO was ~50% in all 

cases analyzed, which is consistent with a comparable efficiency for both donors. The 

quantifications were conducted independently and used different sgRNAs (Figure 4-2 A-B). 

Furthermore, the biallelic targeted populations separated clearly from the other genotype 

populations in both genes (Figure 4-2). These results validate the presented approach to purify 

biallelic-targeted populations of known genotype, in different genomic regions. For all FACS 

experiments, it was essential to ensure single cell gating structures (Figure 4-2 D) and single 

cell sample preparation (Figure 4-2 E). 
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Figure 4-2. Similar reporter expression levels are achieved in different genomic regions. A. 

Post-selection sorting of double-positive biallelic edited cells for SNCA exon 2 and SNCA exon 

3 using independent sgRNAs: sgRNA 630, sgRNA 632, sgRNA 634 or sgRNA 636. FACS plots are 

represented with 2% contour lines. For SNCA exon 3 sgRNA 636, a dot plot is included to show 

the distribution of 1.2% of Q2. B. Post-selection sorting of double-positive biallelic edited cells 

for PINK1 exon 5, using independent sgRNAs: sgRNA 517 and sgRNA 526. FACS plots are 

represented with 2% contour lines. C. Wild-type parental control. D. Representative 

hierarchical single cell gating structure of SSC and FSC wide and high for single cell 

preparations. Example for PINK1 exon 5 sgRNA 517 polyclone. E. Single cell preparation of 

cells and single cell gating structure is essential to ensure high quality sorting. Scale bar 

indicates 25µm. 
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4-3 Repetitive elements reduce on-target genome editing efficiency by increasing random 

integration 

Linear DNA has been previously associated with increased frequency of random integration. 

Hence, silent point mutations were introduced in one or several PAM sequences of donors to 

protect the template DNA from CRISPR-Cas9-induced linearization. Consequently, properly 

targeted alleles are protected from secondary CRISPR-Cas9 cleavage events and the risk of 

on-target indels is eliminated (Merkle et al., 2015). As mentioned in section 4-1, the inclusion 

of tagBFP in the negative selection module allowed quantification, visualization, and exclusion 

of random integration events (Figure 4-1 C). The tagBFP negative selection module avoids by-

stander toxicity or incomplete negative selection from systems such as thymidine kinase (Ruby 

and Zheng, 2009). The percentage of tagBFPpos random integration ranged from 5.8-14.6% for 

SNCA exon 2, from 42.6-64.2% for SNCA exon 3, and from 27.2-30.4% for PINK1 exon 5 (Figure 

4-3 A-C). The extent of random integration correlated with the type and proportion of 

repetitive elements present in the homology arms of the donors. Random integration was 

assessed using donors for six genomic regions with known repetitive element compositions 

and by testing twelve sgRNAs. The loci evaluated include chromosome 1 PINK1 exon 5, 

chromosome 4 SNCA exon 2, SNCA exon 3, chromosome 16 CLN3 exon 5-8, CLN3 exon 10-13, 

and CLN3 exon 14-15 (Figure 4-3 G). Analysis of a linear optimization model was performed 

using the form Ax=b (Figure 4-3 H). The matrix A corresponded to the frequency of repetitive 

elements in the homology arms (Figure 4-3 G). Vector x corresponded to both the type of 

repetitive elements present in the analyzed dataset (Figure 4-3 G) and a variable of all non-

included repetitive elements (upsilon: υ). Vector b corresponded to the experimentally 

measured random integration level, given by the percentage of TagBFPpos cells (Figure 4-3 A-

F). Based on this, a model to predict random integration frequency intrinsic to the composition 
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of repetitive elements in the homology arms (Figure 4-3 H-I) was derived. The solution 

permitted the assignment of weight coefficients to each repetitive element. The value of each 

weight coefficient indicates which repetitive element contributes the most to the random 

integration frequency observed. The solution space is constrained for a maximum of 100% 

random integration and sequence length physical boundaries for each repetitive element. The 

optimization solution indicates that the most relevant repetitive elements correspond to the 

SINE family, specifically Alu and Mir (Figure 4-3 H-I). This result indicates that repetitive 

elements, especially from the SINE family, should be avoided in the homology arms used for 

genome editing.  
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Figure 4-3. Repetitive elements reduce on-target genome editing efficiency by increasing 

random integration. A. Flow cytometry histogram for tagBFP SNCA exon 2 sgRNA 630 and 

632. B. SNCA exon 3 sgRNA 634 and 636. C. PINK1 exon 5 sgRNA 517 and 526. D. CLN3 exon 

14-15 sgRNA 788, 789 and 909. E. CLN3 exon 5-8 sgRNA 781 and 783. F. CLN3 exon 10-13 

sgRNA 561 and 563. G. Distribution and type of repetitive elements in the homology arms of 

the dsDNA donors for SNCA exon 2, SNCA exon 3, PINK1 exon 5, CLN3 exon 5-6, CLN3 exon 10-

13 and CLN3 exon 14-15. H. Predictive model for random integration. The predictive model 

PR uses the matrix of repetitive element frequency in the homology arms A, the repetitive 

elements vector x, and the observed incidence of tagBFPpos random integration b. The 

mathematical model generates coefficients for each repetitive element and the constant of 

the system for random integration prediction. I. The space of non-zero coefficients derived 

from H: SINE Alu and SINE Mir, allows inferring expected random integration frequencies. 
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4-4 FACS purification increases speed and yield of isogenic derivation  

As showed in section 4-2, the initial percentage of double-positive EGFPpos/dTOMATOpos cells 

ranged from a mean 2.15% for SNCA exon 2, 3.4% for SNCA exon 3 to 3.75% for PINK1 exon 5 

(Figure 4-2). One sorting step yields a population of up to ~3x105 EGFPpos/dTOMATOpos cells 

(Figure 4-4 A). The gating position of the double-positive population afforded nearly complete 

purity with either only one sorting step or a two-stage sorting for yield and subsequently for 

purity (Figure 4-2). Purification and expansion yielded a biallelic targeted population 

EGFPpos/dTOMATOpos (Figure 4-4 B). Culture of such cells presented homogenous fluorescence 

(Figure 4-4 C). Sanger sequencing of biallelic targeted SNCA mutations demonstrated 1) the 

heterozygous integration of the pathogenic SNP rs104893878 (p.A30P) and rs104893877 

(p.A53T) in each polyclone, 2) the homozygous integration of the edited PAM, and 3) the 

transition from genome to positive selection module (Figure 4-4 D-E). Isolation of single clones 

from the polyclonal populations and sequencing allowed the analysis of composition and a 

quantified assessment of the specificity of the process (Figure 4-4 F). 
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Figure 4-4. FACS purification increases speed and yield of isogenic derivation. A. Microscopy 

of post sorted EGFPpos/dTOMATOpos cells. Single cell gating structures yields high purity 

biallelic edited cells. Representative example for SNCA exon 2 p.A30P polyclone 632. Scale bar 

indicates 50µm. B. FACS analysis for yield-purity and purity-purity post-expansion cultures. 

Sorting of double-positive biallelic edited cells for SNCA exon2 and SNCA exon 3 using 

independent sgRNAs: sgRNA630, sgRNA632, sgRNA634 or sgRNA636. FACS plots are 

represented with 2% contour lines. C. Representative EGFPpos/dTOMATOpos culture after 

sorting. Biallelic edited cells generate homogenous knock-in cultures. Representative example 

for SNCA exon 2 p.A30P polyclone 632. Scale bar indicates 200µm. D. Sanger sequencing 

chromatogram of SNCA exon 2 p.A30P polyclone 632 knock-in. Knock-in (KI). E. Sanger 

sequencing chromatogram of SNCA exon 3 p.A53T polyclone 636 knock-in. F. Analysis of the 

respective polyclones composition.  
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4-5 Transposase-mediated generation of footprint-free isogenic lines  

The positive selection modules in each EGFPpos/dTOMATOpos polyclone are flanked by internal 

terminal repeats from the piggybac transposon type. The positive selection modules were 

excised using a codon-optimized hyperactive and excision-only variant (R372A/K375A) of the 

piggybac transposase (Li et al., 2013b; Yusa et al., 2011) (Figure 4-5). Even though the excision-

only variant presented an activity of 0.85 times that of wild type, it was used in all experiments 

as it lacks the reintegration cycle characteristic of the wild-type variant (Li et al., 2013a). The 

heterozygous SNCA exon 2 and SNCA exon 3 EGFPpos/dTOMATOpos polyclonal populations 

were transfected with excision-only transposase in vitro-transcribed mRNA. Subsequently, the 

excised EGFPneg/dTOMATOneg population was sorted (Figure 4-5 A). Sorting analysis 

demonstrated average excision efficiencies of 3.65% for SNCA exon 2, and 2.15% for SNCA 

exon 3 (Figure 4-5 A). A second sorting step to purify cells that underwent selection module 

removal yielded up to 2.5x106 EGFPneg/dTOMATOneg SNP knocked-in cells. Furthermore, FACS 

analysis showed transition states for single-copy excision and complete removal of both 

selection modules (Figure 4-5 A).  A curved continuous population was observed shifting from 

the double-positive EGFPpos/dTOMATOpos quadrant to the double-negative 

EGFPneg/dTOMATOneg quadrant in all cases. These observations were confirmed by 

fluorescence microscopy when single-copy excision and complete removal states were 

identified (Figure 4-5 B). Sanger sequencing of the SNCA-targeted and transposed genomic 

region demonstrated the heterozygous integration of the pathogenic SNP rs104893878 

(p.A30P) and rs104893877 (p.A53T) in each polyclone (Figure 4-5 C-D). Isolation of single cell-

derived clones from the polyclones and sequencing permitted quantification of their 

composition. This allowed an overall assessment of the specificity of the process (Figure 4-5 

E). In the selected polyclones and the composition analysis, the positive selection modules 
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were excised, the edited SNPs remained, and the edited PAM sites remained in the non-coding 

sequence (Figure 4-5 C-E). 
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Figure 4-5. Transposase-mediated generation of footprint-free isogenic lines.  A. FACS 

analysis for positive selection module removal. Two transfection steps of excision-only 

transposase for SNCA exon 2 and SNCA exon 3 polyclones. Purification gate of 

EGFPneg/dTOMATOneg used for edited lines is indicated. B. Cultures after transposase 

transfection for SNCA exon 2 present single and double-positive selection module removal 

events (in arrows). Merge and split channels are shown. Scale bar indicates 200µm. C. Sanger 

sequencing chromatogram of transposed SNCA exon 2 p.A30P polyclone 632 and parental 

wild-type control. D. Sanger sequencing chromatogram of transposed SNCA exon 3 p.A53T 

polyclone 636 and parental wild-type control. E. Analysis of the respective polyclones 

composition.  
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4-6 Edited polyclones preserve genome stability and pluripotency properties 

Previous reports support the conclusion that isogenic lines with low incidence of genomic 

aberrations can be obtained after the use of genome-editing tools (Lorenz et al., 2017; Veres 

et al., 2014). Karyotype assessment of the edited polyclones demonstrated they lack 

significant alterations when compared to their parental control line (Figure 4-6 A-C). 

Assessment of the pluripotency state of polyclones demonstrated expression of the 

transcription factors OCT4 and SOX2 (Figure 4-6 D-F). TRA1-81 and SSEA4 are surface markers 

characteristic of human primed pluripotency state. The edited polyclones presented TRA1-81 

and SSEA4 expression levels similar to their parental line (Figure 4-6 D-F). These results 

confirm that after the edition process cells maintained both the genomic stability and 

pluripotency state existent in the parental line. 
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Figure 4-6. Edited polyclones preserve genome stability and pluripotency properties.  A. 

Microarray karyotype analysis of the healthy control parental line before electroporation. B. 

Polyclone 6321421 SNCA p.A30P. C. Polyclone 6361868 SNCA p.A53T.  D. Immunostaining for 

the pluripotency markers OCT4, TRA1-81, SOX2 and SSEA4 for parental control iPS cells. E. 

Polyclone 6321421 SNCA p.A30P. F. Polyclone 6361868 SNCA p.A53T. Scale bar indicates 

200µm.   
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4-7 Human iPS cell derived NESCs express α-Synuclein 

NESCs are a versatile early neurodevelopmental model (Reinhardt et al., 2013). The isogenic 

iPS cells derived were differentiated into NESCs with a set of small-molecules as previously 

described (Figure 4-7 A-B) (Reinhardt et al., 2013). Healthy control, SNCA p.A30P and SNCA 

p.A53T NESCs expressed neuronal stem cell markers SOX2 and NESTIN (Figure 4-7 C). 

Microarray analysis of NECS demonstrated healthy control cells express SNCA transcript at 

0.86 and 0.7 times the level of GAPDH and TUBG1, respectively (Figure 4-7 D-E). Western blot 

analysis indicated a similar protein expression level of monomeric α-Synuclein for all 

genotypes (Figure 4-7 F). These results demonstrate that NESCs express SNCA at 

transcriptional and at protein level.  
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Figure 4-7. Human iPS cell derived NESCs express α-Synuclein.  A. Overview of NESCs 

differentiation protocol. B. Differentiation of human iPS cells towards NESCs in 3D culture 

conditions as shown in A. Scale bar indicates 500µm. C. Immunostaining of NESCs for the 

neuroepithelial stem cell markers NESTIN and SOX2. Nuclear staining with Hoechst. Scale bar 

indicates 50µm. D. Microarray expression level for SNCA, TUBG1, and GAPDH in healthy 

control NESCs. E. Relative expression of SNCA mRNA with respect to TUBG1 and GAPDH 

transcripts in the microarray expression analysis D. F. Western blot subsequent to denaturing 

SDS-PAGE for α-Synuclein and GAPDH, for NESCs.  
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4-8 SNCA mutants present reduced mitochondrial performance  

Extracellular energy flux analysis is a widely accepted assay to define mitochondrial 

performance in neuronal models (Cooper et al., 2012; Ryan et al., 2013). Extracellular energy 

flux analysis was conducted for parental healthy NESCs, patient-derived NESCs for PINK1 

p.I368N, mutant isogenic α-Synuclein p.A30P, and p.A53T NESCs (Figure 4-8 A). Cells 

expressing the α-Synuclein mutation p.A53T showed a significantly reduced maximal 

respiration capacity compared to the parental isogenic control (Figure 4-8 B). Moreover, both 

the p.A30P and p.A53T α-Synuclein mutant NESCs showed comparatively reduced energy 

performance. This was manifested by lower basal respiration, ATP production, and non-

mitochondrial respiration (Figure 4-8 B). Fold change transformation of the absolute values 

with respect to the healthy control NESCs allowed the visualization of the overall reduced 

mitochondrial performance of α-Synuclein mutants (Figure 4-8 C). Interestingly, the patient-

derived PINK1 p.I368N mutant NESCs presented significantly reduced mitochondrial 

metabolism performance for all features of extracellular energy flux analysis (Figure 4-8 B). 

PINK1 p.I368N corresponds to a loss of function mutant, consequently, the results observed 

are in agreement with reports that characterize PINK1 knock-down disease models (Dagda et 

al., 2011). 
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Figure 4-8. SNCA mutants present reduced mitochondrial performance.  A. Wave plot of 

oxygen consumption rates for PINK1 patient and α-Synuclein isogenic set. Each wave 

corresponds to three biological replicates. SD of the sample is included. B. Maximal 

respiration, proton leak, basal respiration, ATP production, and non-mitochondrial respiration 

for the α-Synuclein isogenic set in A. C. Radar plot of fold changes for extracellular energy flux 

analysis performance in A. Significance levels correspond to the higher p-value assigned to a 

mutant per category. Significance determined by unpaired Student’s t-test. Significance levels 

are *p<0.05, **p<0.01 and ***p<0.001 
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Here, the development of genome-editing technology was leveraged to produce human PD 

models. Increasing demand for isogenic disease models highlights the need to develop 

methods that facilitate the genotyping endeavor. Overall, FACE constitutes a robust method 

to achieve deterministic genotype outcomes. The purification of biallelic editing events ensure 

a defined genotype. However, biallelic edition is restricted to non-essential genes, due to 

transient disruption of both coding sequences. The use of a fluorescent negative selection 

module to exclude random integration events achieves clearer sorting gating compared to 

similar approaches (Eggenschwiler et al., 2016). A potential limitation is that selection 

modules could be subjected to position-effect variegation. Nevertheless, usage of fluorescent 

markers expedite the selection, reducing the timescale in comparison to potential position-

effect variegation (Norrman et al., 2010). It should be noted that editing approaches that use 

ssDNA or dsDNA could be subjected to cleavage within non-functional or functional 

sequences. The advantage of dsDNA approaches in comparison to ssDNA are its flexibility to 

carry larger cargos, in order to deposit designer-insertions, designer-deletions or selection 

modules. Conventional derivation of single-nucleotide mutations, not associated with a direct 

selection phenotype or selection marker, can require screening an average 911 ± 375 clones 

and using 8.8 ± 5.9 sgRNAs  (Paquet et al., 2016). Conversely, early elimination of undesirable 

outcomes obviates the need to perform extensive colony screening and results in a faster, 

more efficient derivation process. Thus, FACE constitutes an attractive alternative to 

conventional methods. The efficiency of HDR is influenced by the length of the homology arms 

used (Hasty et al., 1991). The use of ~1kbp homology arms provides a balance between 

efficiency and specificity (Soldner et al., 2011). The sequence conversion from endogenous 

genome to that carried in donor templates extend from ~400bp in dsDNA donors (Elliott and 

Jasin, 2001; Elliott et al., 1998) and to ~30bp in ssDNA donors (Paquet et al., 2016). Therefore, 
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it is of critical importance to include the edited bases close to the dsDNA break point and close 

to the positive selection module unit, independent of the length of homology arms or the type 

of template used. Post-knock-in and post-transposition clonal composition analysis confirmed 

that FACE enables the derivation of polyclones and significantly reduces the screening efforts 

if individual clones were preferred. On the other hand, the derivation of edited polyclones 

presents the advantage of avoiding the risk inherent with clone-specific biases. Extensive 

expansion, required for clonal derivation, is reported to subject cells to culture aberrations 

(Jahreiss et al., 2008; Ma et al., 2015; Martins-Taylor and Xu, 2012). It is widely accepted that 

single cell passaging for any type of cell culture application, including the here described 

process of FACS-based enrichment, imposes an unavoidable risk of genome instability (Chan 

et al., 2008). The derivation of polyclones reduces the culture time needed for each step, since 

sufficient material is available earlier. Karyotype analysis of the edited lines demonstrated that 

the process did not induce chromosomal abnormalities when compared with the parental line. 

Previous reports also support the possibility of achieving low incidence of modification with 

genome-editing tools (Lorenz et al., 2017; Veres et al., 2014). 

In order to protect the dsDNA donor template from CRISPR-Cas9-induced linearization and 

to avoid post-integration cleavage of targeted sequences, silent mutations in the PAM 

sequences were introduced. This requires special attention to design in order to introduce the 

edited PAM in a non-coding sequence or as a silent mutation. This mechanistic insight was 

used to protect post-integration targeted sequences from secondary cleavage events (Inui et 

al., 2014; Paquet et al., 2016). Similarly, design considerations are needed to identify adjacent 

transposase excision sequences (TTAA), or to generate a de novo TTAA sequence in non-

coding regions or by silent editions. Protocol optimization for the use of an excision-only 

transposase variant (Li et al., 2013b) allowed the derivation of footprint-free isogenic sets for 
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disease modeling. Transition states that represent the removal of one or both positive 

selection modules were observed. The transition populations presented a curve pattern that 

accounts for dissimilar stability of the fluorescent proteins (Snapp, 2009) and transcripts after 

the CDS module was removed. 

The influence of repetitive elements on the efficiency of genome editing has been reported 

previously (Ishii et al., 2014). Recognizable repetitive elements constitute up to ~45% of the 

human genome (Lander et al., 2001). Repetitive elements in humans can be classified into four 

families: SINE, LINE, LTR  retrotransposons  and  DNA transposons. Each category presents 

multiple sub-families. Using linear optimization modeling, it was determined that repetitive 

elements of SINE family, Alu and Mir, contribute the most to random integration events. These 

repetitive elements have 1.5 million copies and constitute ~13% of the human genome 

(Lander et al., 2001). Although this discrete dataset does not include all existing human 

repetitive elements, it demonstrates their direct contribution to random integration. Other 

aspects such as the composition of repetitive elements and distance to the dsDNA break point 

might modulate the frequency of random integration. This work confirms previous reports 

that repetitive elements act as templates for off-target homologous recombination (Ishii et 

al., 2014). These sequences should be avoided when designing homology arms in order to 

enhance the on-target recombination and edition.  

In summary, here presents the generation of an isogenic set of human SNCA mutants for PD-

specific cellular modeling. The set carries the SNCA disease-associated mutations p.A30P and 

p.A53T. Using the early neurodevelopment model of NESCs, energy metabolism phenotypes 

were observed as previously described for iPS-derived neurons with the SNCA p.A30P 

mutation (Ryan et al., 2013). Furthermore, such observations were also confirmed in the PD 
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patient-derived cells with the mutation PINK1 p.I368N. Previous reports demonstrate a 

reduced mitochondria energy performance in PINK1 know-down models (Dagda et al., 2011), 

similar to the loss of function PINK1 p.I368N mutant. This demonstrates the applicability of 

the described approach for the generation of disease relevant models.  A future perspective 

is the use of FACE as an implementation for automated high-throughput genome editing, 

enabling fast phenotypic assessment in vitro. 
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6-1 Human iPS cell culture, electroporation and selection. ヒト iPS細胞の培養、エレクト

ロポレーション及び選択 

Human iPS cell line A13777 (Gibco cat no. A13777), from female cord blood-derived CD34pos 

cells was used as healthy control. PD patient lines used were PINK1 p.I368N Coriell ID 40066, 

LRRK2 p.G2019S Coriell ID ND33879, and VPS35 p.D620N C66345. Cells were maintained in 

Essential-8 media (Thermo Fisher cat no. A1517001) in feeder free culture conditions on 

laminin 521 (BioLamina), Matrigel (BD) or Geltrex (Thermo Fisher cat no. A1413301). Cell 

passage and dissociation was performed with accutase (Thermo Fisher cat no. A11105-01). 

Cells were electroporated with a Lonza 4D-nucleofector system (Lonza V4XP-3024) according 

to the manufacturer's instructions. After passage or electroporation, cells were cultured with 

10µM Y27632 ROCK inhibitor (Sigma cat no. Y0503) for 24h. Cells were subjected to positive 

selection with puromycin (Sigma cat no. P9620) at a concentration of 0.25 to 0.5µg/mL. 

 

6-2 Polyclones composition characterization  

Composition of polyclones was assessed by sub-cloning. Single cell clones were expanded and 

genomic DNA extracted using QuickExtract solution (Epicentre cat no. QE09050). Clones were 

genotyped for the left homology arm junction, right homology arm junction, and wild-type 

junction. PCR products of the left homology arm were used for Sanger sequencing of 

subclones of SNCA exon 3 p.A30P polyclone 632, and SNCA exon 3 p.A53T polyclone  636. The 

wild-type junction was used for Sanger sequencing of subclones of transposed SNCA exon 2 

p.A30P polyclone 632, and transposed SNCA exon 3 p.A53T polyclone 636. 
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6-3 NESCs differentiation and culture. 

Induced pluripotent stem cells were clustered on aggrewell plates (Stem cell technologies cat 

no. 27845) for 12 hours. Embryoid bodies were transferred to ultra-low attachment plates and 

subjected to differentiation. The cells were cultured on KO-DMEM (Gibco cat no. 10829018) 

supplemented with 20% knock-out serum replacement (Gibco cat no. A3181501), 1x non-

essential amino acids (Gibco cat no.11140035), 2mM glutamax (Gibco cat no. 35050061), 3μM 

CHIR99021 (Sigma cat no. SML1046), 1μM dorsomorphine (Sigma cat no. P5499) and 0.5μM 

purmorphamine (Sigma cat no. SML0868). From day three onwards, cells were cultured on 

DMEM-F12:neurobasal media (1:1) supplemented with 2mM glutamax, B27 minus vitamin A 

(Gibco cat no. 12587001) and N2 (Gibco cat no. 17502048). For day three and four, media was 

supplemented with 10μM SB431542 (Sigma cat no. S4317). From day five onwards, the culture 

was maintained with 3μM CHIR99021, 0.5μM purmorphamine, and 150μM ascorbic acid 

(Sigma cat no. A5960). At day six, embryoid bodies were dissociated with accutase and plated 

on matrigel coated plates. 

 

6-4 Extracellular energy flux analysis  

NESCs were plated on Seahorse XFe96 assay plates (Aglient) at a density of 65k cells per well 

and the oxygen consumption rate was quantified in a Seahorse XFe96 Analyzer. Four baseline 

measurements were performed before any treatment injection. Three measurements were 

performed after each injection as shown in section 4-8. Final concentrations of compounds 

were 1μM oligomycin (Sigma cat no. 75351), FCCP (Sigma cat no. C2920), antimycin A (Sigma 

cat no. A8674) and rotenone (Sigma cat no. R8875). DNA was quantified using CyQUANT kit 
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(Thermo Fisher cat no. C7026) and normalization based on DNA content as previously 

described (Silva et al., 2013). 

 

6-5 Cloning of sgRNA containing vectors and donor vectors  

CRISPR-Cas9 target sequences were designed to achieve high in-silico efficiency according 

to previous reports (Doench et al., 2014). Targeting sequences were cloned into pX330 vector 

(Addgene 42230) as previously described (Ran et al., 2013). Donor vectors used were 

pDONOR-SNCAe2-WT (Addgene 85845), pDONOR-SNCAe2-A30P (Addgene 85846), pDONOR-

SNCAe3-WT (Addgene 85847), pDONOR-SNCAe3-A53T (Addgene 85848) and pDONOR-

PINK1e5-I368N (Addgene 86154) in EGFP and dTOMATO containing versions. Homology arms 

were assembled by Gibson assembly according to conventional methods (Gibson, 2011). The 

scaffolds used for cloning were pDONOR-tagBFP-PSM-EGFP (Addgene 100603), and pDONOR-

tagBFP-PSM-dTOMATO (Addgene 100604). 

 

6-6 Autophagy and mitophagy reporter platform 

The pH sensor fluorescent protein pHluorin included the CDS optimizations F64L, S65T, V193G 

and H231Q. Protein pHluorin CDS was fused to DsRED and the mitochondrial, or 

autophagosomal targeting sequence from ATP5C1 or LC3 as previously described (Sargsyan et 

al., 2015). The fusion CDS was introduced into the AAVS1 safe harbor locus as previously 

described (Hockemeyer et al., 2009) using the targeting donor (Addgene plasmid # 22075) and 

TALEN (Addgene plasmid #35432 and #35431). 
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6-7 In-vitro RNA transcription and mRNA transfection.  

The CDS of codon-optimized hyperactive transposase Piggybac from Trichoplusia ni (Yusa et 

al., 2011) and the excision-only mutant (Li et al., 2013b) were amplified to incorporate the T7 

promoter sequence gaaattaatacgactcactataggg. The PCR product was used as 

template for in vitro transcription using a mMESSAGE mMACHINE T7 kit (Thermo Fisher cat 

no. AM1344). Subsequently, the transcript was poly-adenylated with a Poly(A) tailing kit 

(Thermo Fisher cat no. AM1350) and purified with a MEGAclear transcription clean-up kit 

(Thermo Fisher cat no. AM1908). The transcript quality was evaluated with a Bionalayzer RNA 

6000 nano (Aglient cat no. 5067-1511). Finally, transfection was performed with Stemfect RNA 

transfection kit (Stemgent cat no. 00-0069). 

 

6-8 Pathway contribution dissection 

Reporter lines were treated with a set of compounds to dissect mitophagy and autophagy 

pathway steps. Basal levels for autophagy and mitophagy reporter lines were established, and 

then cells were treated with the compound set. Cells were imaged every thirty minutes for a 

period of three hours. For dissecting the contribution of autophagy and mitophagy pathways, 

cells were plated at a density of 600k/cm2 for 8 or 12 hours and subjected to serial dilutions 

of the molecular modulators. Final concentration of modulators were: 8µM-31.5nM 

bafilomycin A1 (Enzo cat no. BML-CM110); 8µM-31.5nM CCCP (Sigma cat no. C2759); 300µM-

75µM chloroquine (Sigma cat no. C6628); 160µM-675nM DFP (Sigma cat no. D0879); 20µM-

675nM Oligomycin A (Sigma cat no. 75351); 160µM-675nM Rapamycin (Sigma cat no. R8781); 

40µM-156nM thapsigargin (Sigma cat no. T9033); and 160µM-675nM valinomycin (Sigma cat 

no. V3639). 
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6-9 Lysosome quantification and nuclear contrast 

Cells under basal conditions were treated with deep red lysotracker (Thermo cat no. L12492) 

at a dilution of 1:1000 for 30 minutes. Cells were stained with 20µM Hoechst 33342 for nuclear 

contrast. 

 

6-10 FACS analysis. FACS 分析 

FACS was conducted using sterile line sorting on a baseline and CST calibrated BD FACS ARIA 

III. Drop delay calibrations were ensured prior to each sample. For all human iPS cells an 85µm 

nozzle, a yield or purity-sorting mask and neutral density filter 2.0 were used. Cells were pre-

separated with 35µm and 20µm strainers (Corning cat no. 352235 and Miltenyi cat no. 130-

101-812). Sorting was conducted with single cell exclusive gating hierarchies on FSC and SSC 

wide and high. The use of strainers and single cell gating structures is highly recommended. 

For efficiency analysis, live cells were quantified by SYTOX Blue Dead Cell Stain (Thermo Fisher 

cat no. S34857). 

 

6-11 Time-lapse live cell imaging. 経時的生細胞観察 

Culture dynamics and time lapse imaging was evaluated in a spinning-disk CSU-X1 system 

(Zeiss) under controlled atmosphere. Reconstruction of 3D structures was performed with 

Imaris (Bitplane) image processing 7.0 system.  
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6-12 Microscopy for Rosella-LC3, ATP5C1-Rosella, and Lysotracker. Rosella-LC3、ATP5C1-

Rosella及び Lysotrackerを用いた蛍光顕微鏡観察 

Confocal images were acquired on an Opera QEHS spinning-disk microscope (Perkin Elmer) 

using a 60x water immersion objective (NA = 1.2). DsRED and pHluorin images were acquired 

in parallel using two cameras and binning 2. Channel pHluorin was excited with a 488 nm laser 

and channel DsRED with a 561 nm laser. A 568 dichroic mirror was used to deviate the emitted 

light towards the corresponding cameras. Emission for pHluorin was detected with a 520/35 

bandpass filter, and emission for DsRED with a 600/40 bandpass filter. Lysotracker deep red 

was acquired independently, excited with a 640 nm laser, and detected with a 690/70 

bandpass filter using camera binning 2. Five planes were set with 400nm z-steps for Rosella-

LC3. Eleven planes were set with 400nm z-steps for ATP5C1-Rosella. Eleven planes were set 

with 400nm z-steps for lysotracker. Scale of 1 pixel corresponds to 0.2152µm in all the cases 

described.  

 

6-13 Image analysis for Rosella-LC3 autophagy, ATP5C1-Rosella mitophagy assay and 

Lysotracker assay 

An automated computational image analysis workflow for the resulting multichannel 3D 

images was implemented in Matlab (R2017a, Mathworks). Detailed description of the 

algorithm is provided in section 2-5, section 2-6 and section 2-7. 
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6-14 mRNA Microarray 

RNA was extracted from healthy control NESCs using quiazol (Qiagen cat no. 79306) and 

miRNeasy (Qiagen cat no. 217004). Samples were processed at the EMBL Genomics Core 

Facility using Affymetrix human Gene 2.0 arrays. Results were processed using GC-RMA 

analysis. Gene expression omnibus accession code is GSE101534. 

 

6-15 Microarray Karyotype. Karyotype 核型分析 

Genomic DNA samples from the pre-electroporation parental, and isogenic polyclones were 

purified using GenElute Blood genomic DNA Kit (Sigma cat no. NA2020). Samples were 

processed at Bonn Univesity Life&Brain genomics facility using Illumina iScan technology 

(Illumina). 

 

6-16 Immunostaining. 免疫染色 

Cells were fixed on PFA and permeabilized on PBS triton-X 0.2% for 10 minutes. For 

characterizing human iPS cells, primary antibodies used were SOX2 (Abcam cat no. ab97959) 

dilution 1:100, OCT4 (Santa cruz cat no. sc-5279) dilution 1:100, SSEA4 (Millipore cat no. 

MAB4304) dilution 1:50 and TRA1-81 (Millipore cat no. MAB4381) dilution 1:50. Secondary 

antibodies used were donkey anti-mouse alexa fluor 488 (Thermo Fisher cat no. A-21202) and 

donkey anti-rabbit alexa fluor 488 (Thermo Fisher cat no. A-21206), both at dilution 1:1000. 

For characterizing NESCs, primary antibodies used were NESTIN (BD cat no. 611659) dilution 

1:600 and SOX2 (Abcam cat no. ab97959) dilution 1:200. Secondary antibodies used were 

donkey anti-mouse 488 (Thermo Fisher cat no. A-21202) and donkey anti-rabbit 647 (Thermo 
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Fisher cat no. A-31573), both at dilution 1:1000. For nuclear staining, Hoechst-33342 (Thermo 

Fisher cat no. 62249) was used at dilution 1:1000. Images were acquired in an inverted 

microscope (Zeiss Axio ObserverZ1). 

 

6-17 Western Blotting. ウェスタン・ブロッティング 

For western blot analysis of NESCs total protein, an antibody against α-Synuclein (C-20)-R 

(Santa cruz cat no. sc-7011) was used at a dilution of 1:100, and an antibody against GAPDH 

(abcam cat no. ab9485) was used at a dilution of 1:1000 overnight. Blots were developed using 

anti-rabbit IgG HRP-linked secondary antibody (GE Healthcare Life Sciences cat no. NA934V) 

and west-pico chemiluminescent substrate (Thermo Fisher cat no. 34080). Membranes were 

imaged in a Raytest Stells system with exposure of 30s for both α-Synuclein and GAPDH.  
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