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1 Abstract 

Neurons of the central and peripheral nervous system are the key information processing and relay 

units within the human body. Since neurons are post-mitotic cells and neurogenesis in the adult human 

brain is very limited, neurons lost to injury or cellular stress cannot be replaced. Thus, neurons within 

mature neuronal networks of the brain have to be guarded by protective strategies to remain 

functional over the lifespan of an individual. Using human induced pluripotent stem cell (hiPSC)-

derived forebrain neurons, this study aimed to analyze transcriptional changes during neuronal 

maturation and to identify possible regulatory differences between immature and mature neurons 

regarding their potential for long-term survival. In particular, neuronal maturation was accompanied 

by an increasing threshold for mitochondrial outer membrane permeabilization, the initial step of the 

intrinsic apoptosis pathway. In addition, mature neurons displayed a downregulation of the apoptotic 

proteins APAF-1 and Caspases-3, -7 and -9. We also observed an increased ubiquitination of the 

mitochondrial inhibitor of apoptosis protein (IAP) antagonist SMAC/DIABLO. Conversely, protein levels 

of XIAP, the major IAP, were strongly upregulated during the time course of neuronal maturation. 

These beneficial adaptations synergized to suppress the intrinsic apoptosis pathway endowing mature 

neurons with significantly higher survival competency than immature neurons when challenged with 

a wide range of different cellular insults.  

Approaches to further improve neuronal survival capabilities are highly desirable for the prevention of 

age-related neurodegeneration. Recently, genetic or pharmacological activation of the hexosamine 

biosynthetic pathway (HBP) have been reported to protect C. elegans and murine cells from 

tunicamycin (TM)-induced protein folding stress and toxic protein aggregation. The HBP integrates 

several metabolic pathways to synthesize the aminosugar uridine diphosphate N-acetylglucosamine 

(UDP-GlcNAc) which is a substrate for glycosylation reactions. Increased UDP-GlcNAc levels have been 

linked to a protective activation of the PERK branch of the integrated stress response (ISR). HBP activity 

can be increased by gain-of-function (gof) point mutations in the rate limiting enzyme GFAT-1 or by 

supplementation of N-acetylglucosamine (GlcNAc). Using CRISPR-Cas9 gene editing, we generated 

hiPSCs harboring the GFAT-1 G451E gof mutation to assess the related effects in human neural cells. 

We found genetic GFAT-1 gof to confer protection against TM-induced stress in NPCs and immature 

neurons but not in mature neurons which were inherently resistant. GlcNAc supplementation was only 

effective in NPCs but not in neurons. Corresponding Western blot experiments did not confirm an 

involvement of the PERK branch of the ISR and thus call into question the relevance of the previously 

proposed mechanism in human neural cells. Consequently, the protective potential of HBP activation 

beyond TM-resistance and the underlying mechanism warrant further investigation. 
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2 Zusammenfassung 

Als Teil des zentralen und peripheren Nervensystems sind Neurone von fundamentaler Bedeutung für 

die Integration und Weiterleitung von Informationen innerhalb des menschlichen Körpers. Da Neurone 

post-mitotische Zellen sind und das Ausmaß an Neurogenese im adulten Gehirn sehr limitiert ist, 

können durch Verletzungen oder Stress beschädigte Neurone nicht ersetzt werden. Um für die 

gesamte Lebensdauer eines Individuums ihre Funktion erfüllen zu können, müssen Neurone in reifen 

neuronalen Netzwerken des Gehirns daher präventiv besonders geschützt werden. Das Ziel dieser 

Arbeit war es, mit Hilfe von humanen Neuronen des Vorderhirns, die aus induzierten pluripotenten 

Stammzellen generiert wurden, transkriptionelle Veränderungen während der neuronalen Reifung zu 

analysieren, um mögliche Unterschiede zwischen unreifen und reifen Neuronen hinsichtlich ihrer 

Überlebensstrategien zu identifizieren. Dabei wurde festgestellt, dass sich im Rahmen des neuronalen 

Reifungsprozesses die Schwelle für die Permeabilisierung der äußeren Mitochondrienmembran 

erhöht, welche die Initiierung des intrinsischen Apoptosesignalwegs ist. Des Weiteren wurden die 

apoptosefördernden Proteine APAF-1 und die Caspasen-3, -7 und -9 in reifen Neuronen 

herunterreguliert. Es wurde weiterhin eine zunehmende Ubiquitinierung des mitochondrialen Proteins 

SMAC/DIABLO beobachtet, welches üblicherweise durch die Inhibition von überlebensfördernden 

Proteinen die Apoptose begünstigt. Im Gegenzug stieg die zelluläre Verfügbarkeit des Proteins XIAP, 

einem zentralen Antagonisten vieler proapoptotischer Faktoren, im Laufe der neuronalen Reifung an. 

Gemeinsam führten diese positiven Anpassungen dazu, dass die Überlebensfähigkeit von reifen im 

Vergleich zu unreifen Neuronen bei Exposition mit einem breiten Spektrum an molekularen Stressoren 

signifikant besser ausfiel. 

Obwohl reife Neurone durch die genannten Anpassungen eine erhöhte inhärente 

Widerstandsfähigkeit gegen zytotoxischen Stress besitzen, stellen altersbedingte neurodegenerative 

Erkrankungen ein großes Risiko für die menschliche Gesundheit dar. Daher wird weiterhin nach 

Ansätzen gesucht, mit denen die Überlebensfähigkeit von Neuronen verbessert werden kann. In 

Studien mit C. elegans und murinen Zelllinien wurde eine protektive Wirkung durch die genetische und 

pharmakologische Aktivierung des Hexosaminbiosynthesesignalwegs (HBS) gegenüber Tunikamycin-

induziertem Zellstress und toxischer Proteinaggregation entdeckt. Der HBS integriert verschiedene 

metabolische Signalwege und katalysiert die Synthese des Aminozuckers Uridindiphosphat 

N-acetylglucosamin (UDP-GlcNAc), dem zentralen Substrat für Glykosilierungsreaktionen. Eine erhöhte 

intrazelluläre Konzentration von UDP-GlcNAc soll demnach eine Aktivierung der Proteinkinase PERK 

und somit der integrierten Stressantwort bewirken. Eine Induktion des HBS kann durch 

aktivitätsfördernde Punktmutationen des geschwindigkeitsbestimmenden Enzyms GFAT-1 oder durch 

Zugabe von N-acetylglucosamin (GlcNAc) erreicht werden. Mittels CRISPR-Cas9 Genomeditierung 
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wurden im Rahmen dieser Arbeit humane induzierte pluripotente Stammzellen mit der aktivierenden 

GFAT-1 G451E Punktmutation generiert, um die beschriebenen Effekte in menschlichen neuralen 

Zellen zu untersuchen. Diese GFAT-1 Variante verbesserte die Überlebensfähigkeit von neuralen 

Vorläuferzellen und unreifen Neuronen in Gegenwart von Tunikamycin. Eine Behandlung mit GlcNAc 

hatte eine protektive Wirkung bei Vorläuferzellen, jedoch nicht bei Neuronen. In Western Blot 

Experimenten wurde keine Aktivierung von PERK und der integrierten Stressantwort beobachtet, 

sodass der zuvor veröffentlichte Mechanismus in humanen neuralen Zellen nicht relevant zu sein 

scheint. Der mögliche protektive Effekt einer HBS-Aktivierung in humanen neuralen Zellen über den 

Schutz vor Tunikamycin hinaus und der zugrundeliegende Wirkmechanismus bedürfen daher weiterer 

Untersuchungen. 
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3 Introduction 

3.1 Neurogenesis of the neocortex 

The human brain is estimated to contain about 86 billion neurons and a similar number of supporting 

cells like astrocytes, oligodendrocytes and microglia (Azevedo et al., 2009). Together, these cells 

establish and maintain vast, interconnected neural networks that are the basis for human movement, 

emotion and thought. Neurons are the central hubs for integrating and relaying electrochemical 

information throughout the central and peripheral nervous system. The brain develops from 

neuroepithelial cells (NECs) at the rostral end of the neural tube. The most rostral part of the early 

developing brain gives rise to the telencephalon, or cerebrum, which constitutes the largest portion of 

the human brain. The ventral region of the telencephalon forms the basal ganglia whereas the dorsal 

region becomes the cerebral cortex (Stiles & Jernigan, 2010; Dennis et al., 2017; Mukhtar & Taylor, 

2018). Both regions have their own proliferative zones that are the origin of progenitor cells and 

distinct types of neurons. Embryonic neurogenesis of glutamatergic cortical projection neurons starts 

at the margin of the dorsal ventricular system in an area called ventricular zone (VZ) (Molyneaux et al., 

2007; Lodato & Arlotta, 2015). At an early stage, the number of NECs in the VZ is strongly expanded by 

rapid rounds of symmetric cell divisions (Fig. 1). This proliferative phase provides the pool of cells that 

is necessary to generate the large numbers of neurons within the brain. NECs give rise to radial glial 

cells (RGCs) which can differentiate into cortical neurons, astrocytes and oligodendrocytes or generate 

intermediate progenitors (IPs) (Florio & Huttner, 2014; Paridaen & Huttner, 2014). As the number of 

IPs increases, they form the subventricular zone (SVZ) adjacent to the VZ. RGCs and IPs can 

differentiate into immature projection neurons that subsequently migrate outward to form the six-

layered structure of the neocortex. Radial neuronal migration is guided by a scaffold of fibers from 

RGCs that are attached to the pial basement membrane (Fig. 1). The earliest born neurons form the 

preplate (PP) which is subsequently split into the marginal zone (MZ) and the subplate (SP) by the 

arrival of the following wave of neurons (Marín-Padilla, 1992; Nichols & Olson, 2010). These later 

arriving neurons lay the foundation of the cortical plate (CP) and constitute the deepest layer (layer VI) 

of the mature neocortex. Subsequently migrating neurons expand the CP by traversing the existing 

layers and forming more superficial layers below the MZ. This “inside-out” process of arrangement 

relies on Cajal-Retzius cells within the MZ that use reelin signaling to stop migration and initiate 

settlement of newly arriving neurons (D’Arcangelo et al., 1995; Martínez-Cerdeño & Noctor, 2014; 

Marín-Padilla, 2015). The mature brain contains six cortical layers but no more SP and MZ.  The initial 

pool of RGCs and IPs is depleted at later stages as their symmetric divisions proceed to predominantly 

produce daughter cells which both differentiate into neurons. 
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Fig. 1: Generation of the cerebral cortex during embryonic development. 

The cellular basis of the cortex is formed by an expanding pool of neuroepithelial cells in the ventricular 

zone which subsequently differentiate into radial glial cells. Radial glial cells proliferate and can give 

rise to cortical neurons or intermediate progenitors. Additionally, they serve as a scaffold for the 

migration of neurons towards the emerging cortical plate. Intermediate progenitors proliferate in the 

subventricular zone and can differentiate into neurons. The deeper cortical layers are formed first (V 

and VI) and are subsequently traversed by later born neurons that form the upper cortical layers. VZ: 

ventricular zone, SVZ: subventricular zone, SP: subplate, CP: cortical plate, MZ: marginal zone 

(illustration created with BioRender.com). 

Aside from the glutamatergic projection neurons that originate from RGCs and IPs and then migrate 

radially outward into the different cortical layers, the completed neocortex also contains GABAergic 

inhibitory interneurons derived from the ventral proliferative zone of the ganglionic eminence (GE). 

The adult neocortex contains 70-80% glutamatergic excitatory projection neurons and 20-30% 

GABAergic inhibitory interneurons (Hornung & De Tribolet, 1994; Wonders & Anderson, 2006; Sahara 

et al., 2012). This distribution of the neuronal population provides the necessary balance of inhibitory 

and excitatory inputs within neuronal networks. GABAergic interneurons arise from RGCs and 

progenitors within the VZ and SVZ of the GE (Hansen et al., 2013; Ma et al., 2013b). Subsequently, they 

are guided by chemoattractants from the developing cortex and repulsive signals from the GE. They 

migrate tangentially, perpendicular to the RGC scaffold, either superficially along the MZ or follow a 

deeper route along the SVZ and finally integrate into the different cortical layers. As they arrive at their 
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destination, they begin to establish synaptic connections with glutamatergic projection neurons to 

form intricate neuronal networks. The initial number of generated neurons far exceeds the number of 

neurons in the completed cortex as functionally superfluous cells are eliminated by programmed cell 

death (PCD) during refinement of neuronal interconnectivity (Oppenheim, 1991). 

 

3.2 Adult neurogenesis 

The vast majority of neurogenesis is concluded during the prenatal period and the adult human brain 

was long thought to be incapable of generating young neurons. The idea that the neuronal composition 

of the human brain was set in stone at birth was questioned after neural stem cells were discovered 

in the dentate gyrus of the hippocampus (Eriksson et al., 1998; Gage, 2000; Ehninger & Kempermann, 

2008). The seminal study by Eriksson and colleagues detected dividing cells in postmortem tissue of 

cancer patients that had been injected with bromodeoxyuridine (BrdU) for diagnostic detection of 

tumors. Three decades earlier, in the 1960s, neurogenesis had been reported in the hippocampus and 

the cortex of adult rats and cats (Altman, 1962, 1963; Altman & Das, 1965). A few years later, 

neurogenesis was observed in the visual cortex of rats (Kaplan, 1981) and for the first time in primates 

(Kaplan, 1983). These reports were augmented by findings of widespread neurogenesis in the brains 

of songbirds (Goldman & Nottebohm, 1983; Alvarez-Buylla et al., 1988). In 1999, neurogenesis was 

discovered in the dentate gyrus of the hippocampus and the neocortex of adult monkeys (Gould et al., 

1999; Kornack & Rakic, 1999). Together, these findings overturned the old dogma of a fixed adult brain. 

Research on neurogenesis within the adult human brain has mostly focused on the hippocampus 

where it has been reported to persist up into the ninth decade of life. Adult neurogenesis seems to be 

influenced by an individual’s behavior and environmental influences. It can be stimulated by physical 

exercise but deteriorates under conditions of stress and disease. For example, Alzheimer’s disease (AD) 

has been reported to cause a progressive decline in hippocampal neurogenesis (Moreno-Jiménez et 

al., 2019). 

As post-mitotic cells, neurons are unable to self-renew by cell division and thus brain injuries like stroke 

and neurodegenerative diseases that destroy specific parts of the neuron incur irreversible damage. 

Consequently, high hopes are placed on therapeutic approaches that aim at stimulating local adult 

neurogenesis or injecting appropriate neural progenitor cells (NPCs) directly into the affected region 

of the brain to replenish the neuron population. NPCs for regenerative medicine are pre-patterned to 

differentiate into the desired type of neuron which then integrate into the existing local brain circuitry. 

Cell replacement therapy is already being tested in early clinical trials for the treatment of Parkinson’s 

disease (PD). For this trial, seven PD patients were selected to be implanted with NPCs primed to 
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differentiate into dopaminergic neurons to reverse the damage done within the substantia nigra 

(Barker et al., 2017). This procedure was previously tested in rats and monkey models of PD in which 

the treatment significantly improved motor functions (Doi et al., 2014; Kikuchi et al., 2017). 

Even though advances have been made in the study of adult human neurogenesis the topic remains 

disputed. Recently, two independent papers published briefly one after the other made opposing 

claims about absence or presence of adult neurogenesis in the hippocampus (Boldrini et al., 2018; 

Sorrells et al., 2018). However, the majority of research data is still in favor of neurogenesis in the 

human adult hippocampus. Much of the current controversy regarding extent and location of adult 

neurogenesis arises from the fact that the field is hampered by technical difficulty concerning the 

preservation and handling of postmortem tissue samples. In the future, it will be interesting to see 

whether methodological advances and more standardized procedures for tissue preservation and 

handling will help to dissolve the current uncertainties and allow clearer statements about the 

functional relevance of adult neurogenesis in the human brain.  

 

3.3 Hallmarks of neuronal maturation 

After reaching their final destination in the orderly assembled structures of the brain, neurons mature 

by undergoing transcriptional, morphological and functional changes that equip them to perform as 

long-lasting, highly specialized information processing and relay units within complex networks. 

A hallmark of neuronal maturation is the establishment of cellular polarity resulting from the formation 

of the dendritic arbor and the axon. This spatial separation is largely driven by differential organization 

of cytoskeletal components which gives rise to two morphologically and functionally distinct 

compartments. Whereas dendrites are specialized to receive synaptic input, the axon has to propagate 

the integrated signal to the downstream synapse. This organization is the basis for the unidirectional 

signal transmission by neurons. Microtubules form the structural basis of neuronal morphology. They 

consist of α- and β-Tubulin heterodimers that oligomerize end-to-end to form long filaments which 

then associate laterally to form a higher order tubular structure (Weisenberg, 1972). This arrangement 

causes microtubules to have an intrinsic polarity depending on the Tubulin subunit exposed at the 

respective end. An end of α-Tubulin subunits is referred to as the (-) end whereas β-Tubulin subunits 

constitute the (+) end. Of note, microtubule extension is significantly faster at the (+) end (Walker et 

al., 1988). The orientation of microtubules also plays a role in the directionality of transport of 

organelles and vesicles which is mediated by kinesin and dynein motor proteins. Microtubules in 

dendrites have a mixed orientation of (-) and (+) ends and are enriched for microtubule-associated 

protein 2 (MAP2) as a stabilizing protein. In axons, microtubules are uniformly oriented with the 
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(+) end pointing outward to the axonal growth cone and they are mainly supported by associated Tau 

protein. As neurons mature, the expression of Tau, which is encoded by the MAPT gene, increases to 

provide the building material for the elongation of the growing axon (Fiock et al., 2020). Maintenance 

of polarity is central for proper neuronal function. Disruption of orderly Tau distribution has been 

described as a hallmark of neurodegenerative tauopathies (Iqbal et al., 2009; Gao et al., 2018).  

After the initial phase of polarization during which one neurite is determined to become the future 

axon, another important structural domain of mature neurons called the axon initial segment (AIS) is 

established. The AIS is located at the proximal axon where it constitutes the border between 

somatodendritic and axonal compartment (Leterrier, 2016; Huang & Rasband, 2018). It serves as a 

selective barrier for cellular constituents coming to and from the axon and also is the site for the 

initiation of action potentials (APs). Central constituents of the AIS are the scaffold proteins Ankyrin G 

and β4-Spectrin as well as voltage-gated Na+ (Nav) and K+ (Kv) ion channels. Ankyrin G is a high 

molecular weight protein with multiple protein interaction modules including spectrin-binding 

domains and a membrane-binding domain (Bennett & Lorenzo, 2013). During development, Ankyrin G 

acts as a nucleation core for the recruitment of the other AIS components. It connects to a scaffold of 

β4-Spectrin (Komada & Soriano, 2002; Dzhashiashvili et al., 2007; Yang et al., 2007) and evenly spaced 

actin rings (Leterrier et al., 2011; Xu et al., 2013; D’Este et al., 2015). Furthermore, Ankyrin G tethers 

cell adhesion molecules (CAMs), Nav and Kv channels to the AIS membrane (Fache et al., 2004; Wang 

et al., 2014a) and hooks them onto microtubules by interaction with microtubule-associated proteins 

(Leterrier et al., 2011; Kuijpers et al., 2016). Compared to the distal axon or dendrites, Nav channels 

are enriched about 30-fold in the AIS (Kole et al., 2008; Lorincz & Nusser, 2010) where they are 

responsible for initiation of APs (Clark et al., 2009; Kole & Stuart, 2012). Since ion channels and CAMs 

are highly enriched in the AIS membrane domain and simultaneously tightly anchored to the 

cytoskeleton, they form a diffusion barrier for membrane proteins and lipids and thus contribute to 

neuronal polarity (Kobayashi et al., 1992; Nakada et al., 2003). In the cytoplasm the AIS acts as a sorting 

station for the intracellular trafficking of vesicles by excluding somatodendritic cargoes and forwarding 

axonal components. Even though the exact mechanism of how this is achieved has not yet been 

elucidated but it is likely to rely on differential roles of dynein and kinesin motor proteins (Farías et al., 

2015; Nirschl et al., 2017). 

The AIS is a highly plastic domain that can vary its size and shift its physical location closer to or further 

away from the axon hillock. This fine-tunes the excitability of a given neuron by decreasing or 

increasing the current threshold for generation of APs (Fried et al., 2009; Grubb & Burrone, 2010; Kuba, 

2010). Integrity of the AIS is essential for the maintenance of neuronal polarity and function. 

Knockdown of Ankyrin G disrupts the normal molecular organization by causing a redistribution of 



Introduction 

9 
 

somatodendritic proteins like MAP2 into the axon and promoting the formation of postsynaptic 

densities within the former axonal compartment (Hedstrom et al., 2008; Sobotzik et al., 2009; Leterrier 

et al., 2011). Aberrations in the ANK3 gene coding for Ankyrin G have been implicated in bipolar 

disorder, epilepsy, intellectual disability, schizophrenia and autism spectrum disorder (Huang & 

Rasband, 2018). 

Splicing of transcripts encoding cytoskeletal components like Ankyrin G within the AIS and synaptic 

proteins relies on a protein called neuronal nuclei (NeuN) (Wang et al., 2015; Lin et al., 2016; 

Jacko et al., 2018). NeuN is a nuclear protein that was discovered in an antibody screen on tissue of 

the central and peripheral nervous system of adult mice (Mullen et al., 1992; Weyer & Schilling, 2003) 

and has since become a canonical marker protein to distinguish immature and mature neurons. It was 

later identified as RBFOX3, a member of the RNA-binding protein FOX (RBFOX) family of alternative 

splicing factors (Kim et al., 2009). RBFOX proteins promote neuron-specific exon inclusion and are 

increasingly expressed as neuronal maturation proceeds. The importance of NeuN/RBFOX3 is 

highlighted by reports implicating its dysfunction to be involved in delayed neurodevelopment 

(Utami et al., 2014) and epilepsy (Lal et al., 2013). 

An essential part of the maturation process of every neuron is its integration into complex neuronal 

circuits within the developing brain. Transmission of electrochemical signals between two neurons 

requires precise synaptic connections. Synapses are highly asymmetric structures that rely on a well-

coordinated assembly of membrane domains and protein complexes at the axonal presynaptic 

terminal and the dendritic postsynaptic density (PSD) (Südhof, 2018; Edge et al., 2020). Mature 

synapses contain hundreds of distinct proteins that maintain its structure and functionality 

(Collins et al., 2006). Pre- and postsynaptic proteins are produced and packaged in transport vesicles 

already before acute synaptogenesis (Fletcher et al., 1991; Rao et al., 1998). Presynaptic transport 

vesicles are loaded with scaffold proteins like Piccolo and Bassoon, proteins involved in vesicle fusion 

like SNAP-25 and synapsins as well as neurotransmitters. In contrast, postsynaptic transport vesicles 

contain a different set of scaffold proteins specific for the PSD like PSD-95 and Shank, neurotransmitter 

receptors and voltage gated ion channels. These vesicles are rapidly recruited to nascent synapses 

after initial contact between filopodia of the axonal growth cone and dendrites. It has been proposed 

that presynaptic vesicles continually cycle between neurotransmitter release and reuptake at 

predefined sites of the axonal growth cone to probe the extracellular space for a fitting dendritic 

counterpart. On the dendritic site, vesicles containing the matching neurotransmitter receptors follow 

the same pattern. Once an initial contact has been made, the nascent connection is reinforced by a 

large variety of trans-synaptic cell adhesion molecules including neural cell adhesion molecule (NCAM), 

SynCAM, neuroligins, neurexins, synaptic adhesion-like molecules (SALMs), nectins, integrins and 
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cadherins. This diverse set of cell adhesion molecules stabilizes the nascent synapse until larger 

scaffolding proteins like PSD-95 are recruited to support the synaptic architecture (Han & Kim, 2008; 

Lie et al., 2018; Liu, 2019). PSD-95 and other scaffolding proteins link neurotransmitter receptors, ion 

channels and trans-synaptic cell adhesion molecules via PDZ protein interaction domains. Additionally, 

synaptic maturation is enhanced by secreted factors of and direct contact with astrocytes in the 

proximity (Allen & Barres, 2005). With maturation, the postsynaptic compartment undergoes 

cytoarchitectural changes and develops into a dendritic spine. 

As neurons start to express higher numbers and a more diverse set of ion channels and integrate them 

into their plasma membrane, their electrophysiological properties begin to change (Bardy et al., 2016; 

Burke et al., 2020). The presence of more ion conducting channels in the membrane leads to a 

decreased membrane resistance and a higher excitability. During development, neuronal networks go 

through different phases of network activity. At first, firing of neurons is sporadic and uncoordinated 

but then advances to a period of synchronized oscillations. This process has been described in vivo 

(Leinekugel et al., 2002; Khazipov et al., 2004; Kilb et al., 2011), in primary cortical cultures 

(Corlew et al., 2004) and cortical organoids (Trujillo et al., 2019). Synchronized firing finally transitions 

into more complex activity patterns within specialized circuits (Kirwan et al., 2015; Luhmann et al., 

2016). 

 

3.4 Stem cell technology and direct conversion for the generation of 

human neurons 

The generation of induced-pluripotent stem cells (iPSCs) by reprogramming of terminally 

differentiated somatic cells has provided the scientific community with an unprecedented potential to 

generate and investigate any type of human tissue. IPSCs can be obtained from almost any cell type 

including fibroblasts, keratinocytes, peripheral blood cells or renal tubular and renal epithelial cells 

from urine (Liu et al., 2020). Initially, reprogramming employed retroviral or lentiviral expression 

systems of the four transcription factors OCT4, KLF4, SOX2 and c-MYC (Takahashi & Yamanaka, 2006; 

Takahashi et al., 2007). These approaches entailed stable integration of the viral transgenes into the 

host genome which is especially problematic for therapeutic approaches as it raises the tumorigenic 

potential of the resulting cell lines. Today, transient expression of the aforementioned reprogramming 

factors can be achieved more elegantly by nonintegrative delivery systems such as sendai virus vectors 

(Chen et al., 2013).  

PSCs are defined by their ability to self-renew via extensive proliferation and their potency to 

differentiate into all cell types of the three primary germ layers (Wobus & Boheler, 2005). 
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As differentiation protocols have become more refined, increasingly complex human cell types can be 

generated including distinct neuronal subtypes, cardiomyocytes and insulin secreting 

pancreatic β cells. IPSCs also cleared the way for the generation of standardized 3D organoids which 

are miniature models of whole tissue niches that facilitate insights into developmental processes. IPSC 

technology removed ethical concerns associated with the use of embryonic stem cells (ESCs) and may 

reduce the need for animal research. Disease modeling and drug screening with iPSC-derived cultures 

and organoids may better recapitulate the actual efficacy of lead drug candidates in the human system 

for which standard immortalized cell lines and animal models are less suitable (Kola & Landis, 2004; 

Lin, 2008; Rubin, 2008; Mertens et al., 2013b). Additionally, autologous transplantation of iPSC-derived 

grafts within the scope of cell replacement therapy eliminates the risk of immune rejection without 

the need to administer immunosuppressive drugs.  

More recently, iPSC technology has been amended by a surge of studies on cell fate instruction via 

direct conversion through transdifferentiation (Fig. 2). The latter also uses terminally differentiated 

somatic cells like fibroblasts or peripheral blood cells to generate cells of choice but skips the 

pluripotent intermediary (Ladewig et al., 2013). Whereas genomic and epigenetic traits of aging are 

removed during the generation of iPSCs, direct conversion retains the molecular aging signature of the 

respective donor individual. Therefore, direct conversion opened up new possibilities to study age-

related degenerative diseases which can be challenging to model with iPSC-based systems. Direct 

generation of the desired target cells can be achieved by overexpression of distinct transcription 

factors or by using a set of small molecule compounds to chemically steer the fate of cells (Vierbuchen 

et al., 2010; Biswas & Jiang, 2016; Takeda et al., 2018). As a transgene-free approach, chemical 

reprogramming is of great interest for clinical applications. Aside from in vitro generated grafts, direct 

cell fate conversion is also tested in vivo at the site of interest. For example, astrocytes have 

successfully been converted into distinct neuronal subtypes directly in different regions of the mouse 

brain (Guo et al., 2014; Liu et al., 2015; Janowska et al., 2019).  
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Fig. 2: IPSC and direct conversion technology.  

Dermal fibroblasts isolated from a skin biopsy can be directly converted into desired cell types via 

transdifferentiation. This is achievable either chemically by application of specific small molecule 

cocktails or genetically by expression of transcription factors specific for the desired cell type. 

Alternatively, dermal fibroblasts can be reprogrammed to iPS cells by forced expression of the 

transcription factors OCT4, KLF4, SOX2 and c-MYC. In a second step, iPSCs can then be differentiated 

to a variety of cell types via specific differentiation procedures.  The obtained patient-specific cells may 

be transplanted back into the patient within the scope of cell replacement therapy (illustration created 

with BioRender.com). 

IPSCs and direct conversion provide two avenues to obtain functionally active human neurons in vitro. 

Fate instruction of iPSCs into distinct neuronal subtypes requires fine-tuning of engrained 

developmental morphogen signaling pathways by small molecules. This allows generation of region-

specific neuroepithelial cells (NECs) with the inherent tendency to differentiate into related types of 

neurons (Fasano et al., 2010; Kriks et al., 2011; Paşca et al., 2011; Tao & Zhang, 2016). Forebrain NECs 

can be induced from iPSCs via inhibition of SMAD-mediated BMP and TGF-β signaling and the WNT 

pathway using noggin/LDN193189, SB431542/A83-01 and XAV939 (Chambers et al., 2009; Li et al., 

2009; Shi et al., 2012). In the absence of further guiding cues neural induction defaults to NPCs with a 

forebrain fate. For the generation of NPCs with midbrain or hindbrain identity, the degree of 

caudalization can in large part be titrated by increasing activation of WNT signaling via CHIR99021 

(Kirkeby et al., 2012; Moya et al., 2014; Lu et al., 2016). 
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The first directly converted neurons were reported by Vierbuchen et al. in 2010. They coined the term 

induced neurons (iNs) for the neurons they generated from mouse fibroblasts via overexpression of 

the three neurogenic transcription factors Ascl1, Brn2 and Mytl1 (Vierbuchen et al., 2010). Shortly 

thereafter, human fibroblasts were successfully converted into iNs by adding NEUROD1 to the three 

transcription factors used before (Pang et al., 2011). Subsequent studies showed that similar results 

are obtained by overexpression of ASCL1 and NGN2 (Son et al., 2011; Liu et al., 2013). Since then iNs 

have also been generated in the absence of transcription factors by overexpression of microRNAs (Xue 

et al., 2013; Victor et al., 2014) and by chemical induction with small molecules (Hu et al., 2015; Li 

et al., 2015). 

Together, iPSC technology and direct conversion enable patient-specific disease modeling and more 

reliable drug screening thanks to their faithful recapitulation of hereditary and aging effects. In 

addition, they open the door to individualized cell replacement therapy. Alongside next generation 

sequencing techniques, these cell-based approaches will become the bedrock of personalized 

medicine in the future. 

 

3.5 Apoptosis 

Cells that have exceeded their lifespan, have become functionally superfluous or were irreversibly 

damaged by the impact of stress or disease have to be removed from the respective tissue. Depending 

on tissue and cell type, the natural rate of turnover of senescent cells differs substantially. Many cells 

are constantly replaced in an effort to renew the respective tissue. Neutrophils are estimated to have 

an average lifespan of 10 h, enterocytes of the intestinal epithelium 5-7 days and erythrocytes last for 

about 120 days (Marshman et al., 2002; Spalding et al., 2005; Tak et al., 2013). With the exception of 

very limited neurogenesis in the hippocampus human neurons are not replaced and thus have to 

persist for the entire life time of an individual which today almost equates to a whole century. Cell 

death also functions as an essential tool during developmental processes to cull excess cells as in the 

removal of cells in the interdigital region or neurons that are not properly integrated into the brain 

circuitry (Oppenheim, 1991; Buss et al., 2006; Fuchs & Steller, 2011; Ghose & Shaham, 2020). 

Mechanisms by which cells may be removed can be distinguished based on whether they trigger a 

subsequent activation of the immune system or not. Inflammatory modes of cell death like necrosis, 

necroptosis and pyroptosis result in the uncontrolled release of cellular contents into the surrounding 

tissue which leads to recruitment and activation of immune cells to the respective site (Elmore, 2007; 

Nagata, 2018; D’Arcy, 2019). In contrast, non-inflammatory cell death like apoptosis and autophagy 

proceeds in a more orderly fashion and entails self-digestion, condensation and packaging of 
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macromolecules and cellular debris. Aside from a resulting involvement of the immune system, causes 

of cell death may also be distinguished by their mode of activation. Accidental cell death is caused by 

localized injuries like physical trauma or ischemia. Controlled or programmed cell death (PCD) relies 

on defined signaling pathways and is essential for the elimination of damaged or infected cells and the 

clearance of superfluous cells during developmental processes. The two modes of non-inflammatory 

PCD are apoptosis and autophagy. Pertaining to the death of cells, apoptosis has been studied much 

more extensively and is often incorrectly used as a synonym for PCD.  

Apoptosis is either initiated cell autonomously by signals from intracellular homeostasis control 

mechanisms or by an extrinsic stimulus resulting from the interaction with natural killer cells or 

macrophages of the host immune system. Both apoptosis pathways rely on enzymatic cascades driven 

by members of the family of caspase cysteine-aspartic proteases. As a general principle, the first 

caspase within a pathway to be activated is referred to as an initiator caspase. The latter activates 

downstream effector or executioner caspases by proteolytic cleavage of inactive precursor forms. 

Finally, effector caspases cleave downstream targets which leads to DNA condensation and 

dismantling of the cell. In apoptosis, Caspases-2, -8, -9 and -10 are the initiator caspases that activate 

the effector Caspases-3, -6 and -7 (Slee et al., 2001; Chen & Wang, 2002; Parrish et al., 2013). 

The extrinsic apoptosis pathway is triggered by activation of transmembrane receptor proteins called 

death receptors which are a subgroup of the tumor necrosis factor (TNF) receptor superfamily (Fig. 3). 

The four known death receptors are the receptor for TNFα, the Fas receptor (FasR) and TNF-related 

apoptosis-inducing ligand receptor 1 and 2 (TRAIL1/2) (Trauth et al., 1989; Itoh & Nagata, 1993; 

Wajant, 2003). These receptors contain intracellular death domain (DD) protein-protein interaction 

modules for homo oligomerization or recruitment of proapoptotic adaptor proteins like FAS-

associated death domain (FADD) or TNF receptor associated death domain (TRADD). These adaptor 

proteins facilitate the formation of the death-inducing signal complex (DISC) (Kischkel et al., 1995; 

Sessler et al., 2013) by recruiting monomers of Procaspases-8 or -10 which dimerize and subsequently 

activate by intra- and interdimeric cleavage. Subsequently, these two initiator caspases activate 

Caspases-3 and -7 or cleave BH3 interacting-domain death agonist (BID) to truncated BID (tBID) which 

is capable of initiating the intrinsic apoptosis pathway at mitochondria.  

The intrinsic apoptotic pathway is activated by stress stimuli like nutrient or growth factor deprivation, 

oxidative stress, ionizing radiation, disruption of protein homeostasis, DNA damage or cross-talk from 

the extrinsic pathway. Central steps along the intrinsic apoptosis pathway are mitochondrial outer 

membrane permeabilization (MOMP) (Dewson & Kluck, 2009; Tait & Green, 2010), apoptosome 

assembly (Riedl & Salvesen, 2007), activation of effector caspases and apoptotic body formation       

(Fig. 3). 
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Fig. 3: The extrinsic and intrinsic apoptosis signaling pathways.  

Schematic illustration of signaling events of the extrinsic and intrinsic apoptosis pathways. The extrinsic 

apoptosis pathway is triggered via activation of death receptors which recruit Procaspase-8 and -10 

with their intracellular death domain (DD) module. This leads to caspase activation. Caspase-8 and -10 

are then able to activate effector Caspases-3 and -7 or cleave BID to its truncated form (tBID) which 

promotes mitochondrial outer membrane permeabilization (MOMP). A lethal intrinsic stimulus 

engages the intrinsic apoptosis pathway by affecting the balance of proapoptotic (BH3-only) and 

antiapoptotic BCL-2 proteins (BCL-2, BCL-XL, MCL-1). This promotes oligomerization of BAX and BAK 

resulting in pore-formation within the outer mitochondrial membrane. Once this membrane has been 

permeabilized, SMAC and Cytochrome c are released into the cytosol. Cytochrome C and APAF-1 form 

the apoptosome and cause activation of Caspase-9 which subsequently activates the downstream 

effector Caspases-3 and -7. The inhibitor of apoptosis protein (IAP) XIAP is able to block caspase activity 

but may itself be inhibited by SMAC. Active effector caspases initiate the execution phase of apoptosis 

(illustration created with BioRender.com). 

Initiation of the intrinsic apoptosis pathway hinges on the balance of proapoptotic and pro-survival 

members of the BCL-2 family of proteins (Singh et al., 2019a). BCL-2 proteins contain up to four 

different types of BCL-2 homology domains (BH1-4) that mediate protein-protein interactions. 

Proapoptotic BCL-2 proteins with several different types of BH domains are BAX and BAK. Other 

proapoptotic members like BID, BAD, BIM, BMF, Puma, Noxa and HRK only contain BH3 domains. 
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The pro-survival BCL-2 proteins MCL-1, BCL-2, BFL-1, BCL-xL and BCL-w exert their function by 

preventing BAX and BAK from oligomerizing and forming pores in the outer mitochondrial membrane 

for MOMP (Wei et al., 2001; George et al., 2007; Dewson et al., 2008). During apoptosis, BH3-only 

proteins bind to and neutralize pro-survival BCL-2 members and also bind to and activate BAX and BAK 

directly thereby allowing MOMP to proceed. Permeabilization of the mitochondrial membrane 

releases additional proapoptotic proteins such as second mitochondria-derived activator of caspases 

(SMAC), also called direct inhibitor of apoptosis-binding protein with low pI (DIABLO), high-

temperature requirement A2 (HtrA2) and Cytochrome c from the intermembrane space into the 

cytosol. SMAC and HtrA2 promote apoptosis indirectly by inhibiting caspase-inactivating proteins like 

X-linked inhibitor of apoptosis protein (XIAP) (Suzuki et al., 2001; Rehm et al., 2003; Saito et al., 2003; 

Srinivasula et al., 2003; Yang et al., 2003; Creagh et al., 2004). In contrast, Cytochrome c which usually 

is an integral component of the electron transport chain causes a direct progression of the apoptotic 

cascade by binding to apoptotic protease-activating factor-1 (APAF-1) (Zou et al., 1997). Together, 

Cytochrome c and APAF-1 form a protein complex called apoptosome. As the DISC within the extrinsic 

pathway, the apoptosome offers the structural platform for recruitment and activation of the initiator 

caspase which within the intrinsic pathway is Caspase-9 (Riedl & Salvesen, 2007; Bratton & Salvesen, 

2010; Li et al., 2017b). The caspase activation and recruitment domain (CARD) of APAF-1 allows binding 

and thus dimerization of inactive Caspase-9 which is subsequently activated by autocatalytic cleavage. 

Active Caspase-9 enables processing of inactive Caspases-3, -6 and -7 into their active forms (Slee et al., 

1999; Guerrero et al., 2008). These effector caspases then cleave hundreds of downstream targets to 

finalize cellular dismantling characterized by the morphological hallmarks of apoptosis like 

condensation of cytoplasm and chromatin, nuclear fragmentation and formation of apoptotic bodies. 

For example, BID is cleaved to enhance MOMP, poly ADP-ribose polymerase-1 (PARP-1) is inactivated 

to halt DNA repair (Kaufmann et al., 1993; Soldani & Scovassi, 2002), caspase-activated DNase (CAD) 

is enabled to catalyze DNA fragmentation (Larsen & Sørensen, 2017) and the cytoskeletal regulator 

rho-associated coiled-coil-containing protein kinase 1 (ROCK1) is cleaved to induce membrane 

blebbing (Sebbagh et al., 2001). Caspase activity also causes apoptotic cells to display increased levels 

of phosphatidylserine on the surface of their plasma membrane which serves as a phagocytosis signal 

for macrophages that proceed to clear the tissue from cellular remnants. 

An important class of pro-survival proteins are the members of the inhibitor of apoptosis protein (IAP) 

family (Hrdinka & Yabal, 2019). IAPs are characterized by the presence of a baculovirus IAP repeat (BIR) 

domain which mediates protein-protein interaction. The BIR domain was so named because it was the 

common feature of a group of proteins that protected insect cells from apoptosis induced by 

baculoviral infection (Crook et al., 1993; Birnbaum et al., 1994). To date, eight BIR containing (BIRC) 

proteins are known in humans: NLR (nucleotide-binding domain and leucine-rich repeat containing) 
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family apoptosis inhibitory protein (NAIP), cellular inhibitor of apoptosis 1 (cIAP1), cIAP2, 

X chromosome-linked IAP (XIAP), Survivin, Bruce, Livin and testis specific IAP (TS-IAP). IAPs contain up 

to three BIR domains. Additionally, cIAP1, cIAP2, XIAP, Livin and TS-IAP are able to act as E3 ubiquitin 

ligases by attaching ubiquitin moieties to themselves or target proteins via their carboxy-terminal 

really interesting new gene (RING) domain. Fittingly, XIAP, cIAP1, cIAP2 and TS-IAP also possess a 

ubiquitin associated (UBA) domain which enables recognition of polyubiquitin chains (Gyrd-Hansen 

et al., 2008; Blankenship et al., 2009). As a post-translational modification (PTM), chains of ubiquitin 

mark proteins for proteasomal degradation and are thus essential in the regulation of protein turnover. 

XIAP, encoded by the BIRC4 gene, contains three BIR domains and has the widest scope of 

antiapoptotic capacity (Schile et al., 2008; Vucic, 2018). Via direct interaction it blocks the catalytic 

activity of initiator Caspase-9 and the effector Caspases-3 and -7 (Shiozaki et al., 2003; Scott et al., 

2005). Additionally, XIAP may act as an E3 ubiquitin ligase to promote the degradation of proapoptotic 

SMAC/DIABLO (Macfarlane et al., 2002; Qin et al., 2016). Bruce (BIRC6) is involved in the degradation 

of Caspase-9 and SMAC/DIABLO (Hao et al., 2004) which can also be inhibited by Livin and TS-IAP (Vucic 

et al., 2002; Shin et al., 2005). CIAP1 and 2 block apoptosis by modulating TNF and NF-κB signaling 

(Estornes & Bertrand, 2015; Lalaoui & Vaux, 2018). 

Due to their strong survival promoting functions, IAPs have become promising targets in the treatment 

of cancers which are notorious for their increased resistance to apoptosis (Hanahan & Weinberg, 

2011). Increased levels of IAP expression correlate with poor prognosis in many forms of human cancer 

including colorectal (Xiang et al., 2009), prostate (Krajewska et al., 2003), blood (Grzybowska-

Izydorczyk et al., 2010) and lung cancer (Ferreira et al., 2001). To increase the susceptibility of cancer 

cells to apoptosis, IAPs are deprived of their capability to bind proapoptotic proteins by saturating their 

BIR domains with so called SMAC mimetics. The latter are small molecules structurally designed to 

recapitulate part of the IAP-binding motif (IBM) consisting of the N-terminal Ala-Val-Pro-Ile (AVPI) 

peptide. So far, eight compounds have entered clinical trials and are being investigated for their 

potential for combination therapy with chemotherapy, radiation and other approaches (Morrish et al., 

2020). 

 

3.6 Regulation of apoptosis in neurons  

During development, neurogenesis initially creates a surplus of neurons to provide an abundance of 

cellular material for formation of the mature brain circuitry. Once the necessary neuronal connections 

have been established, superfluous neurons are removed by apoptosis. Consequently, neuronal 

apoptosis is essential in early stages of network formation but becomes undesirable at later stages. 
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As neurons mature, they acquire an increased survival competency through a variety of adaptations 

that synergize to prevent their accidental loss (Kole et al., 2013; Hollville et al., 2019). For example, 

immature neurons are more susceptible to nerve growth factor (NGF) deprivation (Lazarus et al., 1976; 

Easton et al., 1997) and viral infections (Labrada et al., 2002; Ahn et al., 2008). Mature cortical neurons 

from rats have been shown to possess reduced expression of APAF-1 and Caspase-3 (Yakovlev et al., 

2001). Reduction of APAF-1 protein levels due to chromatin remodeling has also been reported for 

mouse sympathetic neurons (Wright et al., 2007). Additionally, mouse cortical neurons show a 

developmental downregulation of the splicing regulator PTBP1 which allows alternative splicing of 

BAK1 mRNA leading to loss of BAK protein and a restriction of neuronal apoptosis by impeding MOMP 

(Lin et al., 2020). Furthermore, the two microRNAs miR-24 and miR-29 are upregulated during 

neuronal maturation. They are involved in post-transcriptional suppression of BH3-only proteins (Kole 

et al., 2011; Annis et al., 2016) and offer protection in vivo during ischemic stroke (Khanna et al., 2013) 

and ethanol-induced toxicity (Qi et al., 2014). Apart from developmentally controlled downregulation 

of proapoptotic factors, cytoprotective effects may also be mediated by neuronal activity. For example, 

survival of mouse cortical neurons under stress conditions is boosted by synaptic stimulation (Papadia 

et al., 2008; Léveillé et al., 2010). While mature neurons are highly susceptible to excitotoxic cell death 

by excessive stimulation, physiological activation of NMDA receptors may also enhance pro-survival 

signaling via activation of ERK and AKT (Perkinton et al., 2002; Sutton & Chandler, 2002; Hetman & 

Kharebava, 2006; Papadia et al., 2008). So far, all of these findings have been made in animal models 

or in cell culture systems using neurons from rodents. However, these examples illustrate the tight 

control of apoptotic signaling events in mature neurons.  

 

3.7 The hexosamine biosynthetic pathway 

The hexosamine biosynthetic pathway (HBP) is a four-step metabolic pathway which results in the 

production of the amino sugar uridine 5’-diphospho-N-acetyl-D-glucosamine (UDP-GlcNAc). The latter 

is widely used as a precursor for the synthesis of glycosaminoglycans and glycolipids as well as in the 

post-translational modification of proteins by N- and O-linked glycosylation and O-GlcNAcylation. 

The HBP consumes about 2 to 5% of the total cellular glucose (Marshall et al., 1991) as it is fueled by 

fructose-6-phosphate generated during glycolysis. In the first reaction of the HBP, fructose-6-

phosphate and glutamine are converted into glucosamine-6-phosphate (GlcN-6P) and glutamate      

(Fig. 4). This rate-limiting reaction is catalyzed by the enzyme glutamine-fructose-6-phosphate 

aminotransferase-1 (GFAT-1). The second reaction requires acetyl-coenzyme A (Ac-CoA) from fatty 

acid metabolism. The acetyl group of Ac-CoA is transferred to GlcN-6P by glucosamine-phosphate 
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N-acetyltransferase (GNA-1) to yield N-acetylglucosamine-6-phosphate (GlcNAc-6P). Subsequently, 

GlcNAc phosphomutase (PGM-3) isomerizes GlcNAc-6P to GlcNAc-1P which is finally converted 

together with uridine triphosphate (UTP) to UDP-GlcNAc by UDP-N-acetylglucosamine 

pyrophosphorylase (UAP-1) (Ghosh et al., 1960; Chiaradonna et al., 2018). This sequence of reactions 

reveals that the HBP is highly intertwined with all parts of the cellular metabolism as it requires 

carbohydrate, amino acid, fatty acid and nucleotide input. This interconnectedness positions the HBP 

as a metabolic hub to gauge the energy status of a cell and to couple it to a wide range of downstream 

signaling events depending on the availability of UDP-GlcNAc. 

 
Fig. 4: Hexosamine biosynthetic pathway (HBP).  

The HBP is fueled by fructose-6-phosphate (Frc-6P) which is produced during glycolysis. Four 

consecutive reactions convert Frc-6P into UDP-GlcNAc. The rate-limiting step is the first reaction which 

is catalyzed by GFAT-1/2. The HBP requires molecules from carbohydrate (red), amino acid (blue), fatty 

acid (green) and nucleotide (orange) metabolism, making the HBP a metabolic hub. The first two 

reactions may be skipped by supplementation of GlcNAc (pink). UDP-GlcNAc serves as the essential 

substrate for glycosylation of proteins and other macromolecules as well as the O-GlcNAcylation of 

serine/threonine residues within target proteins. Enzymes are indicated in bold type (illustration 

created with BioRender.com). 

The UDP-GlcNAc generated by the HBP can be isomerized into UDP-N-acetylgalactosamine (UDP-

GalNAc) by UDP-galactose-4-epimerase (GALE) (Leloir, 1951; Thoden et al., 2001; Holden et al., 2003). 

These two hexosamines serve as building blocks for complex N- and O-linked glycan modifications of 

proteins and glycan structures on glycolipids. Therefore, both amino sugars make up a substantial 

portion of the glycocalyx which is formed by glycan trees on proteins and lipids protruding outward 

from the cell membrane into the extracellular space. The glycocalyx constitutes the outermost layer of 

cells and is thus essential for cell-cell interactions. In addition, GlcNAc and GalNAc extensively 
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contribute to components of the extracellular matrix (ECM) which consists of proteins and 

glycosaminoglycans secreted by cells of the respective niche (Frantz et al., 2010; Varki, 2011, 2017; 

Hynes & Naba, 2012; Moremen et al., 2012). 

Aside from its presence in glycan structures, single molecules of UDP-GlcNAc also play an important 

role in the post-translational modification of proteins by O-GlcNAcylation (Ma & Hart, 2014; Yang & 

Qian, 2017). GlcNAc can be covalently linked to the hydroxyl group of serine or threonine amino acid 

side chains by the enzyme O-GlcNAc transferase (OGT) (Haltiwanger et al., 1990). The sugar moiety 

can be removed again by O-GlcNAcase (OGA). O-GlcNAcylation is a dynamic PTM similar to 

phosphorylation and has been implicated in modulating protein-protein interaction, protein 

localization and stability as well as enzymatic activity. By these means, it influences circadian rhythm, 

metabolism, cellular stress response and transcriptional regulation. Via O-GlcNAcylation all these 

processes are coupled to UDP-GlcNAc levels, HBP flux and thus the metabolic state of the cell. 

O-GlcNAc cycling relies on only two highly conserved enzymes, OGT and OGA, whereas 

phosphorylation of proteins is regulated by several hundreds of kinases and phosphatases (Manning 

et al., 2002). Both PTMs compete for the same functional groups within proteins and the correct 

dynamics between them is crucial for cellular homeostasis (Hart et al., 2011). Dysregulation of 

O-GlcNAcylation has been reported in diabetes, cardiovascular disease, malfunction of the immune 

system, cancer and neurodegenerative disorders (Wani et al., 2017; Akella et al., 2019; Nie & Yi, 2019). 

The importance of O-GlcNAcylation and its interplay with phosphorylation is well illustrated by its 

relevance in Alzheimer’s disease (Yuzwa & Vocadlo, 2014): Normally, the microtubule-associated 

protein tau is highly modified by phosphorylation during early brain development and less in the 

healthy adult brain in which the phosphorylation sites are in large part blocked by O-GlcNAcylation. In 

AD patients, levels of global O-GlcNAcylation are reduced, allowing tau to be abundantly 

phosphorylated. The resulting hyperphosphorylated tau is prone to aggregate and form the 

neurofibrillary tangles that are characteristic for AD (Gong et al., 2016). Studies on mouse models of 

AD observed decreased aggregation of tau and improved cognitive health when tau was strongly 

conjugated with O-GlcNAc. Interestingly, O-GlcNAc is also found in the cytosolic domain of the amyloid 

precursor protein (APP) which possibly modulates its cleavage to Aβ peptides (Griffith et al., 1995). 

In addition to its involvement in the direct modification of proteins, UPD-GlcNAc serves as the starting 

compound for the synthesis of N-acetylneuraminic acid (Neu5Ac), the precursor for the generation of 

sialic acids. These sugar molecules are usually found in terminal positions of complex glycan branches 

(Varki, 2008). This glycan capping increases the half-life of proteins in circulation and therefore has 

clinical significance in the administration of therapeutic glycoproteins (Bork et al., 2009; Flintegaard 

et al., 2010; Lindhout et al., 2011). In humans, sialic acids are ubiquitously distributed but are most 
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enriched in the brain where they are 2-4 times more abundant than in the brains of other mammals 

(Wang et al., 1998; Wang, 2012; Schnaar et al., 2014). In the brain, the bulk of sialic acids are part of 

gangliosides, a class of glycolipids, which reside in the plasma membrane of neurons and are enriched 

in lipid rafts (Schnaar, 2016). Gangliosides may either interact laterally with components within the 

plasma membrane (cis mode) or bind to complementary recognition molecules of other cells or the 

ECM (trans mode). Cis regulation enhances the activity of the tropomyosin receptor kinase A (TrkA) 

upon stimulation with nerve growth factor (NGF) (Farooqui et al., 1997) and is involved in the 

intracellular trafficking of the GluR2 subunit of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) receptors (Prendergast et al., 2014). The trans binding of gangliosides to sialic acid-binding 

immunoglobin-like lectin-4 (siglec-4) stabilizes myelination of axons (Yang et al., 1996; Schnaar, 2010). 

Additionally, cis and trans interactions of gangliosides play a role in the regulation of axonal outgrowth 

(Da Silva et al., 2005; Schnaar & Lopez, 2009). 

Aside from their presence in gangliosides, sialic acids are used in the assembly of polysialic acid 

(polySia), a linear homo polymer of varying length that is attached to proteins as a PTM (Schnaar et al., 

2014). The vast majority of polySia modifications in the brain are found on NCAM (PSA-NCAM) and to 

a lesser extent on SynCAM and other proteins. By influencing the binding capability of NCAM to its 

interaction partners, polySia facilitates the migration of NPCs, modulates anchoring to ECM 

components and impacts synaptogenesis. In addition, polySia has been shown to interact with brain-

derived neurotrophic factor (BDNF) as well as neurotrophin (NT)-3 and -4. PolySia is believed to 

scavenge these soluble factors from the extracellular milieu to enhance activation of the related 

beneficial neuronal downstream signaling pathways (Kanato et al., 2008; Isomura et al., 2011). With 

its wide-ranging distribution, polySia has an impact on neuronal plasticity, cognition and memory 

(Gómez-Climent et al., 2011; Guirado et al., 2014). 

 

3.8 Glutamine-fructose 6-phosphate aminotransferase (GFAT)-1 – 

Pacemaker of the hexosamine pathway 

As the first and rate-limiting enzyme of the HBP, GFAT-1 (EC 2.6.1.16) is the major regulator in the 

generation of UDP-GlcNAc. GFAT-1 catalyzes the transfer of an amino group from L-glutamine to 

fructose-6-phosphate to produce glucosamine-6-phosphate and L-glutamate. Eukaryotic GFAT-1 forms 

a homotetramer (Raczynska et al., 2007; Richez et al., 2007). The crystal structure of a full-length 

monomer of eukaryotic GFAT-1 has only recently been described (Ruegenberg et al., 2020). 

Structurally, GFAT-1 consists of a glutaminase and a combined isomerase/transferase domain joined 

by a linker region (Denisot et al., 1991; Mouilleron et al., 2006). Once GFAT-1 binds both of its 
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substrates, a conformational change leads to formation of a channel between the active sites of the 

two domains. Ammonia released from L-glutamine at the glutaminase domain traverses this channel 

to reach the isomerase/transferase domain. The latter isomerizes fructose-6-phosphate to D-glucose-

6-phosphate to which it subsequently transfers the incoming ammonia to finalize the reaction. Since 

the binding pockets and the central catalytic residues are highly conserved, this reaction mechanism 

is very similar from prokaryotes to humans (Mouilleron et al., 2011). Unique to eukaryotic GFAT-1 is 

its negative feedback inhibition by UDP-GlcNAc, the end product of the HBP (Kornfeld, 1967; Milewski 

et al., 1999). UDP-GlcNAc indirectly inhibits the glutaminase activity by its interaction with the 

interdomain linker and the isomerase domain. Interestingly, substitution of the glycine residue at 

position 451 within the isomerase domain by glutamate diminishes this negative feedback regulation 

(Fig. 5) (Ruegenberg et al., 2020).  

 
Fig. 5: The GFAT-1 G451E gof variant is not affected by UDP-GlcNAc feedback inhibition. 

Superposition of the protein structures of wild type GFAT-1 (grey) and the G451E variant (yellow). 

(A) GFAT-1 consists of an isomerase and a glutaminase domain joined by a linker region. The G451E 

substitution (black box) is located in the isomerase domain but the glutamate side chain protrudes 

towards the interdomain linker. (B) Close-up of amino acids surrounding the site of the G451E 

exchange. The glutamate side chain takes up considerably more space than the original glycine residue. 

(C) Feedback inhibition of different GFAT-1 variants by the HBP product UDP-GlcNAc with 

corresponding IC50 values. GFAT-1 G451E is resistant to this mode of regulation. (D) Side chain 

movements of amino acid residues within the UDP-GlcNAc-binding pocket of GFAT-1 G451E prevent 

correct interaction with UDP-GlcNAc (grey sticks). Figures modified from (Ruegenberg et al., 2020). 
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The G451E gain-of-function (gof) variant of GFAT-1 was previously reported to promote survival in 

C. elegans and mammalian cell lines confronted with tunicamycin-induced endoplasmic reticulum (ER) 

stress (Denzel et al., 2014; Horn et al., 2020). The stress resistance is conferred by increased 

intracellular levels of UDP-GlcNAc and a concomitant activation of the integrated stress response (ISR; 

discussed below) although the mechanistic link between the two is not yet understood. 

Alternative splicing yields two isoforms of GFAT-1 that differ slightly in the length of the interdomain 

linker and their tissue distribution. Apart from the GFPT1 gene on chromosome 2 which encodes the 

two GFAT-1 isoforms, a paralog gene named GFPT2 was found on chromosome 5. GFPT2 encodes a 

second GFAT that possesses 75-80% amino acid sequence homology to GFAT-1 in mice and humans 

(Oki et al., 1999). GFAT-1/2 both catalyze the same reaction within the HBP but differ in their enzyme 

kinetics. Compared to GFAT-1, expression of GFAT-2 is less ubiquitous and it is claimed to be 

predominantly expressed in the central nervous system of mice and humans (Oki et al., 1999). 

Fine-tuning of GFAT activity and thus UDP-GlcNAc production, may be achieved via post-translational 

modifications (PTMs). However, data on the regulation of GFAT by PTMs is still scarce. Protein kinase A 

(PKA) phosphorylates GFAT at Ser205 and Ser235 but the resulting effects on enzymatic activity are 

still unresolved (Zhou et al., 1998; Chang et al., 2000). Similarly, the significance of phosphorylation on 

Ser243 by adenosine monophosphate-activated kinase (AMPK) and mechanistic target of rapamycin 

complex 2 (mTORC2) is unclear as contradicting publications reported opposite effects on GFAT activity 

(Li et al., 2007; Eguchi et al., 2009; Zibrova et al., 2017; Moloughney et al., 2018). 

Of note, an induction of GFAT expression has been reported as a coping mechanism under conditions 

of nutrient deprivation and as a response to unfolded protein stress. The GFPT1 promoter region 

contains recognition sites for the transcriptional inducers ATF4 and XBP1s that are produced during 

starvation and accumulation of misfolded proteins, respectively (Wang et al., 2014b; Chaveroux et al., 

2016). Under both stress conditions, increased GFAT expression boosts HBP flux and consequently 

O-GlcNAcylation of proteins to stabilize proteostasis. Since the HBP integrates multiple metabolic 

inputs and aberrant metabolism is a hallmark of cancer cells, changes in GFAT expression have been 

implicated in tumorigenesis. Dysregulation of GFAT correlates with poor prognosis in breast (Dong 

et al., 2016), gastric (Duan et al., 2016) and pancreatic cancer (Yang et al., 2016) as well as 

hepatocellular carcinoma (Li et al., 2017a). 

In conclusion, GFAT occupies a key role in cellular homeostasis by providing suitable levels of UDP-

GlcNAc for the production of glycan macromolecules and O-GlcNAc modification. These are essential 

for signal transduction, structure and solubility of proteins. 
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3.9 The integrated stress response 

The integrated stress response (ISR) is a coping mechanism in eukaryotic cells to deal with various kinds 

of intrinsic and extrinsic stress stimuli as well as pathological conditions to restore cellular homeostasis. 

The ISR can be triggered by the activation of oncogenes, viral infection, accumulation of unfolded 

proteins, hypoxia or shortage of glucose and amino acids. These stimuli activate different branches of 

signaling pathways within the ISR which all converge on the phosphorylation of the alpha subunit of 

eukaryotic translation initiation factor 2 (eIF2α) (Harding et al., 2000; Pakos-Zebrucka et al., 2016; 

Costa-Mattioli & Walter, 2020). The most prominent downstream target of eIF2α is activating 

transcription factor 4 (ATF4) which in turn promotes expression of various target genes. Activation of 

the ISR leads to an increased expression of chaperones and other protective proteins while reducing 

global protein synthesis to boost recovery of the affected cell. However, prolonged or too intense 

activation of the ISR can lead to the activation of programmed cell death.  

The ISR revolves around phosphorylation of eIF2α at serine 51 (Ser51). It can be catalyzed by one of 

the four serine/threonine kinases heme-regulated eIF2α kinase (HRI), double-stranded RNA-

dependent protein kinase (PKR), PKR-like ER kinase (PERK) and general control non-derepressible 2 

(GCN2) (Wek, 2018) (Fig. 6). When activated by distinct stress stimuli, the four eIF2α kinases dimerize 

and then undergo autophosphorylation. The modes of activation of these kinases partly overlap 

providing the possibility for fine-tuning responses to different types of cellular stress. HRI is mostly 

expressed in erythroid cells where it senses the availability of heme (Zhang et al., 2019b). Activation 

of GCN2 is triggered by increased concentrations of deacylated transfer RNA (tRNA) which occurs due 

to amino acid starvation (Wek et al., 1995; Inglis et al., 2019). PKR is a cytosolic protein that is activated 

by the presence of double-stranded RNA originating mostly from viral infection but has also been 

shown to induce a response to growth factor deprivation, oxidative or ER stress and caspase activity 

(García et al., 2007). PERK is a transmembrane protein located in the ER and was named based on its 

similarity to PKR (Harding et al., 1999, 2003). It can either be activated by an accumulation of unfolded 

proteins or by glucose deprivation. The luminal domain of PERK displays a high degree of sequence 

homology to the luminal domain of inositol-requiring enzyme-1 (IRE-1) which is involved in sensing of 

misfolded proteins within the scope of the unfolded protein response (UPR). In the absence of 

unfolded proteins, PERK is bound to 78-kDa glucose-regulated protein (GRP78), also called binding 

immunoglobulin protein (BiP). GRP78 is a chaperon of the 70-kDa heat shock protein (HSP70) family. 

If unfolded proteins accumulate in the lumen of the ER, GRP78 is recruited away from PERK to assist 

in protein folding leaving PERK free to dimerize and activate (Bertolotti et al., 2000; Ma et al., 2002). 

However, an alternative model in which PERK is directly activated by unfolded proteins has also been 

proposed (Wang et al., 2018). 
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Fig. 6: Integrated stress response (ISR) signaling pathway. 

The four protein kinases HRI, GCN2, PKR and PERK serve as stress sensors to detect a variety of events 

that disturb cellular homeostasis. Stress detection activates these kinases which facilitate 

phosphorylation of eIF2α, a subunit of the heterotrimeric eukaryotic translation initiation factor 2 

(eIF2). Phosphorylation of eIF2α prevents the exchange of GDP with GTP thereby interrupting eIF2α 

and thus ribosome function during protein translation. Inhibition of cap-dependent mRNA translation 

enables translation of mRNAs that contain upstream open-reading frames (uORFs), most notably ATF4. 

Once translated, ATF4 protein serves as a transcription factor to induce expression of stress response 

genes. The ISR is negatively regulated by dephosphorylation of eIF2α via the phosphatase PP1 and its 

regulatory subunits CreP or GADD34 (illustration created with BioRender.com). 

 
Convergence of ISR on eIF2α Ser51 phosphorylation shuts down global 5’cap-dependent AUG-

dependent mRNA translation. Aside from the α subunit the heterotrimeric G protein eIF2 complex also 

contains a β and a γ subunit. To initiate eukaryotic translation, the eIF2 complex first recruits GTP. The 

eIF2-GTP complex subsequently binds methionyl-initiator tRNA (Met-tRNAi
Met) to form the ternary 

translation initiation complex. The Met-tRNAi
Met is coupled to the P site of the 40S ribosomal subunit 

under the expenditure of energy via the hydrolysis of GTP to GDP to constitute the 43S pre-initiation 

complex. The resulting eIF2-GDP is unable to bind further Met-tRNAi
Met and thus GDP has to be 

replaced with GTP to enable further Met-tRNAi
Met recruitment and translation initiation. Removal of 

GDP from the eIF2 complex requires an interaction with the guanine nucleotide exchange factor (GEF) 

eIF2B (Hinnebusch et al., 2016).  
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Usually, translation proceeds with recruitment of the 43S pre-initiation complex to the 

5’ methylguanine cap of mRNAs, scanning of the 5’ untranslated region (UTR) for the AUG start codon 

and finally assembly of the 80S ribosome. However, phosphorylation of eIF2α by ISR kinases causes a 

conformational change that increases the affinity of eIF2-GDP to eIF2B GEF and simultaneously 

prevents the exchange of GDP for GTP. Consequently, phosphorylation of eIF2α turns eIF2 into an 

eIF2B inhibitor and prevents renewal of the pool of ternary complex  (Adomavicius et al., 2019; 

Gordiyenko et al., 2019; Kenner et al., 2019). Hence, re-formation of the 43S pre-initiation complex 

and consequently protein synthesis is attenuated. Abrogating standard 5’cap-dependent translation in 

this manner opens the door for an alternative mode of translation that focuses on mRNAs containing 

short inhibitory upstream open reading frames (uORFs) (Chen & Tarn, 2019). In the absence of stress 

and ISR activation, translation of these mRNAs is initiated at uORFs but not at the AUG of their 

canonical coding sequence (CDS). As ribosome re-initiation is delayed due to scarcity of the ternary 

complex, inhibitory uORFs are skipped and translation of the canonical CDS is enabled. Exemplary 

proteins regulated by this mode of translation are ATF4 (Vattem & Wek, 2004), CHOP (Palam et al., 

2011) and GADD34 (Lee et al., 2009). The main effector of the ISR is the transcription factor ATF4. 

Depending on the stress stimulus, it may act alone or in conjunction with other transcription factors 

to initiate a wide range of responses (Pakos-Zebrucka et al., 2016). 

To resume normal protein translation, eIF2α Ser51 phosphorylation can be attenuated by the protein 

phosphatase 1 (PP1) complex. PP1 contains either growth arrest and DNA damage-inducible protein 

(GADD34) or constitutive repressor of eIF2α phosphorylation (CreP) as a regulatory subunit to 

modulate activity of the catalytic subunit. Whereas CreP is constitutively expressed (Jousse et al., 

2003), GADD34 in particular constitutes a major negative feedback mechanism as its expression 

requires ATF4 and its translation is favored by uORF skipping (Novoa et al., 2001). Additionally, 

GADD34 may enhance apoptosis by inhibiting pro-survival signaling via the Akt pathway (Farook et al., 

2013). 

The ISR plays a role in cancer (Bobrovnikova-Marjon et al., 2010; Hart et al., 2012), diabetes (Zhang et 

al., 2006; Hart et al., 2012), innate immunity (Cláudio et al., 2013) and long-term memory formation 

(Chen et al., 2003; Buffington et al., 2014). ISR involvement in memory formation stems from its 

influence on synaptic plasticity by localized regulation of protein translation in dendrites. Genetic or 

pharmacological inhibition of the ISR boosts memory formation (Costa-Mattioli et al., 2007; Sharma et 

al., 2018) whereas mutations causing its overactivation promote cognitive disability (Borck et al., 2012; 

Kernohan et al., 2015). As a regulator of protein homeostasis, activation of the ISR has also been 

observed in proteinopathies of the brain like Alzheimer’s disease (Chang et al., 2002; Smith & Mallucci, 

2016). 
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4 Aims of this study 

This doctoral thesis focused on two major subjects related to survival mechanisms and stress resilience 

in human iPSC-derived neurons: 

Various studies have observed a maturation-dependent increase in the survival competence of 

different neuronal subtypes of rodents (Kole et al., 2013; Hollville et al., 2019). Widespread apoptosis 

in the human nervous system plays an important role in the early phases of development but becomes 

detrimental later in life when it occurs due to aging or neurodegeneration. Understanding neuronal 

survival mechanisms may provide insight into possible malfunctions involved in the manifestation of 

neurodegenerative diseases. Here I set out to dissect the maturation process of human iPSC-derived 

forebrain neurons morphologically, biochemically and on the transcriptional level using bulk and 

single-cell RNA sequencing. I aimed to characterize early and advanced stages of neuronal maturation 

and to identify associated changes in the regulation of apoptosis signaling pathways. In addition, I 

sought to assess the effects of a variety of cellular stressors on the viability of immature and mature 

neuronal cultures. 

A breakdown of the proteostasis network lies at the heart of neurodegenerative proteinopathies like 

Machado-Joseph, Alzheimer’s, Parkinson’s or Huntington’s disease. Recent work in C. elegans and 

mammalian cell lines suggested an increase in HBP flux by GFAT gain-of-function and a resulting 

activation of the ISR as an approach to improve proteostasis, increase cellular stress resistance and 

alleviate toxic protein aggregation (Denzel et al., 2014; Horn et al., 2020). However, these effects have 

not yet been investigated in human cell lines. Therefore, this study aimed to use CRISPR-Cas9 genome-

editing to establish human iPSCs harboring the reported GFAT-1 G451E gof mutation. These hiPSCs 

and GlcNAc supplementation should then be employed to investigate whether elevated HBP output 

also confers pro-survival benefits to human NPCs and neurons based on activation of the ISR.  
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5 Materials  

5.1 Cell culture 

5.1.1 Cell culture solutions, supplements and base media 

Tab. 1: Commercial cell culture stock solutions. 

Compound Concentration Manufacturer Catalogue 

number 

Registered office 

B-27 supplement 50x Life Technologies 17504-044 Carlsbad, USA 
Bovine albumin 
fraction V 

7.5% Life Technologies 15260037 Carlsbad, USA 

EDTA 0.5M, pH 8.0 
UltraPure™ 

0.5 M Life Technologies 15575020 Carlsbad, USA 

Geltrex™, hESC-
qualified 

15 mg/ml Life Technologies A1413302 Carlsbad, USA 

GlutaMAX supplement 100x Life Technologies 35050038 Carlsbad, USA 
MEM-NEAA 100x Life Technologies 11140035 Carlsbad, USA 
PBS 1x Life Technologies D8537-500ML Carlsbad, USA 
Penicillin/Streptomycin 100x Life Technologies 15140122 Carlsbad, USA 
Sodium pyruvate 100x Life Technologies 11360039 Carlsbad, USA 
TrypLE™ Express 1x Life Technologies 12605-028 Carlsbad, USA 

 

Tab. 2: Stock solutions of small molecules, growth factors, stressors and self-made solutions.  

Compound Concentration Solvent Final concentration 

3-Methyladenine 100 mM DMEM/F-12 1-2 mM 

A83-01 10 mM DMSO 500 nM 

Bafilomycin A1 10 mM Ethanol 5-15 nM 

Borate buffer, pH 8.4 25 mM ddH2O 25 mM 

Bryostatin 1 27 µM Ethanol 0.27 nM 

CaCl2 60 mM ddH2O 1.8 mM 

CHIR99021 10 mM DMSO 3 µM 

Cyclopamine 5 mM Ethanol 1 mM 

DAPT 25 mM DMSO 5 mM 

FGF-2 (147) 10 µg/ml ddH2O 10 ng/ml 

FGF-2 (154) 200 µg/ml 0.1% BSA in ddH2O 200 ng/ml 

Forskolin 25 mM DMSO 10 µM 

GABA 100 mM  ddH2O 300 µM 

Glucose 400 mg/ml ddH2O 800 µg/ml 

Insulin 5 mg/ml 10 mM NaOH 20 µg/ml 

L-Ascorbic acid 500 mM ddH2O 200 µM 

L-Ascorbic acid 2-
phosphate (LAAP) 

64 mg/ml ddH2O 
 

64 µg/ml 

Laminin, murine 1-2 mg/ml TBS 3.75 µg/ml 

LDN193189 
hydrochloride 

10 mM DMSO 200 nM 

LM22A 1 mM DMSO 1 µM 

LM22B 10 mM DMSO 1 µM 
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MG132 10 mM DMSO 0.5 – 10 µM 

Palbociclib (PD-0332991) 
HCl 

2 mM DMSO 2 µM 

Poly-L-lysine 
hydrobromide (MW 
30,000-70,000) 

1 mg/ml ddH2O 0.1 mg/ml 

Progesterone 50 µg/ml Ethanol  250 ng/ml 

Putrescine 915 mM; 80.6 mg/ml ddH2O 403 ng/ml 

Puromycin 10 mg/ml ddH2O 1 µg/ml 

ROCK inhibitor (Y-27632) 5 mM ddH2O 5 or 10 µM 

Rotenone 10 mM DMSO 0.5 – 2.5 µM 

Sodium selenite 70 µg/ml ddH2O 0.14 ng/ml 

Staurosporine 5 mM DMSO 50 nM 

TGF-β1 20 µg/ml ddH2O 2 ng/ml 

TGF-β3 10 µg/ml ddH2O 10 ng/ml 

Thapsigargin 2 mM DMSO 0.5 – 2 µM 

Transferrin 5 mM; 50 mg/ml ddH2O 11 µg/ml 

Tunicamycin 1 mM DMSO 0.25 – 1.5 µM 

XAV939 10 mM DMSO 2 µM 

 

Tab. 3: Cell culture base media.  
Composition of ready-to-use complete cell culture media are listed in section 5.1.2. All cell culture 
media were stored at 4°C. 

Medium Manufacturer Catalogue number Registered office 

DMEM/F-12 with 
glutamine 

Life Technologies 11320-074 Carlsbad, USA 

DMEM/F-12 with 
glutamine and HEPES 

Life Technologies 11330-057 Carlsbad, USA 

DMEM with GlutaMAX Life Technologies 61965-059 Carlsbad, USA 

 

Tab. 4: Composition of self-made 100x N2-supplement.  
2.5 ml of N2-supplement were used for 500 ml of DMEM/F-12 with glutamine (1:200). 

Component Volume Final concentration 

DMEM/F-12 with glutamine 3.5 ml 70 % (v/v) 
Insulin (5 mg/ml) 500 µl 0.5 mg/ml 
Progesterone (50 µg/ml) 63 µl 630 ng/ml 
Putrescine (80.6 mg/ml) 100 µl 1.612 mg/ml 
Sodium selenite (70 µg/ml) 37 µl 520 ng/ml 
Transferrin (50 mg/ml) 1.0 ml 10 mg/ml 

Total 5 ml  
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5.1.2 Composition of ready-to-use cell culture media 

Tab. 5: Final composition of cell culture media. 
All media were stored at 4°C. 

Medium (base) Additive / Component Final concentration 

HiPSC medium 
(DMEM/F-12 with glutamine and 
HEPES) 

Pen/Strep 
L-ascorbic acid 2-phosphate 
Sodium selenite 
FGF-2 (154) 
Insulin 
TGF-β1 
Transferrin 

1% 
64 µg/ml 
14 ng/ml 
200 ng/ml 
20 µg/ml 
2 ng/ml 
11 µg/ml 

Neural progenitor induction 
medium 
(DMEM/F-12 with glutamine) 

Pen/Strep 
GlutaMAX 
Glucose 
B27-supplement 
N2-supplement 
A83-01 
Cyclopamine 
LDN193189 
XAV939 

1% 
1% 
800 µg/ml 
0.5% 
0.5% 
500 nM 
1 mM 
200 nM 
2 µM 

NPC propagation medium 
(DMEM/F-12 with glutamine) 

As neural progenitor induction medium 
but without cyclopamine. 

 

Neuronal differentiation, phase 1 
(DMEM/F-12 with glutamine) 

Pen/Strep 
GlutaMAX 
Glucose 
B27-supplement 
N2-supplement 
CaCl2 
Ascorbic acid 
LM22A 
LM22B 
PD-0332991 
DAPT 

1% 
1% 
800 µg/ml 
0.5% 
0.5% 
1.8 mM 
200 µM 
1 µM 
1 µM 
2 µM 
5 µM 

Neuronal differentiation, phase 2 
(DMEM/F-12 with glutamine) 

As for phase 1 with the addition of 
CHIR99021 
Forskolin 
GABA 

 
3 µM 
10 µM 
300 µM 

Neuronal differentiation, phase 3 
(DMEM/F-12 with glutamine) 

Pen/Strep 
GlutaMAX 
Glucose 
B27-supplement 
N2-supplement 
CaCl2 
Ascorbic acid 
LM22A 
LM22B 
PD-0332991 
CHIR99021 

1% 
1% 
800 µg/ml 
0.5% 
0.5% 
1.8 mM 
200 µM 
1 µM 
1 µM 
2 µM 
3 µM 

Neuronal differentiation, phase 4 
(DMEM/F-12 with glutamine) 

As for phase 3 but without CHIR99021 
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Wash medium 
(DMEM with GlutaMAX) 

Pen/Strep 1% 

 

5.1.3 Cell lines 

The cell lines listed in Tab. 6 were previously reprogrammed and characterized in our group. Their 

generation was not subject of this thesis. 

Tab. 6: HiPSC lines from healthy control subjects used in this study.  

Cell line Clone Gender / Age Origin 

28 #1 female / 44 years Dermal fibroblasts reprogrammed using sendai virus 
28 #4 female / 44 years as above 
68 #3 female / 25 years  as above 

 

 

5.2 Molecular biology 

5.2.1 Reagents 

Tab. 7: Molecular biology reagents. 

Compound Manufacturer Catalogue number Registered office 

1 kb marker New England Biolabs N0468S Ipswich, USA 
100 bp marker, Quick-
Load® 

New England Biolabs N0467S Ipswich, USA 

Adult brain total RNA, 
human 

BioCat R1234035-50-BC Heidelberg, Germany 

dNTPs Steinbrenner 
Laborsysteme 

SL-Set-L-dNTPs Wiesenbach, Germany 

Fetal brain total RNA, 
human 

Tebu Bio 1F01-50 Le-Perray-en-Yvelines, 
France 

peqGREEN DNA/RNA 
binding dye 

VWR peql37-5010 Radnor, USA 

Protein marker PS 10 
plus 

GeneON Bioscience 310004 Ludwigshafen, 
Germany 

Rnase AWAY Thermo Fisher 10666421 Waltham, USA 
TriFast™, peqGOLD VWR 30-2010 Radnor, USA 
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5.2.2 Enzymes 

Tab. 8: Enzymes. 

Enzyme Manufacturer Catalogue number Registered office 

BbsI New England Biolabs R3539 Ipswich, USA 
Dnase I, amplification 
grade 

Sigma-Aldrich AMPD1-1KT Darmstadt, Germany 

Dnase I, cell culture Sigma-Aldrich 10104159001 Darmstadt, Germany 
Proteinase K 
(20mg/ml) 

GeneON Bioscience 405-001 Ludwigshafen, Germany 

T4 PNK New England Biolabs M02015S Ipswich, USA 
Taq DNA polymerase Biozym 331610 Hessisch Oldendorf, 

Germany 

 

5.2.3 Plasmids 

The px459 backbone was used to insert a gRNA for targeting the GFPT1 gene. See methods section 6.5 

for more detailed information. 

Tab. 9: Plasmid used for CRISPR-Cas9 genome editing.  

Plasmid Relevant ORFs Source 

px459 Streptococcus pyogenes Cas9 enzyme 
Puromycin N-acetyltransferase β-lactamase 

Group of Feng Zhang 
Addgene plasmid #62988 

 

5.2.4 Bacterial cultures 

Chemically competent E. coli DH5α were obtained from New England Biolabs (#2987H). 

Tab. 10: Media and solutions used for cultivation of bacteria. 

Medium / Solution Concentration Solvent Final concentration 

Ampicillin stock solution 100 mg/ml ddH2O 100 µg/ml 
LB (Luria/Miller) 25 g/L ddH2O 25 g/L 
LB – agar 15 g/L ddH2O 15 g/L 

 

5.2.5 Primers 

All primers were ordered from Integrated DNA Technologies Inc. (Coralville, USA) and reconstituted at 

100 µM in nuclease-free H2O for 30 min at 37°C and 400 rpm in a thermomixer. 

Tab. 11: Primers for PCR and qRT-PCR. 

Primer name Sequence (5’->3’) 

18s rRNA-For AAACGGCTACCACATCCAAG 

18s rRNA-Rev CCTCCAATGGATCCTCGTTA 

APAF1 exon16-For CAGCTGATGGAACCTTAAAGC 
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APAF1 exon19-Rev GTCTGGTCATCAGAAGATGTC 

ARC-For TCAGCTCCAGTGATTCACGC 

ARC-Rev GGGAACCTTGAGACCTGTTGT 

BCL11B-For CAACCCGCAGCACTTGTC 

BCL11B-Rev CCTCGTCTTCTTCGAGGATGG 

CASP9 exon2-For AGACCAGTGGACATTGGTTC 

CASP9 exon8-Rev GGTCCCTCCAGGAAACAAA 

DLG4-For AGCCCCAGGATATGAGTTGC 

DLG4-Rev CCCAGACCTGAGTTACCCCT 

FOS-For CAAGCGGAGACAGACCAACT 

FOS-Rev AGTCAGATCAAGGGAAGCCA 

GAD1-For ATCCTGGTTGACTGCAGAGAC 

GAD1-Rev CCAGTGGAGAGCTGGTTGAA 

GFAT1 clones-For GCCAGAGTCTGTCGTGAACA 

GFAT1 clones-Rev GCAACCACTTGCTGAAGAGC 

GFPT1-For CGGCTGCCTGATTTGATT 

GFPT1-Rev GATAGCCTCGTCCCATTA 

GRIA2-For GGATCCTCATTAAGAACCCCAGT 

GRIA2-Rev TGAGGGCACTGGTCTTTTCC 

GRIA4-For AGGTGAATGTGGACCCAAGG 

GRIA4-Rev AAGGTCAGCTTCATTCTCTTCG 

GRIN1-For GGCAACACCAACATCTGGAA 

GRIN1-Rev CCATCCGCATACTTGGAAGAC 

GRIN2B-For CTCACCCCCTTTCCGCTTT 

GRIN2B-Rev AAGGCATCCAGTTTCCCTGTT 

Mycoplasma-For GGGAGCAAACAGGATTAGATACCCT 

Mycoplasma-Rev TGCACCATCTGTCACTCTGTTAACCTC 

NPAS4-For AACACTACCGCCTGTTGGC 

NPAS4-Rev GCAGTAATGGGTCCCTCTGG 

NRXN1-For GTGTTTTGCCGGTGCTGTTA 

NRXN1-Rev CTTTTACCTTGGTCGCCCATC 

RBFOX3-For GCGCTGAGCCCGTTGAAAT 

RBFOX3-Rev CTCCTTCTGGACCGTCCTTG 

SLC17A7-For AGCTGGGATCCAGAGACTGT 

SLC17A7-Rev CCGAAAACTCTGTTGGCTGC 

SLC17A6-For TCAGATTCCGGGAGGCTACA 

SLC17A6-Rev TGGGTAGGTCACACCCTCAA 

SYN-For CAGCTCAACAAATCCCAGTCTC 

SYN-Rev GGTCTCAGCTTTCACCTCGT 

TBR1-For ACGAACAACAAAGGAGCTTCA 

TBR1-Rev TGGTACTTGTGCAAGGACTGTA 
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Tab. 12: Primers used for Sanger sequencing. 

Primer name Sequence (5’->3’) Purpose 

GFAT-1 clones-For GCCAGAGTCTGTCGTGAACA Verify GGC > GAG mutation in GFPT1 gene  

hU6-For GAGGGCCTATTTCCCATGATT Verify insertion of GFAT1 gRNA into px459 
plasmid 

 

5.2.6 Oligonucleotides 

Sequences of the GFAT1-targeting gRNA sense and anti-sense oligonucleotides and the single-stranded 

oligonucleotide used as a repair template for the CRISPR-Cas9-mediated introduction of the GFAT1 

G451E point mutation. The oligonucleotides were ordered from Integrated DNA Technologies Inc. 

(Coralville, USA). 

Tab. 13: Oligonucleotides for CRISPR-Cas9 genome editing. 

Name Sequence (5’->3’) 

GFAT1 gRNA sense CACCGGTGGGGATCACAAACACAGT 

GFAT1 gRNA anti-sense AAACACTGTGTTTGTGATCCCCACC 

GFAT1 G451E ssOligo CAGATACTTTGATGGGTCTTCGTTACTGTAAGGAGAGAGGAGCTCTAACTGTGG 
GGATCACGAATACTGTTGAGAGTTCCATATCACGGGAGACAGATTGTGGAGTTC 
ATATTAATGCTGGTCCTGAGATTGGTGTGGCCAGTAC 

 

 

5.3 Biochemistry 

5.3.1 Buffers and solutions 

Tab. 14: Self-made buffers and solutions. 

Buffer / Solution Component Concentration 

Anode buffer (1x), SDS-PAGE Tris-HCl, pH 8.8 200 mM 
APS stock solution APS 10% (w/v) in ddH2O 
Borate buffer Boric acid 

adjust pH to 8.4 with NaOH 
25 mM 

DAPI staining solution DAPI 300 nM in PBS 
DNA sample buffer (10x) Tris-HCl, pH 7.6 

Bromphenol blue 
Glycerol 

50 mM 
0.25% (w/v) 
60% 

gDNA isolation lysis buffer Tris-HCl, pH 8.5 
EDTA 
SDS 
NaCl 

100 mM 
5 mM 
0.2% (w/v) 
200 mM 

Glucose stock solution D(+)-Glucose 
0.2 µm sterile-filtered 

400 mg/ml 

Iodoacetamide stock solution Iodoacetamide 500 mM in ddH2O 
Mounting solution Tris-HCl, pH 8.5 100 mM 



Materials 

35 
 

 Glycerol 
Mowiol 
DABCO® 

25% 
10% 
0.6% 

PBS NaCl 
KCl 
Na2HPO4 
KH2HPO4 

137 mM 
2.7 mM 
10.0 mM 
1.8 mM 

Protein lysis buffer Tris-HCl, pH 7.4 
NaCl 
SDS 
EDTA 
Phosphatase inhibitor tablet 
Protease inhibitor tablet 

50 mM 
150 mM 
0.2% (w/v) 
25 mM 
1 tablet / 10 ml 
1 tablet / 10 ml 

SDS-PAGE sample buffer (6x) Tris-HCl, pH 6.8 
SDS 
Glycerol 
2-Mercaptoethanol 
Bromphenol blue 

93.75 mM 
6% 
6% 
9% 
0.25% 

SDS stock solution SDS 10 % (w/v) in ddH2O 
TAE (1x), agarose gel buffer Tris, pH 8.0 

EDTA  
Glacial acetic acid 

200 mM 
1 mM 
0.114% 

TBS (10x) Tris-HCl, pH 7.4 
NaCl 
KCl 

248 mM 
1.37 M 
26.8 mM 

TBST TBS (10x) 
Tween® 20 

10% (v/v) 
0.1% (v/v) 

Transfer buffer, western 
blotting 

Tris-glycine buffer (10x) 
Methanol 
SDS 

10% (v/v) 
20% (v/v) 
0.08% (v/v) 

Tris-glycine buffer (10x) Tris-HCl, pH 8.8 
Glycine 

250 mM 
1.92 M 

Tris-HCl/SDS for 
polyacrylamide gels 

Tris-HCl, pH 8.45 
SDS 

3 M 
0.3% (w/v) 

Triton X-100 stock solution Triton X-100 10% (v/v) in PBS 

 

Tab. 15: Commercial buffers and solutions. 

Buffer / Solution Manufacturer Catalogue number Registered office 

DNA polymerase buffer (10x) Biozym 311611 Hessisch Oldendorf, 
Germany 

Restriction buffer 2.1 (10x) New England 
Bioloabs 

B7202S Ipswich, USA 

T4 DNA ligase buffer (10x) New England 
Bioloabs 

B0202S Ipswich, USA 

TriFast™ peqGold VWR 30-2010 Radnor, USA 
Tris-Tricine-SDS buffer (10x) Sigma-Aldrich T1165-500ML Darmstadt, Germany 
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5.3.2 Antibodies 

Primary antibodies applied for immunocytochemistry (ICC) (Tab. 16) and western blotting (WB)        

(Tab. 18). If no clone number is given, the antibody was of polyclonal origin. Corresponding secondary 

antibodies are listed in Tab. 17 (ICC) and Tab. 19 (WB). 

Tab. 16: Primary antibodies used for ICC. 

Antibody 

(clone) 

Host species Dilution Manufacturer Catalogue 

number 

Registered office 

OCT3/4 (A-9) mouse 1:500 Santa Cruz Sc-365509 Santa Cruz, USA 
MAP2 chicken 1:5000 BioLegend 822501 San Diego, USA 
NeuN (D4G4O) rabbit 1:200 Cell Signaling 

Technologies 
24307S Danvers, USA 

PSD95 rabbit 1:200 Cell Signaling 
Technologies 

2507S Danvers, USA 

PSD95 (K28/43) mouse 1:200 BioLegend 810401 San Diego, USA 
SOX2 (D6D9) rabbit 1:400 Cell Signaling 

Technologies 
3579S Danvers, USA 

SSEA4  
(MC-813-70) 

mouse 1:100 Developmental 
Studies 
Hybridoma Bank 

MC-813-70 Iowa City, USA 

Synapsin I/II/III 
(A17080A) 

mouse 1:200 BioLegend 853701 San Diego, USA 

Tau guinea pig 1:200 Synaptic Systems 314004 Göttingen, Germany 

 

Tab. 17: Secondary antibodies used for ICC. 

Antibody (clone) Host 

species 

Dilution Manufacturer Catalogue 

number 

Registered office 

anti-chicken IgY 
Alexa Fluor-488 

goat 1:1000 Thermo Fisher A11039 Waltham, USA 

anti-chicken IgY 
Alexa Fluor-633 

goat 1:1000 Thermo Fisher A21103 Waltham, USA 

anti-guinea pig IgG 
Alexa Fluor-488 

goat 1:1000 Thermo Fisher A11073 Waltham, USA 

anti-guinea pig IgG 
Alexa Fluor-568 

goat 1:1000 Thermo Fisher A11075 Waltham, USA 

anti-mouse IgG 
Alexa Fluor-488 

goat 1:1000 Thermo Fisher A11001 Waltham, USA 

anti-mouse IgG 
Alexa Fluor-568 

goat 1:1000 Thermo Fisher A11004 Waltham, USA 

anti-rabbit IgG 
Alexa Fluor-488 

goat 1:1000 Thermo Fisher A11008 Waltham, USA 

anti-rabbit IgG 
Alexa Fluor-555 

goat 1:1000 Thermo Fisher A21428 Waltham, USA 

anti-rabbit IgG 
Alexa Fluor-647 

goat 1:1000 Thermo Fisher A21244 Waltham, USA 
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Tab. 18: Primary antibodies used for WB. 

Antibody (clone) Host species Dilution Manufacturer Catalogue 

number 

Registered office 

Actin (8H10D10) mouse 1:20,000 Cell Signaling 
Technologies 

3700S Danvers, USA 

Actin (13E5) rabbit 1:20,000 Cell Signaling 
Technologies 

4970S Danvers, USA 

APAF-1 (D5C3) rabbit 1:1000 Cell Signaling 
Technologies 

8968S Danvers, USA 

ATF4 (D4B8) rabbit 1:2000 Cell Signaling 
Technologies 

11815S Danvers, USA 

BCL-2 (D55G8) rabbit 1:1000 Cell Signaling 
Technologies 

5023T Danvers, USA 

BAX (D2E11) rabbit 1:1000 Cell Signaling 
Technologies 

4223T Danvers, USA 

Caspase-3 rabbit 1:2000 Cell Signaling 
Technologies 

9662S Danvers, USA 

Caspase-7 
(D2Q3L) 

rabbit 1:1000 Cell Signaling 
Technologies 

12827S Danvers, USA 

Caspase-9 (C9) mouse 1:1000 Cell Signaling 
Technologies 

9508S Danvers, USA 

EIF2α (D7D3) rabbit 1:1000 Cell Signaling 
Technologies 

5324S Danvers, USA 

p-ElF2α (Ser51) 
(D9G8) 

rabbit 1:1000 Cell Signaling 
Technologies 

3398S Danvers, USA 

PARP-1 rabbit 1:1000 Cell Signaling 
Technologies 

9542S Danvers, USA 

PERK (C33E100) rabbit 1:1000 Cell Signaling 
Technologies 

3192S Danvers, USA 

P-PERK (16F8) rabbit 1:1000 Cell Signaling 
Technologies 

3179S Danvers, USA 

SMAC/DIABLO 
(D5S3R) 

rabbit 1:2000 Cell Signaling 
Technologies 

15108S Danvers, USA 

XIAP (3B6) rabbit 1:1000 Cell Signaling 
Technologies 

2045S Danvers, USA 

 

Tab. 19: IR-dye conjugated secondary antibodies used for WB. 
Antibodies were diluted 1:15,000 in TBST. 

Antibody (clone) Host species Manufacturer Catalogue number Registered office 

Anti-mouse 
DyLight™ 680 

goat Cell Signaling 
Technologies 

5470S Danvers, USA 

Anti-mouse 
DyLight™ 800 

goat Cell Signaling 
Technologies 

5257S Danvers, USA 

Anti-rabbit 
DyLight™ 680 

goat Cell Signaling 
Technologies 

5366S Danvers, USA 

Anti-rabbit 
DyLight™ 800 

goat Cell Signaling 
Technologies 

5151S Danvers, USA 
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5.4 Chemicals and reagents 

Tab. 20: Chemicals and reagents. 

Chemical  Manufacturer Catalogue number Registered office 

2-Mercaptoethanol Merck Millipore 805740 Darmstadt, Germany 
2-Propanol Th. Geyer 1157-5L Renningen, Germany 
3-Methyladenine VWR CAYM13242-25 Radnor, USA 
30% Bis/acrylamide Roth 3029.1 Karlsruhe, Germany 
A83-01 Biomol GmbH Cay9001799-25 Hamburg, Germany 
Agar (Bacto™) BD Biosciences 214010 San Jose, USA 
Agarose Sigma-Aldrich A9539-500G Darmstadt, Germany 
Ampicillin Sigma-Aldrich A9518-25G Darmstadt, Germany 
Ammonium persulfate Sigma-Aldrich A3678-25G Darmstadt, Germany 
Bafilomycin A1 VWR J61835.MX Radnor, USA 
Boric acid Life Technologies 15583-024 Carlsbad, USA 
Bovine serum albumin 
(BSA) 

Sigma-Aldrich A3294-50G Darmstadt, Germany 

Bromphenol blue Sigma-Aldrich B8026-5G Darmstadt, Germany 
Bryostatin 1 Merck Millipore 203811-10UG Darmstadt, Germany 
Calcium chloride Sigma-Aldrich 31307-1KG Darmstadt, Germany 
CHIR99021 Cell Guidance Systems SM13-50 Cambridge, UK 
Chloroform Sigma-Aldrich 32211-1L Darmstadt, Germany 
Cyclopamine Biomol GmbH Cay11321-10 Hamburg, Germany 
DAPCO® Roth 0718.2 Karlsruhe, Germany 
DAPI BioLegend 422801 San Diego, USA 
DAPT Cell Guidance Systems SM15-50 Cambridge, UK 
DEPC Roth K028.1 Karlsruhe, Germany 
D(+)-Glucose, cellpure Roth HN06.3 Karlsruhe, Germany 
DMSO Sigma-Aldrich D5879-2.5L-M Darmstadt, Germany 
EDTA Acros Organics 147850010 Fair Lawn, USA 
EGTA Sigma-Aldrich E3889-10G Darmstadt, Germany 
Ethanol Th. Geyer 2246.1000 Renningen, Germany 
Fetal bovine serum (FBS) Thermo Fisher 10270-106 Waltham, USA 
Forskolin Cell Guidance Systems SM18-100 Cambridge, UK 
FGF-2 (147) Cell Guidance Systems GFH28-1000 Cambridge, UK 
FGF-2 (154) Cell Guidance Systems GFH146-1000 Cambridge, UK 
γ-Aminobutyric acid 
(GABA) 

Sigma-Aldrich A5835-10G Darmstadt, Germany 

Glycerol Sigma-Aldrich 15523-1L-M Darmstadt, Germany 
Glycine Thermo Fisher 10070150 Waltham, USA 
Hydrochloric acid Th. Geyer 836.1000 Renningen, Germany 
Insulin, human 
recombinant 

Sigma-Aldrich 91077C-1G Darmstadt, Germany 

Iodoacetamide Sigma-Aldrich I1149-5G Darmstadt, Germany 
Laminin, murine Sigma-Aldrich L2020-1MG Darmstadt, Germany 
L-Ascorbic acid Sigma-Aldrich A4544-100G Darmstadt, Germany 
L-Ascorbic acid 2-
phosphate (LAAP) 

Sigma-Aldrich A8960-5G Darmstadt, Germany 

LB broth Roth X968.4 Karlsruhe, Germany 
LDN193189 
hydrochloride 

Stemcell Technologies 72148 Vancouver, Canada 
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LM22A Sigma-Aldrich SML0848-25MG Darmstadt, Germany 
LM22B Tocris Bioscience 6037 Minneapolis, USA 
Methanol Roth 0082.1 Karlsruhe, Germany 
MG132 Sigma-Aldrich C2211-5MG Darmstadt, Germany 
Milk powder, blotting 
grade 

Roth T145.3 Karlsruhe, Germany 

Mowiol®4-88 Roth 0713.1 Karlsruhe, Germany 
N-acetyl-D-glucosamine Sigma-Aldrich A8625-5G Darmstadt, Germany 
Paraformaldehyde (PFA) Sigma-Aldrich 16005 Darmstadt, Germany 
Palbociclib (PD-0332991) 
HCl 

Selleck Chemicals S1116 Houston, USA 

Phosphatase inhibitor 
mini tablets 

Thermo Fisher A32957 Waltham, USA 

Poly-L-lysine 
hydrobromide (MW 
30,000-70,000) 

Sigma-Aldrich P2636-100MG Darmstadt, Germany 

Progesterone Sigma-Aldrich P8783-1G Darmstadt, Germany 
Protease inhibitor mini 
tablets, EDTA-free 

Thermo Fisher A32955 Waltham, USA 

Puromycin 
dihydrochloride 

Merck Millipore 540222-25MG Darmstadt, Germany 

Putrescine Sigma-Aldrich 51799-100MG Darmstadt, Germany 
ROCK inhibitor (Y-27632) Cell Guidance Systems SM02-100 Cambridge, UK 
Rotenone Sigma-Aldrich 8875-1G Darmstadt, Germany 
SDS, pellets Roth CN30.1 Karlsruhe, Germany 
Sodium chloride, cell 
culture grade 

Sigma-Aldrich S5886-1KG Darmstadt, Germany 

Sodium hydroxide, pellets Roth 6771.2 Karlsruhe, Germany 
Sodium selenite Sigma-Aldrich S5261-10G Darmstadt, Germany 
Staurosporine Enzo Life Sciences LKT-S7600-M001 Farmingdale, USA 
TEMED Sigma-Aldrich T9281-50ML Darmstadt, Germany 
TGF-β1 Cell Guidance Systems GFH39-100 Cambridge, UK 
TGF-β3 Cell Guidance Systems GFH109 Cambridge, UK 
Thapsigargin Enzo Life Sciences BML-PE180-0001 Farmingdale, USA 
Transferrin, human 
recombinant 

Sigma-Aldrich T3705-5G Darmstadt, Germany 

TriFast™, peqGOLD VWR 30-2010 Radnor, USA 
TRIS Roth 4855.2 Karlsruhe, Germany 
Triton X-100 Merck Millipore 1.08603.1000 Darmstadt, Germany 
Trypan blue Lonza 17-942E Basel, Switzerland 
Tunicamycin Merck Millipore 12819S-5MG Darmstadt, Germany 
Tween® 20 Sigma-Aldrich P2287-100ML Darmstadt, Germany 
XAV939 Cell Guidance Systems SM38-50 Cambridge, UK 
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5.5 Kits 

Tab. 21: Commercial kits. 

Kit Manufacturer Catalogue number Registered office 

BCA Protein Assay Thermo Fisher 23228 Waltham, USA 
Cell Line Nucleofector® Kit V Lonza VCA-1003 Basel, Switzerland 

CellTiter-Glo® Luminescent 
Cell Viability Assay 

Promega G7572 Madison, USA 

Chromium single cell 3’ 
library & gel bead kit v2 

10x Genomics PN-120267 Pleasanton, USA 

Gel extraction, peqGOLD VWR 12-2501-01 Radnor, USA 
iScript™ cDNA synthesis kit Bio-Rad Laboratories 17088991BUN Hercules, USA 
Orangu™ cell counting 
solution 

Cell Guidance Systems OR01-500 Cambridge, UK 

Plasmid midiprep kit, 
PureLink™ HiPure 

Thermo Fisher K210015 Waltham, USA 

Plasmid miniprep kit, 
peqGOLD 

VWR 732-2780 Radnor, USA 

RNA 6000 Nano kit Agilent Technologies 5067-1511 Santa Clara, USA 

 

5.6 Cell culture, molecular biology and biochemistry consumables 

Tab. 22: Consumables. 

Consumable Manufacturer Catalogue number Registered office 

3.5 cm Ø TC dish, standard F Sarstedt 83.3900 Nümbrecht, Germany 
10 cm Ø TC dish, Cell+ Sarstedt 83.3902.300 Nümbrecht, Germany 
6-well plate, TC standard F Sarstedt 833.920.005 Nümbrecht, Germany 
12-well plate, TC Cell+ Sarstedt 833.921.300 Nümbrecht, Germany 
24-well plate, TC Cell+ Sarstedt 833.922.300 Nümbrecht, Germany 
48-well plate, TC Cell+ Sarstedt 83.3923.300 Nümbrecht, Germany 
96-well plate, black Nunc™ 
F96 

Thermo Fisher 237108 Waltham, USA 

96-well plate, TC standard F Sarstedt 83.3924.005 Nümbrecht, Germany 
Bottle top filter, 500 ml Thermo Fisher 15983307 Waltham, USA 
Bottle top filter, 1000 ml Thermo Fisher 15993307 Waltham, USA 
Cell Lifters (UltraCruz) Santa Cruz sc-395251 Heidelberg, Germany 
Coverslip, 12 mm VWR 631-1577 Radnor, USA 
Coverslip, 15 mm VWR 631-1579 Radnor, USA 
Cryotubes, conical bottom, 1 
ml 

Greiner Bio-One 123280 Frickenhausen, 
Germany 

Microscope slides, glass Roth H868.1 Karlsruhe, Germany 
Nitrocellulose membrane 
Amersham Protran, 0.2 µm  

Sigma-Aldrich GE10600001 Darmstadt, Germany 

Pasteur pipette, glass Th. Geyer 7691061 Renningen, Germany 
PCR strip tubes, 0.2 ml Biozym 710971 Hessisch Oldendorf, 

Germany 
Petri dish, 10 cm Ø Greiner Bio-One 633180 Frickenhausen, 

Germany 
Pipette tip, 10 µl Sarstedt 70.1130 Nümbrecht, Germany 
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Pipette tip, 200 µl Sarstedt 70.760.002 Nümbrecht, Germany 
Pipette tip, 1250 µl Sarstedt 701.186 Nümbrecht, Germany 
Pipetting reservoir, 25 ml Cole-Parmer GmbH B3125-50 Wertheim, Germany 
qPCR plate, 96-well Steinbrenner 

Laborsysteme 
4ti-0910/C Wiesenbach, Germany 

qPCR plate seal Steinbrenner 
Laborsysteme 

4ti-0500 Wiesenbach, Germany 

Reaction tube, 0.2 ml Sarstedt 72.737.002 Nümbrecht, Germany 
Reaction tube, 0.5 ml Sarstedt 72.699 Nümbrecht, Germany 
Reaction tube, 1.5 ml Sarstedt 72.690.001 Nümbrecht, Germany 
Reaction tube, 2.0 ml Sarstedt 72.695.200 Nümbrecht, Germany 
Scalpel Cutfix® Th. Geyer 9409814 Renningen, Germany 
Screw cap tube, 15 ml Sarstedt 62.554.502 Nümbrecht, Germany 
Screw cap tube, 50 ml Sarstedt 62.547.254 Nümbrecht, Germany 
Serological pipettes, 5 ml Sarstedt 861.253.001 Nümbrecht, Germany 
Serological pipettes, 10 ml Sarstedt 861.254.001 Nümbrecht, Germany 
Serological pipettes, 25 ml Sarstedt 861.685.001 Nümbrecht, Germany 
Serological pipettes, 50 ml Th. Geyer 7695555 Renningen, Germany 
Syringe, 50 ml Sarstedt 946.077.137 Nümbrecht, Germany 
Syringe filter, 0.2 µm Sarstedt 831.826.001 Nümbrecht, Germany 
Western blot filter tissue VWR 115-2166 Radnor, USA 

 

5.7 Technical equipment 

Tab. 23: Notable laboratory equipment. 

Appliance Name Manufacturer Registered office 

Agarose gel imaging 
system 

GeneFlash Syngene Bangalore, India 

Analytical balance BP121S Sartorius Göttingen, Germany 
Centrifuge Labofuge 400R Thermo Fisher Waltham, USA 
Centrifuge 5415 D Eppendorf Hamburg, Germany 
Centrifuge, coolable Z216MK Hermle Gosheim, Germany 
Centrifuge, plates 5810 Eppendorf Hamburg, Germany 
Electrophoresis RNA 
quality control 

Bioanalyzer 2100 Agilent Technologies Santa Clara, USA 

Freezing container Mr. Frosty™ Thermo Fisher Waltham, USA 
PCR cycler PTC-200 Bio-Rad Laboratories Hercules, USA 
pH meter ProfiLab pH597 Xylem Inc. Rye Brook, USA 
Microplate reader Wallac Victor2 1420 Perkin Elmer Waltham, USA 
Microplate reader PowerWave™ XS BioTek Bad Friedrichshall, 

Germany 
Microscope Axioskop2 plus Carl Zeiss Wetzlar, Germany 
Microscope Celldiscoverer 7 Carl Zeiss Wetzlar, Germany 
Microscope DM6 B Leica Wetzlar, Germany 
Microscope, brightfield DMIL LED Leica Wetzlar, Germany 
Microscope, confocal TCS SP5 II Leica Wetzlar, Germany 
Nucleofector Nucleofector II Lonza Basel, Switzerland 
qPCR cycler QuantStudio 7 Flex Life Technologies Carlsbad, USA 
Sonication device Branson Sonifier 250 Thermo Fisher Waltham, USA 
Spectrophotometer NanoDrop™ 1000 Thermo Fisher Waltham, USA 
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Thermomixer Thermomixer 
comfort 5355 

Eppendorf Hamburg, Germany 

Water purifier Milli-Q® Integral 5 Merck Millipore Darmstadt, Germany 
Western blot imager Odyssey IR imaging 

system 
LI-COR Biosciences Lincoln, USA 

Western blot transfer 
system 

Trans-Blot® Turbo™ Bio-Rad Laboratories Hercules, USA 

 

5.8 Software 

Tab. 24: Computer software and other digital resources. 

Computer program Supplier 

ApE – A plasmid editor M. Wayne Davis 
Biorender.com BioRender 
Excel 2019 Microsoft 
Illustrator CS6 Adobe Inc. 
ImageJ (FIJI) National Institutes of Health (NIH), open source 
Image studio v. 2.0 LI-COR 
Mendeley reference manager Mendeley Ltd. 
PowerPoint 2019 Microsoft 
Prism 6 GraphPad Software 
QuantStudio qPCR software Thermo Fisher 
R Studio RStudio PBC, open source 
SnapGene® Viewer GraphPad Software 
Word 2019 Microsoft 
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6 Methods 

6.1  Cell culture 

All cell lines were kept in a humidified incubator at 37°C and an atmosphere containing 5% CO2 and 

ambient O2. Complete cell culture media are listed in Tab. 5. 

6.1.1 Cultivation of human induced pluripotent stem cells (hiPSCs) 

For maintenance of hiPSCs, tissue culture plates were coated at 4°C overnight with Geltrex™ diluted 

1:100 in DMEM with GlutaMAX containing 1% penicillin/streptomycin (wash medium). Geltrex™ 

solution was stored at 4°C and re-used up to three times. HiPSCs were maintained in DMEM/F12 with 

glutamine and HEPES supplemented with 1% pen/strep, 14 ng/ml sodium selenite, 64 µg/ml LAAP, 20 

µg/ml insulin, 2 ng/ml TGF-β1, 200 ng/ml FGF-2 (154) and 11 µg/ml transferrin. 

For passaging, cells were washed once with 0.5 mM EDTA in PBS to remove bivalent Ca2+ and Mg2+ ions 

in order to weaken cell-cell interactions and attachment to the tissue plate. Cells were then incubated 

in EDTA solution for 3-5 min at room temperature (RT) until they started to detach. The EDTA solution 

was aspirated and cells were carefully resuspended in hiPSC medium containing 5 µM ROCK inhibitor 

(Y-27632). For routine propagation, cells were split every 4-6 days in a 1:5 – 1:10 ratio onto new tissue 

culture plates. HiPSC medium was exchanged every day. 

6.1.2 Differentiation of neural progenitor cells (NPCs) from hiPSCs 

For the generation of neuronal progenitor cells, n+1 wells of a 6-well plate of hiPSCs were grown to 

about 90% confluency. HiPSCs were separated into single cells by incubation with TrypLE™ for 5 min 

at 37°C. Subsequently, hiPSCs were collected in wash medium and centrifuged for 4 min at 1,000 rcf. 

The cell pellet was resuspended in hiPSC medium containing 5 µM ROCK inhibitor and split onto n wells 

of a 6-well plate coated with 1:50 Geltrex™. The next day, neural progenitor fate instruction of hiPSC 

monolayers was initiated by switching the culture medium to DMEM/F-12 supplemented with 

1% pen/strep, 0.5% B27-supplement, 1% GlutaMAX, 800 µg/ml glucose, 500 nM A83-01, 

200 nM LDN193189, 2 µM XAV939 and 1 mM cyclopamine. Cells were cultured for 8-11 days in this 

NPC induction medium and medium was exchanged every day.  

This approach for the induction of neuroectoderm blocks development into the mesodermal or 

endodermal lineage by dual-smad inhibition of BMP and TGF-β signaling (Chambers et al., 2009). 

After the induction period, NPCs were detached by incubation with TrypLE™ for 8 min at 37°C. Single 

cells were taken up in wash medium and collected by centrifugation at 1,000 rcf for 4 min.  NPCs were 

resuspended in NPC induction medium without cyclopamine but with 5 µM ROCK inhibitor and split 
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1:1.5-1:2 onto 6-well plates coated with 1:100 Geltrex™. NPCs were maintained in induction medium 

without cyclopamine. They were split every 5-8 days for a total of 2-3 passages of propagation before 

neuronal differentiation. 

 

6.1.3 Differentiation and maturation of human forebrain neurons 

Tissue culture plates for the cultivation of long-term neuronal cultures were coated with 0.1 mg/ml 

poly-L-lysine in 25 mM borate buffer (pH 8.4) at 4°C overnight. The next day, plates were washed twice 

with autoclaved ddH2O and coated with 3.75 µg/ml laminin in PBS, also overnight at 4°C. 

The protocol for neuronal differentiation from neural progenitor cells is based on work published by 

Kemp and Telezhkin et al. (Kemp et al., 2016; Telezhkin et al., 2016). The protocol consisted of four 

phases with varying media conditions (detailed media compositions are listed in Tab. 5). Phases 1 

(3 days long) and 2 (8 days) promote a synchronized initiation of neuronal differentiation by inhibition 

of Notch signaling and forced cell-cycle exit of NPCs in the presence of elevated Ca2+ levels. Media for 

phases 3 (7 days) and 4 (long-term cultivation) activate TrkB and WNT signaling to enhance 

synaptogenesis and network formation (Fig. 7). 

To initiate neuronal differentiation, medium on NPC monolayers was changed to phase 1 medium. This 

change of cell culture medium marked day 0 of differentiation. After three days, early neuronal 

cultures were dissociated into single cells by incubation with TrypLE™ for 5 min at 37°C. Detached 

neurons were resuspended in wash buffer and cells were collected by centrifugation at 1,000 rcf for 

4 min. The cell pellet was resuspended in DMEM/F-12 neuronal base medium (1% pen/strep, 

1% GlutaMAX, 800 µg/ml glucose, 0.5% B27-supplement, 0.5% N2-supplement) with 5 µM ROCK 

inhibitor. Neurons were either seeded in phase 2 medium with 5 µM ROCK inhibitor for long-term 

cultivation or in DMEM/F-12 neuronal base medium with ROCK inhibitor for experiments using 

immature neurons on day 5 of differentiation. 

For immunocytochemistry, 150,000-200,000 cells/well were plated onto coverslips in 24-well plates 

and for cell viability assays, 50,000 cells/well were plated on 96-well plates. 

Long-term neuronal cultures were kept in phase 2 medium until day 11, in phase 3 medium until day 

18 and from then on in phase 4 medium. Half media changes were performed twice per week. Prior to 

experiments, culture medium was replaced with DMEM/F-12 neuronal base medium to avoid 

distorting effects of small molecules on cellular signal transduction pathways. 
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Fig. 7: Timeline for the generation of iPSC-derived forebrain neurons. 

Schematic representation of the timeline for the generation of hiPSC-derived forebrain neurons and 

media components for the indicated culture periods. Please refer to main text for more detailed 

information (illustration created with BioRender.com). 

 

6.1.4 Freezing and storage of cells 

For freezing, hiPSCs were dissociated with EDTA as described in section 6.1.1. NPCs were detached by 

incubation with TrypLE™ for 5 min at 37°C. HiPSCs were centrifuged at 400 rcf, NPCs at 1,000 rcf. Cell 

pellets were resuspended in their respective culture media supplemented with 10% DMSO and 10 µM 

ROCK inhibitor and transferred to cryo vials. Cells were gradually cooled to -80°C in a Mr. Frosty™ 

freezing container (Thermo Fisher) and then transferred to -150°C for long-term storage.  

 

6.1.5 Treatment of NPCs and neuronal cultures with cellular stressors 

To assess viability of immature and mature neurons in the presence of different cellular stressors, 

50,000 neurons were plated on 96-well plates coated with PLL/laminin as described above. Treatment 

of immature neuronal cultures was started on day 5 of differentiation, treatment of mature neuronal 

cultures at day 30. Starting two days prior to treatment, neuronal cultures were cultivated in 

DMEM/F-12 neuronal base medium (1% pen/strep, 1% GlutaMAX, 800 µg/ml glucose, 
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0.5% B27-supplement, 0.5% N2-supplement), but no further supplements to avoid artificial effects by 

small molecules on cellular signaling pathways. 

NPCs were seeded on 96-well plates coated with 1:100 Geltrex™ at 30,000 cells/well. Neurons and 

NPCs were treated for up to 96 h in 50 µl DMEM/F-12 neuronal base medium containing the stressors 

indicated in Tab. 25. 

Tab. 25: Stressors used for cell viability assays of immature and mature neuronal cultures. 

Stressor Function Concentration 

DMSO control 1 µl/ml 
Tunicamycin Inhibition of protein N-glycosylation 0.05 – 1.5 µM 
Thapsigargin Disruption of Ca2+ homeostasis 0.5 – 1.0 µM 
Staurosporine Inhibition of kinases 50 nM 
MG132 Inhibition of protein turnover 0.5 µM 
Rotenone Oxidative stress 2.5 µM 
Bafilomycin A1 / 3-Methyladenine Inhibition of autophagy 15 nM / 2 mM 

 

 

6.2 CellTiter-Glo® cell viability assay 

The CellTiter-Glo® cell viability assay (Promega) is based on the reaction of luciferin to oxyluciferin 

which is catalyzed by a luciferase and generates a luminescent signal (Fig. 8). The reaction requires ATP 

which is provided by metabolically active cells in the culture. The luminescent signal is proportional to 

the amount of ATP and is therefore a measure of cell viability. 

 

Fig. 8: Luciferase reaction of the CellTiter-Glo® cell viability assay. 

Recombinant luciferase catalyzes the oxidative decarboxylation of luciferin to oxyluciferin leading to 

the emittance of light (adapted from Promega CellTiter-Glo® manual). 

On the day of the viability measurement, 50 µl of CellTiter-Glo® reagent were added to each well and 

plates were incubated for 20 min at room temperature on an orbital shaker to allow cell lysis and 

stabilization of the luminescence signal. Subsequently, the reaction mixture was transferred to a black 

flat-bottom 96-well plate. Luminescence intensity as a measure for cell viability was determined in a 

Wallac Victor2 plate reader (Perkin Elmer). The integration time per well was set to 1 s.  
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6.3 Orangu™ cell viability assay 

The Orangu™ assay is based on the reduction of WST-8 to a formazan dye which requires the activity 

of intracellular dehydrogenases of living cells (Fig. 9). The generated amount of orange formazan 

depends on the number of viable cells and the incubation period. 

 

Fig. 9: Reduction of WST-8 to orange WST-8 formazan dye in the Orangu™ cell viability assay. 

Dehydrogenases of viable cells transfer an electron to WST-8 which is reduced to a formazan dye 

whose quantity can be determined by an absorbance measurement at 450 nm (adapted from Orangu™ 

user guide by Cell Guidance Systems). 

To determine the percentage of viable cells, 5 µl of Orangu™ cell counting solution were added to each 

well 2 h prior to the time point of measurement. Subsequently, cells were incubated as usual at 37°C 

to allow formazan production. After 2 h, generated formazan was quantified by measuring the 

absorbance at 450 nm in a PowerWave™ XS microplate reader (BioTek). Finally, dye-containing 

medium was aspirated and replaced with fresh medium containing the respective stressor to continue 

the exposure. This procedure was repeated every 12 h for up to 96 h. 

 

6.4 Molecular Biology 

6.4.1 Isolation of genomic DNA 

For isolation of genomic DNA (gDNA), cells were washed twice with ice-cold PBS, scraped off and 

collected by centrifugation at 4°C and 3,000 rcf for 5 min. The cell pellet was resuspended in 150 µl 

lysis buffer (100 mM Tris-HCl (pH 8.5), 5 mM EDTA, 0.2% (w/v) SDS, 200 mM NaCl) supplemented with 

1 µl proteinase K and incubated at 37°C and 500 rpm for 1 h. Proteinase K was inactivated at 95°C for 

10 min. Subsequently, DNA was precipitated by addition of 105 µl isopropanol and incubation at RT 

for 30 min with vortexing every 10 min. Afterwards, DNA was collected by centrifugation at 12,000 rcf 

for 10 min at RT. The resulting pellet was washed twice by addition of 300 µl of 70% ethanol and 

subsequent centrifugation at RT and 12,000 rcf for 10 min. Finally, the pellet was air-dried at RT and 

then resuspended in 100-300 µl ddH2O by incubation at 37°C and 400 rpm for 30 min. Solutions of 

gDNA were stored at -20°C. 
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6.4.2 Isolation of RNA 

Cells were washed twice with and then scraped off into ice-cold PBS. Afterwards, cells were collected 

by centrifugation at 7,000 rcf at 4°C for 3 min.  A pellet from one well in a 6-well plate was resuspended 

in 500 µl TriFast™ and lysed for 5 min at RT. Subsequently, 100 µl chloroform were added and samples 

were vortexed for 15 s. After mixing, samples were incubated for 10 min at RT followed by 

centrifugation at 12,000 rcf at RT for 5 min to allow phase separation. The upper aqueous phase which 

contained RNA and DNA was transferred to a new test tube. After addition of 250 µl isopropanol, 

samples were carefully mixed by repeated inversion and then incubated at -20°C overnight for nucleic 

acid precipitation. The next day, nucleic acids were collected by centrifugation at 12,000 rcf and 4°C 

for 15 min. The supernatant was removed and pellets were washed with 500 µl 75% ethanol in DEPC-

treated H2O. After another centrifugation at 12,000 rcf at 4°C for 10 min, the supernatant was removed 

and the pellet was washed a second time with 75% ethanol as before. Subsequently, pellets were left 

to air-dry and then resuspended in 20 µl DEPC-treated RNase-free H2O. For complete resuspension, 

samples were incubated at 400 rpm and 37°C for 15 min in a thermomixer (Eppendorf).  

To remove genomic DNA contamination, 2.5 µl DNase I and 2.5 µl 10x reaction buffer were added per 

sample. DNA was digested for 15 min at RT. The reaction was stopped by addition of 2.5 µl stop 

solution followed by heat inactivation of DNase I at 70°C for 10 min. The final RNA concentration was 

quantified with a NanoDrop™ 1000 spectrophotometer (Thermo Fisher). 

 

6.4.3 Synthesis of complementary DNA (cDNA) 

The iScript™ cDNA synthesis kit (Bio-Rad Laboratories) was used to reversely transcribe 1 µg of RNA 

into cDNA. Samples were incubated in a thermal cycler according to the protocol given in (Tab. 27). 

The resulting cDNA was diluted 1:5 in nuclease-free H2O yielding a concentration of 10 ng/µl. 

Tab. 26: Reaction mix for cDNA synthesis. 

Component Volume [µl] 

5x iScript™ reaction mix 4 

iScript™ reverse transcriptase 1 
RNA template (1µg) variable 

Nuclease-free H2O variable 

Total 20 

 

 



Methods 

49 
 

Tab. 27: Cycling program for cDNA synthesis. 

Step Temperature [°C] Duration [min] 

Priming 25 5 
Reverse transcription 46 20 
Enzyme inactivation 95 1 
Short-term storage 4 hold 

 

6.4.4 Polymerase chain reaction (PCR) 

Amplification of target amplicons from gDNA or cDNA was performed according to the cycling program 

given in Tab. 28. Annealing temperature and elongation time were adjusted based on the employed 

primers and the expected size of the amplicon.  

Tab. 28: Composition of standard PCR reaction. 

Component Volume [µl] Final concentration 

10x Taq reaction buffer 2.5 1x 

10 mM dNTP mix 0.5 200 µM 
10 µM primer mix 1.0 400 nM 

Taq DNA polymerase (5 U/µl) 0.125 0.625 U 

Template DNA variable 0.4 – 10 ng/µl 

ddH2O variable  

Total 25   

 

Tab. 29: Standard PCR cycling program.  

Step Temperature [°C] Duration  

Initial denaturation 95 2 min  
Denaturation 95 15 s  
Annealing 60 20 s 35 cycles 
Elongation 72 15 s  
Final elongation 72 3 min  
Short-term storage 4 hold  

 

6.4.5 Mycoplasma PCR 

As a measure for cell culture quality control, cells were regularly checked for the presence of 

mycoplasma contamination (Van Kuppeveld et al., 1992; Ossewaarde et al., 1996). To this end, cells 

were harvested and genomic DNA was isolated according to section 6.4.1. Whole genomic DNA was 

used as a template for PCR aimed at the amplification of the mycoplasma specific 16S rRNA gene. 

Sequences of primers used for mycoplasma detection are listed in Tab. 11. PCR products were analyzed 

by 1% agarose gel electrophoresis. If present, a mycoplasma contamination was detectable by a 270 bp 

band. 
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Tab. 30: PCR protocol for mycoplasma quality control. 

Step Temperature [°C] Duration  

Initial denaturation 95 1 min  
Denaturation 95 15 s  
Annealing 50 15 s                  35 cycles 
Elongation 72 10 s  
Final elongation 72  3 min  
Short-term storage 4 hold  

 

6.4.6 Agarose gel electrophoresis and gel extraction of amplified DNA 

Digested plasmids and PCR amplicons were mixed with 10x DNA sample buffer and separated by 

1-2%-(w/v) agarose gel electrophoresis in TAE buffer. Gels contained 1:15,000 peqGREEN DNA 

detection reagent. A 100 bp or a 1 kbp DNA marker was included on gels as a reference for DNA 

fragment size. DNA was resolved for 50 min at 100 V and gels were imaged on a GeneFlash imaging 

system (Syngene). 

If needed, amplified target DNA segments were excised and extracted from agarose gels using the 

peqGOLD gel extraction kit (VWR) according to the manufacturer’s instructions. Isolated DNA was 

eluted in 30 µl ddH2O and then used for cloning or analyzed by Sanger sequencing. 

 

6.4.7 RNA quality control 

6.4.7.1 RNA bulk samples 

Prior to RNA sequencing, quality control of RNA bulk samples isolated by TriFast™-chloroform 

extraction was performed using the RNA 6000 Nano Kit (Agilent Technologies) according to the 

manufacturer’s instructions. For each sample, 100-300 ng of RNA were analyzed on a Bioanalyzer 2100 

(Agilent Technologies) to verify RNA concentration and to assess RNA integrity.  For further procedure, 

refer to section 4.4.9. 

6.4.7.2 Single-cell RNA samples 

On the day of the experiment, neuronal cultures at days 6, 10, 17, 24, 31, 38, 45 and 52 of 

differentiation were dissociated into single cells by incubation in TryplE™. Cells were counted and an 

equal number of cells from cultures at each time point were mixed to yield a unified cell suspension 

which was further processed in the single-cell Open Lab (scOpenLab) at the German Cancer Research 

Center (DKFZ; Heidelberg, Germany). At the scOpenLab the cell suspension was filtered through a 30 

µm cell strainer and counted again. Subsequently, 10,000 cells were used for single-cell cDNA library 
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preparation and quality control according to the 10x Genomics single cell user guide (v2 chemistry). 

The obtained cDNA library had a concentration of 22.2 ng/µl and an average fragment size of 505 bp. 

 

6.4.8 RNA bulk sequencing  

RNA extracted from biological triplicates (independent differentiations) of NPCs, d5, d25 and d45 

neuronal cultures was adjusted to a concentration of 35 ng/µl. For each sample, 40 µl of RNA solution 

were sent to the High Throughput Sequencing Unit of the Genomics & Proteomics Core Facility at the 

DKFZ (Heidelberg, Germany) to be processed. Samples were run through in-house quality control and 

samples with an RNA integrity number (RIN) ≥ 7.5 were used for cDNA library preparation according 

to the TruSeq Stranded protocol (Illumina). Libraries were sequenced to 50 bp single reads on one lane 

on the Illumina HiSeq 4K platform.  

Data was run through an RNAseq processing workflow by the Omics IT and Data Management Core 

Facility at the DKFZ. Total counts per feature were imported to R (R Core Team, 2020) and analyzed 

using DESeq2 (Love et al., 2014). All features without any counts were removed, for differential testing 

with DESeq2 the formula “~timepoint” was used. 

Euclidean distance between samples was calculated from rlog transformed counts using the stats 

(R Core Team, 2020) package. The sample distance plot was generated using the pheatmap package 

(Kolde, 2019) with the viridis plasma color scale (Garnier, 2018). Principal component analysis (PCA) 

was performed on rlog transformed counts with the top 500 variable features using prcomp (R Core 

Team, 2020).  

The TCseq package (Wu & Gu, 2020) was used to perform time course sequencing analysis in which 

temporal patterns in gene expression are detected and genes with similar temporal expression 

patterns are grouped. For clustering, the cmeans algorithm was used with k=12. Features from specific 

gene clusters were used to perform gene ontology (GO) enrichment analysis using enrichGO from the 

clusterProfiler package (Yu et al., 2012). The organism database used for this analysis is org.Hs.eg.db 

(Carlson, 2020). Heatmaps for RNAseq expression data show z-scaled DESeq2 normalized counts. 

RNAseq data analysis was performed in collaboration with Dr. Anne Hoffrichter. 
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6.4.9 Single-cell RNA sequencing 

The prepared single-cell cDNA library was sent to the High Throughput Sequencing Unit of the 

Genomics & Proteomics Core Facility at the DKFZ to be processed. The library was sequenced on one 

lane on the Illumina HiSeq 4K platform with a protocol specific for 10x scRNA libraries (paired-end 

26+74). Fastq files were parsed to cellranger (10x Genomics) counts in order to generate a count 

matrix. FastQC was used for general sequencing quality control (Andrews et al., 2015). 

If not stated otherwise, data analysis was performed using the Seurat package in R (Stuart et al., 2019). 

The count matrix was filtered with several parameters. Any feature that was expressed in less than 

three cells was removed from the analysis. Any cell with less than 2000 expressed features, more than 

10% mitochondrial genes expressed, or less than 5000 total UMI counts was removed from further 

analysis. The data was normalized using sctransform. After initial quality control, 1,524 single cells 

remained for further analysis. 

Differentially expressed genes (in total 2671) from RNAseq for time points NPC, d5, d25, d45, or 

d25&d45 were used as variable features for PCA. Further dimensional reduction was performed using 

UMAP with dims = 1:30. Shared nearest neighbor graph was constructed with dims = 1:50 and 

k.param = 30. Clusters were generated with resolution = 1. 

Calculations for Neuron Maturity Index were performed using the neuMatIdx package (He & Yu, 2018) 

using normalized counts from the Seurat object. The pseudotime trajectory was calculated with the 

monocle3 package (Cao et al., 2014; Trapnell et al., 2014; Qiu et al., 2017a, 2017b). 

RNAseq data analysis was performed in collaboration with Dr. Anne Hoffrichter. 

 

6.4.10 Transformation of chemically competent bacteria 

To amplify plasmid DNA, a 50 µl aliquot of chemically competent E. coli DH5α was thawed on ice for 

5 min. 50-500 ng of plasmid DNA were added to the bacterial suspension and the solution was mixed 

by carefully flicking the tube 2-3 times. Bacteria were incubated with DNA on ice for 40 min. Uptake of 

DNA into bacteria was triggered by heat shock at 42°C for 42 s. Afterwards, bacteria were left to 

recover on ice for 3 min. Subsequently, 300 µl of LB medium without antibiotics were added and 

bacteria were incubated for 1 h at 37°C and 400 rpm. Finally, the bacterial suspension was either plated 

on LB agar plates or used to inoculate midi cultures. Bacteria were grown at 37°C overnight in the 

presence of 100 µg/ml ampicillin for selection. 
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6.4.11 Isolation of plasmid DNA (mini and midi preparation) 

Plasmid DNA from small and medium scale bacterial cultures was isolated either with the peqGOLD 

mini prep (VWR) or the PureLink™ HiPure midiprep kit (Thermo Fisher) according to the manufacturer’s 

instructions. DNA from mini cultures was eluted in 30 µl ddH2O, DNA from midi cultures in 100 µl. The 

DNA concentration was measured using a NanoDrop™ 1000 (Thermo Fisher). 

 

6.5 CRISPR-Cas9 mediated generation of isogenic GFAT-1 G451E gain-of-

function hiPSCs 

To create hiPSCs with a GFAT-1 gain-of-function (gof) mutation as described by the group of Martin 

Denzel (Denzel et al., 2014; Horn et al., 2020; Ruegenberg et al., 2020), the glycine residue at position 

451 of the GFAT-1 protein had to be replaced by a glutamate. This required exchange of the last two 

nucleotides of the base triplet starting at position 1,405 of the open reading frame of the GFPT1 gene 

(1,405-GGC > GAG). 

6.5.1 Cloning of a GFPT1-targeting CRISPR-Cas9 plasmid 

The px459 V2.0 plasmid published by the group of Feng Zhang was used for Cas9 gene editing. This 

plasmid encodes the Streptococcus pyogenes Cas9 enzyme fused to the puromycin N-acetyltransferase 

via a T2A sequence, a β-lactamase for ampicillin resistance and a restriction site for the insertion of a 

target specific guide RNA (gRNA) (Fig. 10). 

To insert the GFPT1-targeting gRNA into the px459 V2.0 backbone, the plasmid backbone was 

linearized by digestion with BbsI for 1 h at 37°C. The reaction products were separated by 1% agarose 

gel electrophoresis. The linearized px459 backbone was isolated by gel extraction (section 6.4.6). 

Tab. 31: Restriction digest of px459 V2.0. 

Component Volume 

10x restriction buffer 2.1 2 µl 

BbsI 1 µl 
px459 V2.0 plasmid 1 µl (1µg) 

ddH2O 16 µl 

Total 20 µl 
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Fig. 10: Plasmid map of the px459 V2.0 backbone for CRISPR-Cas9 genome editing. 

The px459 V2.0 plasmid contains a cloning site which enables integration of a desired gRNA via BbsI. 

The Streptococcus pyogenes Cas9 enzyme is expressed as a fusion with puromycin N-acetyltransferase 

via a T2A peptide (adapted from addgene.org). 

The sequences of the GFPT1 gRNA sense and anti-sense oligonucleotide are listed in Tab. 11. The pair 

of oligonucleotides was phosphorylated and annealed as described in the following two tables. 

Tab. 32: Reaction mix for phosphorylation and annealing of oligonucleotides. 

Component Volume 

sense oligo (100 µM) 1 µl 

anti-sense oligo (100 µM) 1 µl 
10x T4 ligation buffer 1 µl 

T4 PNK 0.5 µl 

ddH2O 6.5 µl 

Total 10 µl 

 

Tab. 33: Thermocycler program for phosphorylation and annealing of oligonucleotides. 

Step Temperature [°C] Duration 

Phosphorylation 37 30 min 

Annealing 95 
down to 25 

5 min 
5°C/min 
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Finally, the phosphorylated and annealed oligonucleotides for the gRNA were ligated into the 

linearized px459 V2.0 backbone. Ligation was performed for 1h at RT. 

Tab. 34: Ligation reaction of gRNA and px459 V2.0. 

Component Volume 

Linearized px459 backbone variable (50 ng) 

Phosphorylated, annealed gRNA oligos (1:200 dilution) 1 µl 
10x T4 DNA ligase buffer 2 µl 

T4 DNA ligase 1 µl 

ddH2O variable 

Total 10 µl 

 

Ligation products were used for transformation of chemically competent E. coli DH5α which were 

plated on LB-agar plates containing 100 µg/ml ampicillin. Plasmid DNA isolated from resulting clones 

was analyzed by Sanger sequencing using the hU6-forward primer (Tab. 12) to validate correct 

insertion of the GFPT1 gRNA. 

 

6.5.2 Nucleofection of hiPSCs and clonal selection 

For the CRISPR-Cas9-mediated generation of a GFAT-1 G451E gof cell line, hiPSCs of a healthy control 

subject were pre-incubated with 5 µM ROCK inhibitor overnight. The next day, hiPSCs were dissociated 

into single cells by incubation with TrypLE™ for 5 min at 37°C. For nucleofection, 1x106 cells were 

centrifuged in a 2 ml test tube for 5 min at 400 rcf. In parallel, the DNA mix to be nucleofected was 

prepared by mixing 82 µl of Nucleofector® solution, 18 µl of Nucleofector® supplement (Cell Line 

Nucleofector® kit V), 2 µg of GFAT-1 gRNA targeting CRISPR-Cas9 px459 plasmid and 4 µg of single-

stranded oligonucleotide repair template harboring the G451E mutation. Cells were carefully 

resuspended in DNA mix and transferred to a nucleofection cuvette. Program B-023 of the Lonza 

nucleofector II was used for DNA transfer into cells. Afterwards, cells were resuspended in hiPSC 

medium without pen/strep but with 5 µM ROCK inhibitor and distributed onto four wells of a 6-well 

plate at different densities (400,000, 300,000, 200,000 and 100,000 cells). Additionally, 400,000 

untreated control cells were seeded on each of the two remaining wells to be used as selection 

controls. 

After 24 h, the culture medium was changed to hiPSC medium without pen/strep supplemented with 

5 µM ROCK inhibitor and 0.3 µg/ml puromycin to start transient selection of clones. The next day, 

clones received standard hiPSC medium containing ROCK inhibitor and puromycin as before. On the 

third day post nucleofection, puromycin and ROCK inhibitor were removed from the medium. 
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At this point, control cells had died from the selection. The remaining clones were propagated in 

standard hiPSC medium and screened for the genomic incorporation of the single-stranded repair 

oligonucleotide. 

 

6.5.3 Screening of potential GFAT-1 G451E clones 

HiPSCs of the generated GFAT-1 G451E clones were harvested for RNA isolation and cDNA synthesis. 

The cDNA was used to amplify an 837 bp sequence surrounding the desired point mutation by PCR. 

Primer sequences are listed in Tab. 11. 

Tab. 35: PCR program for the screening of GFAT-1 gain-of-function clones. 

Step Temperature [°C] Duration  

Initial denaturation 95 1 min  
Denaturation 95 15 s  
Annealing 60 15 s 40 cycles 
Elongation 72 50 s  
Final elongation 72 3 min  
Short-term storage 4 hold  

 

Amplified PCR products were excised from agarose gels and DNA was extracted according to section 

6.4.6. Amplicons were sequenced using the GFAT-1 forward primer listed in Tab. 12. Clones harboring 

the desired GGC > GAG nucleotide exchange but no further alterations in the sequenced DNA stretch 

were further propagated, the remaining clones were disposed.  

 

6.6 Sanger Sequencing 

Sequencing of plasmid DNA and PCR amplicons was performed by Microsynth Seqlab GmbH 

(Göttingen, Germany). For sequencing, 12 µl containing 100-500 ng of sample DNA were mixed with 

3 µl of a 10 µM solution of the relevant sequencing primer in a 1.5 ml test tube. FASTA sequencing files 

were analyzed with the ApE plasmid editor and chromatograms were evaluated in SnapGene® Viewer 

to verify sequencing quality. 

 

6.7 SNP analysis 

Whole-genome sequencing and analysis of single nucleotide polymorphisms (SNPs) was performed by 

the Life & Brain GmbH (Bonn, Germany). 900 ng of gDNA at a concentration of 60 ng/µl were sent in 
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for genotyping using an Illumina Infinium® Global Screening Array – 24v1.0 BeadChip. Data were 

analyzed by Josef Frank at the department of genetic epidemiology at the Central Institute of Mental 

Health (Mannheim, Germany). 

 

6.8 Biochemistry  

6.8.1 Cover slip preparation and immunocytochemistry (ICC) 

Glass coverslips were etched in concentrated hydrochloric acid for 1-2 h at RT with shaking. After three 

washing steps with ddH2O, coverslips were washed once with 70% ethanol and subsequently one more 

time with ddH2O. Eventually, coverslips were air-dried and then autoclaved. Sterile coverslips were 

placed in tissue culture plates and coated as needed for the cell type of interest.  

Cells were washed once with PBS and then fixed in 4% PFA in PBS for 15 min at RT. Residual PFA was 

removed by three washing steps with PBS. If not indicated otherwise, cells were blocked and 

permeabilized in PBS containing 10% FBS and 0.3% Triton X-100 (blocking solution) for 1 h at RT. 

Primary antibodies were diluted in blocking solution and epitope tagging was performed at 4°C 

overnight in a wet chamber.  

The next day, coverslips were washed three times with PBS and then incubated with fluorescently-

labelled secondary antibodies in blocking solution for 1 h at room temperature. Unbound secondary 

antibodies were removed by washing twice with PBS. Cell nuclei were stained by intercalation of DAPI 

(300 nM in PBS) into genomic DNA for 3 min at RT. Subsequently, coverslips were washed two more 

times with PBS and once with ddH2O. Coverslips were mounted on glass slides using Mowiol/DABCO 

solution and left to solidify at room temperature overnight. 

Dilutions of individual primary and secondary antibodies are listed in Tab. 16 and Tab. 17. 

 

6.8.2 Cell lysis and protein quantification 

Cells were first washed twice with and then scraped off into ice cold PBS. Samples were centrifuged at 

7,000 rcf for 4 min at 4°C. Depending on the collected number of cells, pellets were resuspended in 

100-300 µl lysis buffer (Tab. 14) and incubated for 1 h on ice. Lysis buffer for the analysis of 

ubiquitinated proteins was supplemented with 50 µM iodoacetamide to inhibit deubiquitinating 

enzymes. Lysates were sonicated with 15 pulses (duty cycle 20%, output control 5.5) from a Branson 

Ultrasonics™ sonifier 250 (Thermo Fisher) to shear genomic DNA and reduce sample viscosity. 
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Cell debris was removed by centrifugation at 16,000 rcf for 15 min at 4°C and the supernatant was 

transferred to a new test tube.  

A bicinchoninic acid (BCA) protein assay kit (Thermo Fisher) was used according to the manufacturer’s 

instructions to quantify the total protein yield of cell lysates. The reaction relies on the reduction of 

Cu2+ to Cu+ ions in an alkaline solution in the presence of peptide bonds and functional groups of amino 

acid side chains. BCA chelates the arising Cu+ ions to form a complex which can be quantified by a 

spectrophotometric measurement and thus allows an estimation of the total protein content of a 

sample.  

Samples were diluted 1:5 in ddH2O in a 96-well plate and mixed with assay reagent. After incubation 

at 37°C for 30 min, the absorption at 562 nm was measured in a PowerWave™ XS (BioTek) microplate 

reader. The protein concentration of samples was calculated based on the included BSA standard 

dilution series. 

 

6.8.3 SDS-PAGE and Western blotting 

For analysis of protein contents, cell lysates were separated by SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE). For each sample, 5-30 µg of total protein were mixed with 6x SDS sample buffer and boiled 

for 5 min at 95°C.  

SDS gels were first run at 30 V for 20-30 min to allow stacking of proteins, followed by 1.5-2 h at 120 V 

to separate proteins according to molecular weight. Proteins were transferred onto nitrocellulose (NC) 

membranes with a pore size of 0.2 µm by semi-dry blotting in a Trans-Blot® Turbo™ transfer system 

(Bio-Rad Laboratories) for 45 min at 20 V and 1 A. Western blot filter tissue and NC membranes were 

soaked in transfer buffer. Subsequently, membranes were blocked either with 5% milk powder or 5% 

BSA in TBST for 1 h at room temperature. For detection of target proteins, membranes were incubated 

with primary antibody diluted in blocking buffer at 4°C overnight. Detailed information regarding 

specific primary antibodies is listed in Tab. 18.  

 

The next day, membranes were washed three times with TBST for 10 min at RT. Primary antibodies 

were then labelled with infrared (IR)-dye conjugated secondary antibodies diluted 1:15,000 in TBST for 

1 h at RT. After three additional washing steps as before, tagged proteins of interest were visualized 

on a Li-COR Odyssey IR western blot imaging system.  
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Tab. 36: Composition of resolving gels for use with Tris-tricine SDS-PAGE running buffer. 

Component Volume [ml] per gel mold volume of 

 10 ml 20 ml 30 ml 40 ml 
10%     
     ddH2O 1.33 2.67 4.00 5.33 
     3M Tris-HCl/SDS (pH 8.45) 3.33 6.67 10.00 13.33 
     30% acrylamide mix 3.33 6.67 10.00 13.33 
     50% glycerol 2.00 4.00 6.00 8.00 
     10% ammonium persulfate 0.028 0.056 0.112 0.140 
     TEMED 0.009 0.019 0.037 0.047 
14%     
     ddH2O - - - - 
     3M Tris-HCl/SDS (pH 8.45) 3.33 6.67 10.00 13.33 
     30% acrylamide mix 4.67 9.33 14.00 18.67 
     50% glycerol 2.00 4.00 6.00 8.00 
     10% ammonium persulfate 0.028 0.056 0.112 0.140 
     TEMED 0.009 0.019 0.037 0.047 

 

Tab. 37: Composition of stacking gel for Tris-tricine SDS-PAGE. 

Component Volume [ml] per gel mold volume of 

 5 ml 10 ml 15 ml 20 ml 
4%     
     ddH2O 3.12 6.24 9.36 12.48 
     3M Tris-HCl/SDS (pH 8.45) 1.24 2.48 3.72 4.96 
     30% acrylamide mix 0.64 1.28 1.92 2.56 
     10% ammonium persulfate 0.034 0.067 0.101 0.134 
     TEMED 0.011 0.022 0.033 0.044 

 

 

6.9 Electrophysiological characterization of neurons 

The degree of electrophysiological maturity of single neurons was analyzed by patch-clamp recordings 

by the group of PD Dr. Georg Köhr at the Central Institute of Mental Health. For this purpose, neurons 

were cultured on PLL/laminin coated glass cover slips. For whole-cell recordings, a cover slip was 

transferred to a recording chamber. During measurements, cells were continuously perfused with 

artificial cerebrospinal fluid (125 mM NaCl, 25 mM NaHCO3, 2.5 mM KCl, 1.25 mM NaH2PO4, 10 mM 

D(+)-glucose, 2 mM CaCl2, 1 mM MgCl2; osmolarity 290 mOsm) bubbled with 5% CO2 and 95% O2 at 

RT. Pipettes were filled with intracellular solution (115 mM K-gluconate, 20 mM KCl, 

10 mM-Na-phosphocreatine, 4 mM Mg-ATP, 0.3 mM GTP, 0.2 mM EGTA, 10 mM HEPES, pH 7.25; 

osmolarity 290 mOsm). To quantify elicited action potentials, current steps from -30 to 100 pA in 

increments of 10 pA were injected for 300 ms each. Recordings were obtained at a sampling rate of 

20 kHz using an EPC9 patch clamp amplifier (HEKA Elektronik GmbH). 
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6.10 Statistical analysis 

Unless indicated otherwise, data for quantitative analysis is based on at least three independent 

biological replicates. Results are displayed as means with standard deviation (SD) which were 

calculated using GraphPad Prism 6 statistical analysis software. Significance testing between two 

groups was performed by student’s t-test. Comparisons of multiple groups influenced by a single 

variable were evaluated by one-way ANOVA, multiple groups influenced by two variables were 

evaluated by two-way ANOVA. Multiple group comparison correction was performed by Bonferroni 

post hoc significance testing. Significance levels against the respective controls are *p < 0.05, 

**p < 0.01, ***p < 0.001 and ****p < 0.0001. 
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7 Results 

7.1 Generation of human forebrain neuronal cultures from iPSCs 

To elucidate mechanisms underlying neuronal longevity, iPSCs of healthy control individuals were used 

to generate human forebrain neurons. The employed differentiation protocol started from iPSC 

monolayers which were guided into the ectodermal lineage by preventing mesodermal and 

endodermal specification via dual-smad inhibition (Chambers et al., 2009). The resulting NPC 

monolayers were then differentiated into neurons by small molecules-driven cell cycle arrest and 

inhibition of notch signaling. Thereafter, transcriptional maturation and network formation of 

neuronal cultures continued for at least three weeks (Fig. 11A). This approach is based on work 

published by Kemp and Telezhkin (Kemp et al., 2016; Telezhkin et al., 2016) and yields highly pure and 

functional neuronal cultures by mimicking the milieu during embryonic development through 

temporary exposure to GABA and an increased concentration of CaCl2. 

Immunofluorescence microscopy of day 5 (d5) and day 35 (d35) neuronal cultures revealed an about 

14-fold increase in the number of nuclei stained positive for the mature neuron marker NeuN              

(Fig. 11B, C). While only 6.25 ± 0.77% of neurons were NeuN+ at d5, this fraction reached 86.61 ± 2.09% 

at d35. Within the same period, neurons displayed a cytoarchitectural reorganization illustrated by an 

advanced separation of MAP2 and Tau signals in immunofluorescence stainings (Fig. 11B). At d5, MAP2 

and Tau distribution mostly overlapped but at d35 a distinct MAP2+ dendritic arbor and a Tau+ axonal 

compartment had been established. Both cellular subdomains are structurally distinct and the 

resulting cellular polarity is a precondition for proper neuronal functionality. Additionally, neurons at 

d35 possessed a significantly expanded network of neurites reaching 330.60 ± 67.30 µm per cell 

compared to 92.17 ± 13.28 µm at d5 (Fig. 11D). The neuronal maturation process was also apparent 

from immunofluorescence analysis showing a robust colocalization of the presynaptic protein Synapsin 

and the postsynaptic protein PSD95 at d35 (Fig. 11E). Signals for these two synaptic proteins were 

punctate and abundantly colocalized at d35. In contrast, at d5 the majority of Synapsin signal did not 

localize to distinct punctae but was diffusely distributed in the cytosol. These observations highlight 

the advanced synaptic network connectivity of neuronal cultures at d35.  

Next, RT-PCR of NPCs and neuronal cultures at day 5, 15, 25, 35 and 45 of differentiation was used for 

a broader transcriptional characterization of the generated cell system. This approach revealed a time-

dependent increase in the expression of the mature neuron marker RBFOX3 (NeuN) which was only 

weakly detectable in immature neuronal cultures at d5 (Fig. 11F). However, mRNA levels of RBFOX3 

strongly increased from d15 onward.  
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Fig. 11: Differentiation and maturation of hiPSC-derived forebrain neurons. 

(A) Schematic representation highlighting the key steps within the timeline of the differentiation 

protocol to generate hiPSC-derived forebrain neurons. Exemplary brightfield images illustrate the 

different stages during maturation. Neuronal age is counted in days of differentiation starting from the 

day that NPC medium is exchanged for neuron differentiation medium (days 0 - 3). Neuronal cultures 

were left to mature for at least three weeks. Scale bars: 100 µm (B) Representative fluorescence 

microscopy images of immature neurons at day 5 (d5) and more mature neurons at d35 of 

differentiation. Scale bars: 50 µm (C) Quantification of the percentage of NeuN+ nuclei in d5 and d35 

neuronal cultures. With duration in culture the fraction of mature neurons expressing NeuN drastically 

increases. Bar graph shows mean with S.D., P < 0.0001, two-tailed t test. (D) Quantification of the total 

length of neurite expansion per cell in d5 and d35 neuronal cultures. Bar graph depicts mean with 

S.E.M., P = 0.0031, two-tailed t test. (E) Representative images illustrating the advancing synaptic 

connectivity of neuronal networks from d5 to d35 in culture based on increasing colocalization of the 

pre- and postsynaptic marker proteins Synapsin and PSD95 (highlighted by white arrowheads). Scale 

bars: 50 µm (F) RT-PCR analysis of canonical marker genes in NPCs and neuronal cultures at the 

indicated time points of differentiation. AB: adult brain. 
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This observation supported the findings from immunofluorescence experiments regarding the 

drastically increased number of NeuN+ nuclei from d5 to d35. While expression of SYN1 (Synapsin) and 

DLG4 (PSD95) appeared constant at all stages of neuronal maturation, appreciable amounts of mRNA 

for the synaptic cell adhesion molecule NRXN1 (neurexin-1) were only detectable starting at d15. 

Interestingly, expression of the neuronal activity-related immediate early genes NPAS4 and ARC was 

strongly increased briefly after the onset of NRXN1 expression. This suggests that synaptic connections 

were markedly advanced between d15 and d25 of differentiation. The generated cultures contained a 

mix of neuronal subtypes as illustrated by the expression of the GABAergic marker GAD1 and the 

glutamatergic markers SLC17A6 (vGlut2) and SLC17A7 (vGlut1). Expression of SLC17A7 was detectable 

from d15 onward whereas SLC17A6 mRNA was present starting at d5. The forebrain identity of the 

generated neurons was confirmed by detection of BCL11B (Ctip2) and TBR1 expression. The NMDA 

receptor subunit GRIN1 was first detectable at d15, whereas GRIN2B was already expressed at d5. 

Expression of both subunits increased over time. Finally, neurons were also equipped with the AMPA 

receptor subunits GRIN2 and GRIN4. These results highlight the regional identity of the generated 

neuronal cultures and document their progressive transcriptional maturation. 

Apart from transcriptomic and cytoarchitectural changes, neuronal maturation should also be 

accompanied by modulation of electrophysiological properties. These characteristics were assessed 

using patch clamp recordings of single neurons (Fig. 12). During 300 ms of depolarization immature 

neurons (d4-5) elicited merely a single action potential (AP), if any at all. Conversely, more mature 

neurons (d25-28) responded with firing of repetitive trains of APs (Fig. 12A). Consequently, the average 

number of APs generated during 300 ms of depolarization was significantly higher in more mature 

neurons (8.083 ± 0.665) compared to immature neurons (0.900 ± 0.143) (Fig. 12B). However, once an 

AP was triggered, its amplitude did not differ significantly between immature (91.44 ± 3.08 mV) and 

mature neurons (96.02 ± 3.27 mV) (Fig. 12C). More mature neurons showed a trend towards a more 

negative resting membrane potential reaching -41.04 ± 1.92 mV compared to -37.85 ± 1.68 mV in 

immature neurons. Accordingly, the input resistance was significantly decreased in neurons at d25-28 

of differentiation (1.054 ± 0.079 Ω) compared to neurons at d4-5 (1.305 ± 0.090 Ω). In addition, the 

cellular capacitance increased from 7.320 ± 0.505 pF at d4-5 to 9.825 ± 0.809 pF at d25-28 which is 

indicative of an increased cellular volume. Together, these data underline the advanced 

electrophysiological functionality of the generated iPSC-derived neurons after 3-4 weeks of cultivation. 
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Fig. 12: Electrophysiological maturation of hiPSC-derived forebrain neurons. 

(A) Representative action potential (AP) firing pattern of an immature neuron at d5 and a more mature 

neuron at d26 of differentiation during 300 ms of depolarization. (B-F) Electrophysiological properties 

of individual neurons at d4-5 (n = 20 cells) and d25-28 (n = 24 cells) of differentiation. Each data point 

represents a single neuron. Bar graphs show mean with S.D. (B) Box-plot of the number of APs fired 

during 300 ms of depolarization. More mature neurons elicit significantly more APs upon 

depolarization. Error bars are min-max values. P < 0.0001, two-tailed Mann-Whitney U test. (C) AP 

amplitudes of immature and mature neurons did not differ significantly. P = 0.3393, two tailed t test. 

(D) The resting membrane potential (RMP) of more mature neurons showed a trend toward a more 

negative potential. P = 0.2268, two-tailed t test. (E) The membrane resistance decreases during 

neuronal maturation. P = 0.0414, two-tailed unpaired t test. (F) Capacitance of neurons increases with 

duration of differentiation. P = 0.0313, two-tailed Mann-Whitney U test. Electrophysiology was 

performed in collaboration with the group of PD Dr. Georg Köhr. 

 

7.2 Transcriptional hallmarks of neuronal maturation 

For an in-depth analysis of the transcriptional changes taking place during neuronal maturation, whole 

transcriptome RNA bulk sequencing of NPCs and neuronal cultures at day 5, 25 and 45 of 

differentiation was performed (Fig. 13A). In addition, single-cell RNAseq of a mixture of neurons of 

different maturity ranging from day 6 to day 52 was used. This “maturity gradient” allowed a higher-

resolution analysis of transcriptional adaptations at different stages of differentiation. 
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Similarity analysis of the samples used for RNA bulk sequencing revealed a high degree of overlap 

between transcriptomic signatures of biological replicates of the same stage of differentiation. With 

prolonged time in culture, differences between transcriptomes became more nuanced resulting in a 

lower Euclidean distance between d25 and d45 neuronal cultures (Fig. 13B).  

 

Fig. 13: RNA bulk sequencing of neuronal cultures at different stages of differentiation. 

(A) Timeline of neuronal differentiation with grey arrowheads indicating time points of sample 

collection for RNAseq. For each time point (NPC, d5, d25, d45), three biological replicates of 

independent differentiations were analyzed. (B) Sample distance matrix with hierarchical clustering 

based on rlog normalized counts. Euclidean distance indicates sample similarity with dark purple 

corresponding to a high degree of differences between samples. (C) PCA biplot of PC1 and PC2 based 

on the 500 most variable features. Biological replicates group together (black ovals) but samples are 

separated based on time point of differentiation. Transcriptomic signatures of NPCs and d5 neuronal 

cultures are distinct. With prolonged time in culture, transcriptomic differences become more nuanced 

causing d25 and d45 neuronal cultures to cluster more closely together. Grey arrow highlights timeline 

of differentiation. PC: principal component. RNAseq data analysis was done in collaboration with 

Dr. Anne Hoffrichter. 

In line with this observation, principal component (PC) analysis of PC1 vs PC2 showed clustering of NPC 

samples and samples of immature neuronal cultures at d5 most closely to one another and distinctly 

separated from the samples of all the other time points (Fig. 13C). Towards later stages of 

differentiation, the differences in the transcriptomic profiles of samples from d25 cultures to d45 were 

less pronounced. However, respective replicates still clustered most closely to one another. This 

highlights that the most profound transcriptional changes take place during the early phase of 

differentiation and that later stages are characterized by more fine-tuned adaptations. PC1 explained 

91.08% and PC2 4.34% of variance between samples with PC3 consolidating only 1.94%. These data 

underline the homogeneity of the analyzed samples and are a sign for a high degree of reproducibility 

between independent differentiations. 
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Using time course (TC) clustering of genes with similar expression dynamics (Wu & Gu, 2020), gene 

ontology (GO) terms related to biological process (BP), molecular function (MF) and cellular 

compartment (CC) that are characteristic for the different stages of neuronal maturation were 

identified. In total, TCseq analysis resulted in 12 distinct clusters with different expression dynamics, 

four of which are presented in more detail below (Fig. 14).  

 

Fig. 14: TCseq clustering identifies phase-specific gene expression patterns. 
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(A-D) Time course (TC) soft clustering of genes based on temporal expression dynamics (z-scaled 

RPKM). The degree to which a specific gene fits to the respective cluster is indicated by its membership 

value. High membership values are represented in yellow. Four TCseq clusters with different temporal 

expression patterns are shown together with a GO term enrichment analysis based on the underlying 

cluster-specific genes. Terms are split into the three GO categories biological process (GO:BP), 

molecular function (GO:MF) and cellular compartment (GO:CC). (A) Genes that are highly expressed in 

NPCs but downregulated in neurons mainly relate to DNA replication and proliferation. (B) D5 neuronal 

cultures show a distinct suppression of axon growth while favoring genes involved in neuronal 

migration. No GO:MF or GO:CC were specifically enriched for this temporal expression pattern. (C) 

Genes progressively upregulated during neuronal maturation focus on synaptogenesis. (D) Genes that 

are specifically upregulated in more mature neuronal cultures (d25, d45) largely pertain to ion channel 

and neurotransmitter receptor activity. RNAseq data analysis was done in collaboration with Dr. Anne 

Hoffrichter. 

TCseq analysis groups genes with similar temporal expression profiles together and thereby enables 

identification of broader transcriptional trends occurring over time. Genes that were strongly 

expressed in NPCs but downregulated in neurons at all stages of differentiation related predominantly 

to DNA replication, cell division and proliferation (Fig. 14A). This cluster contained GO terms like 

“mitotic sister chromatid segregation”, “single-stranded DNA helicase activity” and “fibroblast growth 

factor binding”. In contrast, d5 neuronal cultures showed a specific upregulation of genes involved in 

the generation of forebrain neurons and neuronal migration. However, the strongest enrichment at 

this stage of differentiation was observed for genes regulating the suppression of axon growth and 

guidance (Fig. 14B). This was in line with data from immunofluorescence imaging of d5 neuronal 

cultures showing that a distinct axonal compartment had not yet been formed (Fig. 11B). The third 

cluster contained genes that were not expressed in NPCs but which were progressively upregulated 

during neuronal maturation (Fig. 14C). These genes mainly related to processes involved in 

synaptogenesis and synaptic transmission with terms such as “synaptic vesicle docking”, “protein 

localization to synapse” and “excitatory synapse”. Lastly, genes which were specifically upregulated in 

d25 and d45 neuronal cultures played a role in neurotransmitter receptor signaling, regulation of ion 

channel activity and synapse refinement (Fig. 14D). Representative GO terms for this fourth cluster 

were, among others, “regulation of NMDA receptor activity”, “voltage-gated cation channel activity”, 

“GABAergic synapse” and “glutamatergic synapse”. 

Relative gene expression analysis of individual canonical marker genes corroborated the 

developmental trajectories identified by TCseq clustering (Fig. 15A). NPC cultures expressed high levels 

of the proliferation marker MKI67, and the progenitor markers SOX2, HES1 HES5 and NES. Immature 

neuronal cultures were enriched for the early neuron markers TUBB3, FAT3 and STMN1. Immature 

neurons also expressed DCX which is involved in microtubule regulation and is required for directed 

neuronal migration during cortical development. Additionally, an on-set of expression of the 
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postsynaptic density protein DLG4 (PSD95) and the ionotropic glutamate receptor (AMPA) subunits 

GRIA1 and GRIA2 were detectable at d5. Similarly, appreciable transcript levels of the neural cell 

adhesion molecule (NCAM1) and the axon initial segment (AIS) scaffolding component ANK3 were 

present at this time point. 

 

Fig. 15: Expression profiles of NPCs and neurons of different maturity. 

(A) Heat map (z-scaled) showing expression of canonical marker genes for the analyzed time points 

during neuronal maturation. At d25 and d45 of differentiation, neuronal cultures display increased 

expression of synaptic proteins, components of the AIS and neurotransmitter receptors. Expression of 

FOXG1 highlights the forebrain identity of the generated cultures. (B) Expression of the neuronal 

activity-related genes NPAS4 and ARC is increased in more mature neuronal cultures (d25, d45). Bar 

graphs show mean of normalized expression in TPM (transcripts per kilobase million) with S.D., 

statistical significance calculated with d5 as reference, one-way ANOVA with Bonferroni correction. 

RNAseq data analysis was done in collaboration with Dr. Anne Hoffrichter. 

Starting from day 25 of differentiation, neuronal cultures expressed higher levels of more mature 

neuron markers such as RBFOX3 (NeuN), CAMK2A and CAMK4. Transcription of MAPT was strongly 

increased providing the building material to consolidate and expand the axonal compartment. 

Expression of central synaptic proteins like NRXN1 and SYN1 increased, accompanied by elevated 

levels of SNAP25 which mediates synaptic vesicle fusion. The set of expressed neurotransmitter 
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receptors was widened by the addition of NMDA (GRIN1, GRIN2B) and GABA receptors (GABRA3, 

GABRB2). Furthermore, the expression of ANK3, the fundamental structural building block of the AIS 

was now accompanied by expression of its binding partner βIV Spectrin (SPTBN4) which is required for 

complete AIS assembly. The AIS also became equipped with the voltage-gated sodium channel Nav1.2 

(SCN2A). The AIS lends neurons polarity and constitutes the central signaling hub for the generation of 

action potentials. Taken together, these changes are indicative of a more complex neuronal 

cytoarchitecture enabling increased neuronal activity. Accordingly, expression of the neuronal activity-

related immediate early genes ARC and NPAS4 was strongly increased in more mature neuronal 

cultures at day 25 and 45 compared to immature neurons at d5 in culture (Fig. 15B). 

The generated neuronal cultures consisted of a mix of excitatory and inhibitory neuron subtypes as 

illustrated by the expression of the vesicular glutamate transporter-1 (SLC17A7) and glutamate 

decarboxylase-1 (GAD1), which are specific for glutamatergic and GABAergic neurons, respectively. 

The forebrain identity of these neurons was underlined by the prominent expression of FOXG1 already 

at the NPC stage. 

To analyze transcriptomes of individual neurons with varying degrees of maturity, single-cell RNAseq 

of a mix of neurons containing cells at different stages of differentiation from d6 to d52 was performed 

(Fig. 16A). Since not all neurons mature at the same rate in vitro, cultures at specific time points of 

differentiation always contain a mix of less and more mature cells even though the overall maturity of 

the culture advances with time. Consequently, d6 neuronal cultures may already contain a few more 

transcriptionally advanced neurons whereas at d52 a subpopulation of cells may be lacking behind in 

the maturation process. To adjust for this potential heterogeneity and optimally sort single neurons 

along a gradient based on increasing transcriptional maturity, data from the RNA bulk sequencing 

experiment was used for guided dimensional reduction of the single-cell transcriptomics data set. 

Subsequently, Seurat clustering resulted in six distinct subpopulations of single cells (Fig. 16B).  

The different stages of neuronal differentiation and maturation from NPCs to mature neuronal cultures 

were recapitulated using monocle3 pseudotime analysis which produced two distinct paths (Fig. 16C). 

With cluster 1 at the origin of pseudotime, the first path included clusters 2-5 and the second path was 

formed by a branch consisting of cluster 6. GO term enrichment analysis for cluster 6 revealed that it 

contained cells unified by their activation of stress response pathways highlighted by GO terms relating 

to stress-induced transcription and proteasome activity as well as unfolded protein and heat shock 

protein binding (Fig. 16D). These stressed cells may be a result of the extended sample preparation 

procedure before the generation of cDNA libraries. Since the aim of the experiment was to investigate 

transcriptional changes during neuronal maturation, cluster 6 was excluded from further analyses.  
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Fig. 16: Single-cell RNAseq dissects neuronal maturation dynamics. 

(A) Schematic representation highlighting the days of differentiation at which different neuronal 

cultures were collected for scRNAseq. A total of 2259 cells were sequenced and after filtering and 

quality control 1524 cells were further analyzed. (B) Dimensional reduction plot in UMAP dimensions. 

Seurat clustering of single cell transcriptomes reveals six distinct subpopulations. Data from the bulk 

RNAseq experiment was used for guided dimensional reduction of the scRNAseq dataset. (C) Monocle3 

pseudotime analysis based on the dimensional reduction from (B). Grey arrows indicate two paths for 

the progression of pseudotime. (D) GO term enrichment shows that cluster 6 consists of cells in a 

stressed condition. This cluster does not represent a path of neuronal development in pseudotime and 

was therefore excluded from further analyses. (E) Expression trajectories of canonical marker genes 

along the pseudotime axis based on normalized counts. These expression profiles highlight the 

neuronal identity of clusters 2-5. (F) Heat map (z-scaled) of marker gene expression in single cells 

ordered by pseudotime. Cells at the origin of pseudotime show a higher expression of NPC markers 

whereas cells at the end of pseudotime express more mature neuron markers like components of the 

AIS, neurotransmitter receptors and synaptic proteins. RNAseq data analysis was done in collaboration 

with Dr. Anne Hoffrichter. 
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Pseudotime expression trajectories of SOX2 and NES showed decreasing expression from cluster 1 to 

cluster 5 (Fig. 16E). TUBB3 expression peaked in clusters 2 and 3. For these two clusters, expression of 

DCX was also at a maximum and then began to decrease slightly in cells at the end of the pseudotime 

trajectory. Since DCX is involved in migration of neurons and is not required once a neuron has reached 

its final destination, a decrease in DCX expression likely is a sign of advanced neuronal maturity. 

Expression of the synaptic vesicle protein SNAP25 increased along the pseudotime axis and peaked in 

cells of cluster 5. Similarly, the expression of the presynaptic protein Synapsin (SYN1) was most 

abundant towards the end of pseudotime. Cells in cluster 1 positioned at the origin of pseudotime also 

expressed genes like MKI67, HES1 and HES5 suggesting that these clusters are formed by non-neuronal 

cells (Fig. 16F). Clusters 2 and 3 were formed by more immature neurons illustrated by the expression 

of TUBB3, FAT3, STMN1 and DCX. Cluster 4 represented an intermediate state of maturity and cluster 

5 contained the most mature neurons with the highest expression of neurotransmitter receptors and 

the AIS components SPTBN4 and SCN2A. Therefore, clusters 2-5 were formed by neurons whose 

transcriptomic maturity steadily increased from cluster 2 to 5. 

Since the aim of this study was to elucidate neuron-specific phenomena, the RNAseq data was used to 

estimate the purity of the generated neuronal cultures by analyzing the abundance of canonical 

astrocyte marker genes (Fig. 17). TPM counts for GFAP, SLC1A3, S100B and ALDH1L1 were either 

consistently low in neuronal cultures at d5, 25 and 45 or these genes were not expressed at all. This 

suggests that the investigated cultures almost exclusively contained neurons and that changes 

observed in their characteristics are attributable to neuron-specific adaptations and not astrocytic 

impurities. 

 

Fig. 17: The investigated neuronal cultures are highly pure. 

(A) Bulk and (B) single-cell RNA seq data of canonical astrocyte marker genes highlight the high degree 

of purity of the generated neuronal cultures which are almost completely free of astrocytes. Note 

differing scales of y-axis. Bar graphs show mean with S.D., one-way ANOVA with Bonferroni’s multiple 

comparison test. Violin plots indicate normalized counts.  
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In addition to the analysis of single canonical marker genes as a means to estimate the maturity state 

of neuronal cultures, it is also possible to quantify and score neuronal maturity in a manner suitable to 

permit comparison to other neuronal culture systems. For this purpose, the neuron maturity index 

(NMI) was calculated using the neuMatIdx R package published by He and Yu (He & Yu, 2018). This 

algorithm grades the maturity of neuronal cultures with a score from 0-1, with 1 being a perfect score. 

The algorithm was trained on the Reactome protein-protein interaction database and RNAseq data of 

fetal and adult human brain tissue. The “discriminating NMI” (dNMI) evaluates the status of 

transcriptional modules that were found to best account for the differences between immature and 

mature neurons. The neuron functionality index (NFI) only incorporates modules specifically enriched 

in mature neurons. Application of the NMI algorithms to the bulk and single-cell RNAseq data sets 

allowed scoring of the transcriptional maturity of the neurons generated within the scope of this study. 

Based on the bulk RNAseq data set, d5 neuronal cultures reached a dNMI value of 0.6396 ± 0.0107, 

well above the threshold between immaturity and maturity of 0.5 as defined by He and Yu (Fig. 18A, C). 

This may suggest that the applied differentiation protocol strongly boosts neuronal maturation already 

in the initial phase. The progression of neuronal maturation from d5 onward was also reflected in the 

higher dNMI scores of d25 and d45 neuronal cultures which reached 0.7284 ± 0.0031 and 

0.7380 ± 0.0122 respectively (Fig. 18A). The calculated NFI values were 0.7447 ± 0.0095 (d5), 

0.8297 ± 0.0059 (d25) and 0.8506 ± 0.0026 (d45) which was in support of the expected trend of an 

increasing maturity with prolonged time in culture. NMI scores of the neuronal clusters 2-5 of the 

scRNAseq data set supported the assignment of the pseudotime axis as a trajectory of neuronal 

maturation. Clusters 2 and 3 scored the lowest dNMI and NFI whereas cluster 5 reached the highest 

scores (Fig. 18B). In general, RNA bulk samples obtained higher NMI scores than single-cell clusters. 

The dNMI values calculated for neuronal cultures in bulk and single-cell transcriptomics were 

comparable to scores of other published transcriptomics data sets (Fig. 18C). 
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Fig. 18: Neuron maturity index (NMI) of neuronal cultures quantifies advancing maturity. 

Calculation of the neuron maturity index based on (A) bulk neuronal cultures and (B) transcriptomes 

of single neurons using the neuMatIdx R package (He & Yu, 2018). The discriminating NMI is 

determined based on transcriptional modules most suitable to distinguish between immature and 

mature neurons whereas the neuron functionality index only takes into account modules specifically 

upregulated in mature neurons. (A) Transcriptional maturity of neuronal cultures increases 

significantly with prolonged time of cultivation. Bar graphs show mean with S.D., one-way ANOVA with 

Bonferroni correction. (B) Violin plots showing NMI scores for the neuronal clusters 2-5. Scores 

calculated for single cells are generally lower than scores of bulk neuronal cultures. This presumably 

results from a less complete transcript coverage per cell in the scRNAseq experiment. (C) Figure 

adopted from (He & Yu, 2018) indicating discriminating NMI-based distinction of immature and mature 

neurons calculated for various publicly available RNAseq data sets. RNAseq data analysis was done in 

collaboration with Dr. Anne Hoffrichter. 

 

To conclude, RNA bulk and high-resolution single-cell transcriptomics of different time points 

throughout the applied neuronal differentiation protocol allowed to recapitulate changes in gene 

expression during neuronal maturation. Establishing a clear distinction between the transcriptional 

profiles of immature and mature neurons provided the basis for subsequent experiments. 
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7.3 Regulation of apoptosis pathways during neuronal maturation 

7.3.1 Mature neurons restrict caspase availability and activation 

During embryonic development, neurons are initially produced in excess numbers which are later 

reduced when the neuronal circuitry is refined. Once brain development has been concluded the 

remaining neurons have to persist for the whole lifetime of the individual. To guarantee their longevity, 

neurons are thus likely to rely on specific safety mechanisms to prevent their accidental loss. Using the 

detailed transcriptomic analysis of the established neuronal maturation trajectory, I first investigated 

the effect of neuronal maturation on the abundance of caspases, the classical key enzymes of the 

apoptotic machinery. Within the intrinsic apoptosis pathway, Caspase-9 acts as an initiator caspase for 

the activation of the effector Caspases-3 and -7. This activation requires the assembly of a protein 

complex called the apoptosome which consists of Apaf-1, Cytochrome c and Caspase-9 (Fig. 19A). 

APAF-1 protein was faintly detectable in NPCs and d5 neuronal cultures but became undetectable from 

d15 onward (Fig. 19B, C). Procaspase-9 protein levels peaked at d5 and decreased from there by about 

50% until d45. Interestingly, protein levels of the two initiator Caspases-3 and -7 declined as well. 

Proaspase-3 protein levels reached a maximum at day 15 and then strongly decreased until day 45. 

Ablation of Procaspase-7 was even more drastic as it was abundant in NPCs and immature neurons but 

hardly detectable in Western blots after day 5. 

RNA bulk analysis revealed a trend towards decreased APAF1 expression in more mature neuronal 

cultures, but this trend did not reach statistical significance (Fig. 19D). Expression of the CASP9 gene 

remained mostly unchanged throughout neuronal maturation and could therefore not explain the 

observed reduction in Procaspase-9 protein levels. In contrast, expression data for CASP7 was in 

support of Western blotting results and showed a complete ablation in neuronal cultures at all time 

points. Loss of CASP7 expression in immature neurons at d5 therefore preceded the loss of 

Procaspase-7 protein which was still detectable at this stage of maturation. Expression of CASP3 

reached a peak in d5 neuronal cultures and then slowly declined with time in culture. 

On the single cell level, transcript counts of APAF1, CASP9 and CASP7 were too low, to make valid 

claims about possible trends in their expression (data not shown). However, a strong decrease in CASP3 

expression was observable in the most mature neuron cluster 5 compared to the immature neuron 

clusters 2 and 3 (Fig. 19E). 

In addition to the major Caspases-3, -7 and -9, changes in the expression of other members of the 

caspase family of proteases were also investigated. Of note, a significant decrease in CASP2 transcript 

levels was observable specifically in d25 and d45 neuronal cultures compared to d5 (Fig. 19D). This 

notion was also supported by the scRNAseq data (Fig. 19E). 
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Fig. 19: Neuronal maturation is accompanied by a downregulation of caspases. 

(A) Schematic representation of key events within the signaling cascade of the intrinsic apoptosis 

pathway. Apoptosome assembly requires release of Cytochrome c from mitochondria. The 

apoptosome enables activation of Caspase-9 which subsequently activates downstream effector 

caspases. The latter initiate the execution phase of apoptosis which entails DNA fragmentation and 

breakdown of the cellular architecture. (B) Representative Western blots of the indicated proteins of 

the intrinsic apoptosis pathway. (C) Quantification of relative protein signal intensities of the Western 

blots shown in (B) based on n = 3 biological replicates of independent differentiations. Signal intensities 

were first normalized to respective actin bands and then to the value of d5 immature neurons (dashed 

line) which also served as a reference point for statistical analysis. (D) Bulk RNAseq expression data for 

APAF1 and major caspases of the intrinsic and extrinsic apoptosis pathway. Note different magnitudes 

of normalized expression (TPM) on y-axis. Expression of CASP8 and CASP10 was barely detectable. Bar 

graphs show mean with S.D., one-way ANOVA with Bonferroni correction. (E) Violin plots showing a 

maturation-dependent decrease in the expression of the indicated caspases. Violin plots indicate 

normalized counts. 
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Expression of CASP6 was highest in NPCs and more broadly downregulated in neuronal cultures 

independently of maturation state (Fig. 19D, E). The two major caspases of the extrinsic apoptosis 

pathway, caspase-8 and -10, were expressed at very low levels in NPCs and neurons. 

These findings corroborate that global changes in the availability of proapoptotic caspases take place 

during neuronal maturation. Even though changes on the transcript level were observed, altered gene 

expression is most likely not the only mechanism at play. For example, CASP9 expression appeared to 

be largely unchanged whereas Procaspase-9 protein levels decreased significantly as neurons matured. 

This suggested an additional involvement of further regulatory mechanisms aside from transcriptional 

control. Regulation of the proapoptotic potential of APAF-1 and Caspase-9 can also be achieved by 

alternative splicing of the respective full-length mRNA transcripts. APAF1 mRNA lacking exon 18 

encodes an APAF-1 variant that is unable to oligomerize and to bind Caspase-9 (Benedict et al., 2000). 

Exclusion of Exons 3-6 from CASP9 mRNA produces a catalytically inactive variant called Caspase-9b 

(Seol & Billiar, 1999; Srinivasula et al., 1999) (Fig. 20A). RT-PCR was used to examine possible changes 

in the splicing pattern of APAF1 and CASP9 mRNA. However, a significant switch in the distribution of 

splicing variants throughout neuronal maturation was not detectable (Fig. 20B). For both proteins, the 

full-length splicing variant remained prevalent. 

 

Fig. 20: APAF1 and CASP9 are not significantly regulated by alternative splicing during neuronal 

maturation. 

(A) Schematic representation of APAF1 and CASP9 gene structure. Full-length variants of both proteins 

contain all indicated exons and possess proapoptotic potential. Alternative splice variants lacking 

exons marked in red are missing important structural components and are consequently unable to 

exert their apoptotic function. (B) Agarose gel of RT-PCR products evaluating alternative splicing of 

APAF1 and CASP9. Neuronal maturation does not cause a major shift in the ratio of pro- and 

antiapoptotic splicing variants. Ex: exon, FL: full-length. 

 

Interestingly, neuronal maturation was accompanied by a general upregulation of genes involved in 

the suppression of apoptosis while genes mediating the execution phase of apoptosis were 

downregulated (Fig. 21A, B). The execution phase of apoptosis is initiated following the activation of 

effector caspases. A prominent downstream target of Caspase-3 is PARP-1 which usually plays an 
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important role in DNA repair processes but is inactivated during the execution phase of apoptosis. 

PARP-1 protein levels were markedly decreased during neuronal maturation (Fig. 21C) and this trend 

was mirrored by bulk and single-cell RNA expression data (Fig. 21D).  

 

Fig. 21: Neuronal maturation leads to a downregulation of proteins involved in the execution phase 

of apoptosis. 

(A, B, F) Show mean temporal expression pattern of genes belonging to the indicated GO terms based 

on TPM counts. Error bar shaded in grey indicates S.D. (A) Neuronal maturation is accompanied by a 

global upregulation of genes restricting neuron death and a (B) downregulation of genes orchestrating 

the execution phase of apoptosis. (C) Representative Western blot of the Caspase-3 downstream 

target PARP-1 and corresponding quantification of relative protein signal intensity of n = 3 independent 

experiments. Note: Statistical significance was not reached in one-way ANOVA with Bonferroni 

correction due to the high S.D. within the NPC triplicate. (D) Expression of PARP1 is attenuated during 

neuronal maturation. Bar graph shows mean with S.D., one-way ANOVA with Bonferroni correction. 

(E) Expression of the Caspase-3 target apoptotic chromatin condensation inducer in the nucleus 

(ACIN1) also decreases during neuronal maturation. Bar graph indicates mean with S.D., one-way 

ANOVA with Bonferroni correction. (F) Neurons display a downregulation of genes involved in 

responses to DNA damage. RNAseq data analysis was done in collaboration with Dr. Anne Hoffrichter. 

 

In parallel, more mature neurons displayed significantly lower expression of ACIN1 (acinus), another 

Caspase-3 target (Fig. 21E). During apoptosis, acinus is cleaved by Caspase-3 and then triggers 

chromatin condensation in preparation for programmed cell death (Sahara et al., 1999). Similar to 
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PARP-1, neuronal maturation also led to a downregulation of a broad range of further genes encoding 

factors involved in the response to DNA damage (Fig. 21F). 

Taken together, these data highlight that neuronal maturation causes a restriction of the intrinsic 

apoptosis pathway at various levels of the signaling cascade. Apoptosome formation is inhibited by a 

decreased availability of APAF-1 and Caspase-9, increasing the threshold for activation of downstream 

effector caspases which are themselves downregulated as well. Finally, progression of apoptosis is 

hindered by a scarcity of proteins mediating the eventual breakdown of cellular integrity. 

 

7.3.2 Neuronal maturation increases the threshold for mitochondrial outer 

membrane permeabilization 

Upstream of apoptosome formation and effector caspase activation, mitochondria play a central role 

in the initiation of the intrinsic apoptosis pathway. Stress stimuli promote the oligomerization of the 

BCL-2 family proteins BAX and BAK enabling them to form pores in the outer mitochondrial membrane. 

This membrane permeabilization enables Cytochrome c and other mitochondrial proapoptotic 

constituents to enter the cytosol. However, pore formation may be prevented by the antagonistic 

action of the pro-survival protein BCL-2 (Fig. 22A). Thus, the balance between pro- and antiapoptotic 

BCL-2 family proteins is decisive for the apoptosis competence of cells. In the investigated neuronal 

cultures, protein levels of BAX were highest at d5 of differentiation and decreased by about 60% until 

d45 (Fig. 22B). Conversely, BCL-2 was barely detectable at d5 but had increased about 2.5-fold by the 

time neuronal cultures reached d45 of differentiation. This observation was supported by RNAseq data 

which showed a pronounced drop in the expression of BCL2 from NPCs to d5 neuronal cultures 

followed by a strong rebound with advancing maturation. In parallel, BAX expression steadily declined. 

Even though the total transcript counts of BAX remained higher than counts for BCL2 during the 

investigated time frame of maturation (Fig. 22C, D), these changes potently shifted the balance in favor 

of cell survival. This effect was even more enhanced by the simultaneous downregulation of BAK1, the 

second pore-forming BCL-2 protein (Fig. 22E, F). Of the pro-survival BCL-2 proteins Bcl-xL (BCL2L1) and 

Bcl-w (BCL2L2) were more strongly expressed in neurons at all stages than in NPCs, whereas MCL1 

seemed to be of special importance solely for the protection of NPCs and was attenuated during 

neuronal maturation (Fig. 22E). Expression of the proapoptotic BH3-only proteins encoded by BCL2L11, 

PMAIP1 and BMF was highest in NPCs and significantly lower in neuronal cultures.  
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Fig. 22: Neuronal maturation increases the threshold for mitochondrial outer membrane 

permeabilization. 

(A) The intrinsic apoptosis pathway is initiated by oligomerization and pore-formation of BAX and BAK 

in the outer mitochondrial membrane. This permeabilization allows release of Cytochrome c into the 

cytosol. Pore assembly may be prevented by antiapoptotic BCL-2. (B) Representative Western blots 

and corresponding quantification of relative protein signals (n = 3) showing changes in BAX and BCL-2 

protein levels during neuronal maturation. Bar graph shows mean with S.D., one-way ANOVA with 

Bonferroni correction. (C) TPM-normalized mean temporal expression of BAX (red) and BCL2 (green). 

Shaded error bar indicates S.D. (D) Violin plots showing cluster-specific expression of BAX and BCL2 in 

scRNAseq. (E) Heat map (z-scaled) showing expression of pro- and antiapoptotic BCL-2 family members 

throughout neuronal maturation. (F) Violin plot highlighting downregulation of BAK1 expression during 

neuronal maturation. (G) The BCL-2 protein BOK is tightly restricted in d5 neuronal cultures but 

strongly upregulated thereafter. (H) Expression of the mitochondrial ubiquitin E3 ligase Parkin (PARK2) 

is increased in more mature neuronal cultures. (I) Neuronal maturation is accompanied by a strongly 

elevated production of mitochondria. This is indicated by the increased expression of PPARGC1A, the 

master regulator of mitochondrial biogenesis. (J) Increased numbers of mitochondria lead to increased 

levels of Cytochrome c in more mature neurons. Bar graphs (G-J) show means with S.D., statistical 

comparison to d5 neurons using one-way ANOVA with Bonferroni’s multiple comparison test. Violin 

plots indicate normalized counts. RNAseq data analysis was done in collaboration with Dr. Anne 

Hoffrichter. 
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Interestingly, expression of BOK was minimal in d5 neuronal cultures but significantly increased as 

neurons matured (Fig. 22E, G). The role of BOK in apoptosis is still subject to debate. Due to its 

structural similarity to BAX and BAK, it has been suggested as a third pore-forming proapoptotic BCL-2 

protein (Fernández-Marrero et al., 2017). However, it has been reported to fulfill cytoprotective 

functions in neurons (Orsi et al., 2016). Of note, more mature neurons also expressed significantly 

higher levels of the mitochondrial E3 ubiquitin ligase parkin (PARK2) than immature neuronal cultures 

(Fig. 22H). Interestingly, parkin ubiquitinates both, BAX and BCL-2, but with opposing effects. Whereas 

ubiquitination of BAX by parkin causes degradation of BAX (Johnson et al., 2012), steady-state levels 

of BCL-2 are increased after ubiquitination by parkin (Chen et al., 2010). Potentially, increased PARK2 

expression is a side-effect of the strong increase in the number of mitochondria during neuronal 

maturation which is illustrated by a marked upregulation of PPARGC1A, the key regulator of 

mitochondrial biogenesis (Fig. 22I). Higher mitochondria count and the metabolic reliance on oxidative 

phosphorylation result in elevated levels of Cytochrome c in more mature neurons (Fig. 22J). This may 

be one of the reasons that necessitate a tight regulation of MOMP which is achieved in mature neurons 

by the observed beneficial changes in the balance of pro- and antiapoptotic BCL-2 proteins. An 

increased threshold for MOMP improves the survival competency of mature neurons by preventing a 

subsequent downstream activation of the intrinsic apoptosis pathway. 

  

7.3.3 The protective potential of XIAP is enhanced in mature neurons 

A prominent proapoptotic protein that does not belong to the BCL-2 protein family is SMAC/DIABLO. 

It acts as an antagonist of inhibitor of apoptosis proteins (IAPs) by binding them and thereby preventing 

them from inactivating their proapoptotic target proteins. SMAC/DIABLO localizes to mitochondria 

from which it is released together with Cytochrome c upon initiation of the intrinsic apoptosis pathway. 

Surprisingly, Western blots revealed a strongly increased high molecular weight species detected by 

anti-SMAC antibody in lysates of neuronal cultures at multiple time points of differentiation (Fig. 23A). 

Usually, unmodified mature SMAC protein migrates at about 21 kDa. However, an additional band at 

about 48 kDa and a high molecular weight smear above it were observed, both of which increased in 

intensity as neurons matured. This pattern closely resembled previously published Western blot 

results from studies investigating the interaction partners involved in ubiquitination of SMAC 

(Macfarlane et al., 2002; Hu & Yang, 2003; Morizane et al., 2005; Ma et al., 2006). Poly-ubiquitinated 

Smac was almost undetectable in immature neuronal cultures but was strongly increased in mature 

neurons. Accordingly, inhibition of protein degradation with the proteasome inhibitor MG132 tended 

to increase protein levels of Smac in mature but not in immature neuronal cultures (Fig. 23B).  
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Fig. 23: The IAP antagonist SMAC/DIABLO is increasingly ubiquitinated during neuronal maturation. 

(A) Representative Western blot of SMAC at different stages of neuronal maturation. Top panel shows 

complete image of the cropped middle panel with longer exposure time to reveal increasing 

ubiquitination of SMAC. (B) Western blot of neuronal cultures treated with 5 µM MG132 for 12 h at d5 

and d30. Arrowhead indicates unprocessed precursor of SMAC. Bar graph shows mean with S.D. of 

n = 3 experiments. Not significant, two-tailed t test. (C) Representative immunofluorescence 

microscopy images of d5 and d35 neuronal cultures. SMAC was readily detectable at both stages and 

localized to elongated subcellular compartments, likely mitochondria. (D) Expression of DIABLO 

marginally increased as neurons matured, possibly a side-effect of higher mitochondrial biogenesis. 

Bar graph shows mean with S.D., no statistically significant differences detected by one-way ANOVA 

with Bonferroni correction. 

Interestingly, exposure to MG132 also led to an accumulation of the unprocessed precursor of SMAC 

in immature but not in mature neurons. Immunofluorescence microscopy of neuronal cultures at d5 

and d35 of differentiation did not show obvious differences in the intracellular distribution of SMAC 

which localized to slightly elongated subcellular structures in the soma and neurites (Fig. 23C). 

Presumably, these structures were mitochondria since SMAC is synthesized with an N-terminal 

mitochondrial targeting sequence and no other subcellular localization of SMAC has so far been 

reported. Expression of DIABLO increased slightly, yet not significantly, during neuronal maturation 

(Fig. 23D). Based on the strongly increased mitochondrial biogenesis in mature neurons, a 

proportionally higher expression of DIABLO could also have been expected. 
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To identify a potential source for the increased ubiquitination of SMAC/DIABLO, the expression levels 

of known SMAC E3 ubiquitin ligases were examined. Most of the candidate genes belong to the BIRC 

family of genes which encode IAPs. Expression of BIRC3 (cIAP-2) and BIRC7 (Livin) was neither 

detectable in bulk nor single-cell RNAseq (data not shown). BIRC2 (cIAP1) was highly expressed at all 

stages of neuronal maturation but did not reveal any apparent trends (Fig. 24A, B). Notably, expression 

of BIRC4 (XIAP) was elevated in bulk RNA of more mature neurons at d25 and d45. This effect was even 

more pronounced in scRNAseq analysis in which cluster 5 contained the most cells with BIRC4 

expression. 

 

Fig. 24: Expression of potential SMAC/DIABLO ubiquitin E3 ligases during neuronal maturation. 

(A) Bulk and (B) single-cell RNAseq expression data of reported SMAC/DIABLO ubiquitin E3 ligases 

during neuronal maturation. Expression of BIRC4 (XIAP) was most clearly upregulated in bulk and 

single-cell RNAseq data of mature neurons. Bar graphs show mean with S.D., one-way ANOVA with 

Bonferroni correction. Violin plots indicate normalized counts. 

Expression of BIRC5 (Survivin) was strong in NPCs but abrogated in neuronal cultures already at the 

beginning of maturation. The only known SMAC ubiquitin ligase outside of the IAP family is AREL1 

(Kim et al., 2013). Expression of AREL1 was generally increased in bulk cultures of neurons compared 

to NPCs. Neuronal cultures at d45 reached the highest mean expression by a slight margin. 
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This difference was more obvious in the scRNAseq data in which the percentage of cells with 

detectable AREL1 expression was highest in cluster 5 formed by the most mature neurons. 

Since bulk and single-cell RNAseq results showed the strongest trends for XIAP as a promising 

candidate, its potential involvement in neuroprotection was subsequently further analyzed in more 

detail. XIAP is the only IAP that is known to directly bind and inhibit the activity of Caspases-3, -7 and -9. 

First, the levels of XIAP protein throughout neuronal maturation were examined by Western blotting 

(Fig. 25A). Interestingly, XIAP was not present in NPCs even though XIAP mRNA was readily detectable 

in bulk and single-cell transcriptomics. This discrepancy may hint at post-translationally regulated 

degradation of XIAP in NPCs. XIAP appeared in Western blots from d5 onward and increased about 

4-fold until d45. 

 
Fig. 25: Mature human forebrain neurons possess increased XIAP protein levels. 

(A) Exemplary Western blot of XIAP protein level throughout neuronal maturation. More mature 

neurons display higher protein levels of XIAP. Quantification shows relative XIAP signal normalized to 

d5 cultures (dashed line). Bar graph shows mean with S.D., one-way ANOVA with Bonferroni 

correction. (B) Representative fluorescence microscopy images of d5 and d35 neuronal cultures. Note 

higher abundance of XIAP in neurites of neurons at d35. White dashed boxes highlight area of the 

zoom-in on the right. Scale bars: 50 µm. (C) Comparison of the development of APAF-1 and XIAP 

protein levels at different time points of neuronal maturation. (D) Mean temporal expression pattern 

of APAF1 and BIRC4 (XIAP) in TPM showing opposite trends of regulation. Shaded area indicates S.D. 
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In immunofluorescence stainings, XIAP was detectable in d5 and d35 neuronal cultures in the soma 

and neurites (Fig. 25B). These stainings supported the notion that the abundance of XIAP strongly 

increased during neuronal maturation. As a result of increased BIRC4 levels and decreased APAF1 

expression, the XIAP to APAF-1 ratio is favorably altered in mature neurons (Fig. 25C, D). This ratio may 

serve as an indicator to estimate the relative threshold for the activation of caspases. Low availability 

of APAF-1 reduces the likelihood for apoptosome formation and thus initiation of the caspase cascade. 

Simultaneously, increased XIAP levels guarantee a fast inhibition of caspases in case they are activated 

anyhow.  

Since mature neurons displayed a strong increase in XIAP levels, it was of interest to investigate 

whether expression of XIAP interaction partners was also altered. Thus, the expression of established 

XIAP antagonists was analyzed. These proteins are able to promote apoptosis indirectly by 

undermining XIAP pro-survival activity. Surprisingly, XAF1 mRNA was almost completely absent from 

all of our samples in bulk and single-cell transcriptomics (Fig. 26A). XAF-1 (XIAP associated factor 1) is 

a proapoptotic protein that derives its name from its interaction with XIAP.  

 
Fig. 26: Expression patterns of XIAP antagonists and stabilizers. 

(A) Bulk and single-cell RNAseq expression data of known XIAP antagonists show a trend towards 

decreased expression in more mature neurons. (B) Expression of ubiquitin-specific protease 11 

(USP11) is increased in neurons compared to NPCs. (C) Expression of PRKCE is strongly upregulated at 

later stages of neuronal maturation. USP11 and PKCε may stabilize steady-state levels of XIAP protein 

in mature neurons. All bar graphs display means with S.D., statistical significance calculated compared 

to d5, one-way ANOVA with Bonferroni correction. Violin plots indicate normalized counts. RNAseq 

data analysis was done in collaboration with Dr. Anne Hoffrichter. 
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Additionally, neuronal cultures at day 45 expressed lower levels of HTRA2 than at day 5. HtrA2 is a 

mitochondrial serine protease with the ability to cleave XIAP to prevent it from interacting with 

caspases (Srinivasula et al., 2003; Yang et al., 2003). Like for DIABLO, the strongly increased 

mitochondrial biogenesis in mature neurons was not accompanied by a similarly large increase in the 

expression of HTRA2. Furthermore, mature neurons at d45 displayed significantly reduced levels of 

SIVA1 transcripts compared to d5 neuronal cultures (Fig. 26A). SIVA-1 exerts its proapoptotic function 

by promoting XIAP ubiquitination and degradation (Coccia et al., 2020). Another pathway for XIAP 

degradation requires the protein SIAH-1, an E3 ligase with the capability to directly ubiquitinate XIAP. 

Notably, cells lacking SIAH-1 have been shown to possess elevated steady-state levels of XIAP (Garrison 

et al., 2011). In relation to d5 neuronal cultures, more mature cultures at d45 expressed significantly 

less SIAH1. 

Aside from a beneficial modulation of XIAP antagonists, mature neurons may also profit from actively 

stabilizing XIAP protein. In this context two candidate genes seemed especially promising based on the 

obtained RNAseq data sets. As noted above, XIAP protein was only detectable in neuronal cultures but 

not in NPCs even though expression levels were almost identical in NPCs and d5 neuronal cultures   

(Fig. 24A, B). Interestingly, neuronal cultures displayed almost a 3-fold increase in the expression of 

the ubiquitin-specific protease 11 (USP11) (Fig. 26A). USPs catalytically remove ubiquitin chains from 

target proteins and are therefore able to prevent their degradation via the ubiquitin-proteasome 

system. Recently, USP11 has been shown to fulfill this role in the regulation of XIAP turnover (Zhou 

et al., 2017). Consequently, elevated levels of USP11 may prevent degradation of XIAP in neurons but 

its reduced availability may XIAP removal in NPCs.  

A second notable XIAP stabilizer is protein kinase C epsilon (PKCε), encoded by the PRKCE gene. PKCε 

maintains XIAP protein levels via phosphorylation (Kato et al., 2011). It was more than 6-fold 

upregulated in mature compared to immature neurons, presumably due to its involvement in synapse 

formation and function (Fig. 26C). PKCε signaling may therefore offer an avenue for cytoprotection in 

mature neurons. 

Together, these data reveal an increasingly tight regulation of proapoptotic SMAC and highlight the 

importance of XIAP in promoting survival of mature human neurons. Not only do levels of XIAP protein 

increase as neurons mature but also a number of known XIAP antagonists are concurrently 

downregulated. These adaptations synergize to cause a maturation-dependent increase in the 

protective potential of XIAP. 
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7.3.4 Neuronal maturation provides an increased protein folding capacity 

Investigation of global transcriptomic trends during neuronal maturation revealed a time-dependent 

upregulation of genes involved in the regulation of protein stability and protein folding (Fig. 27A). 

Expression profiles of GRP78/BiP (HSPA5), HSP27 (HSPB1) and HSP90β (HSPB90AB1) showed similar 

trajectories (Fig. 27B). All three chaperones were most widely expressed in NPCs, strongly 

downregulated in immature neurons and finally re-expressed as neuronal maturation proceeded. An 

increased capability to maintain protein homeostasis may therefore be an additional survival 

advantage of mature over immature neurons. 

 

Fig. 27: Neuronal maturation increases the capacity for the maintenance of the cellular proteome. 

(A) Temporal gene expression pattern of genes summarized under the indicated GO terms related to 

maintenance of proteostasis. Shaded error bar highlights S.D. (B) Bulk and single-cell RNAseq 

expression pattern of the indicated heat-shock proteins reveals a downregulation at initial stages of 

maturation and an upregulation at later time points. Mature neurons therefore possess an increased 

protein folding capacity. Bar graphs show mean with S.D., statistical significance in relation to d5, one-

way ANOVA with Bonferroni correction. Violin plots indicate normalized counts. RNAseq data analysis 

was done in collaboration with Dr. Anne Hoffrichter. 
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7.3.5 Mature human neurons are highly resistant to a wide range of cellular 

insults 

Based on the described range of pro-survival adaptations in mature neurons, they could be expected 

to display an increased resistance towards cellular stress compared to their immature counterparts. 

To test this hypothesis, immature and mature neuronal cultures were exposed to different stress 

stimuli and their viability was monitored for an extended period. Neurons were challenged by 

disruption of different cellular processes.  

 

Fig. 28: Mature neurons possess an enhanced resistance against a wide range of cellular stressors. 

(A) Orangu™ cell viability assay of d5 and d30 neuronal cultures exposed to the indicated stressor 

molecules for 84 h. In this assay, cell viability is determined based on activity of cellular 

dehydrogenases. Stressor concentrations were: TM 1.0 µM, MG132 0.5 µM, STS 50 nM, rotenone 

2.5 µM, TG 1.0 µM, Baf. A1/3-MA 15 nM/2 mM. Bar graphs show mean with S.D. of the fraction of 

viable cells normalized to respective DMSO-treated control cells. n = 3 independent experiments. One-

way ANOVA with Bonferroni correction. (B) CellTiter-Glo™ cell viability assay of d5 and d45 neuronal 

cultures treated for 48 h with the indicated stressors. Results from n ≥ 3 independent experiments. 

Stressor concentrations as above, except: TM and TG 0.5 µM. Bar graphs show mean with S.D., two-

tailed t test. More mature neuronal cultures possess a higher survival competence than immature 

neuronal cultures under the tested conditions. 
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Tunicamycin (TM) was used to inhibit N-glycosylation of proteins, the proteasome inhibitor MG132 to 

prevent protein turnover, staurosporine (STS) to inhibit the activity of protein kinases, rotenone to 

interfere with the mitochondrial electron transport chain to cause oxidative stress, thapsigargin (TG) 

to disrupt the Ca2+ homeostasis of the ER and a combination of bafilomycin A1 (baf. A1) and 

3-methyladenine (3-MA) to inhibit autophagic flux. Viability of mature (d30, d45) and immature 

neuronal cultures at d5 were determined using Orangu™ and CellTiter-Glo™ (CTG) assays (Fig. 28A, B). 

Orangu™ viability assays of d5 and d30 neuronal cultures were conducted over 84 hours with 

measurements in 12 h intervals. Viability of immature neuronal cultures in the presence of TM began 

to decrease significantly after 36 h. Survival of mature neuronal cultures was significantly higher with 

46.3 ± 1.5% remaining after 72 h compared to 4.7 ± 3.8% in immature cultures. Similarly, d45 neuronal 

cultures persisted significantly better than d5 cultures in CTG assays after 48 h of exposure to TM      

(Fig. 28B). A similar trend was observable during treatment with MG132 but this effect was less 

pronounced and the differences in cell survival did not reach statistical significance. Additionally, 

neuronal cultures proved quite resistant to STS independent of their stage of maturation. Surprisingly, 

viability of mature and immature neurons was equally affected by rotenone. This was remarkable since 

rotenone disrupts mitochondria and the electron transport chain on which mature neurons rely much 

more heavily for oxidative phosphorylation. Consequently, mature neurons could have been expected 

to be more susceptible to rotenone exposure than immature neurons but this did not seem to be the 

case. Furthermore, TG caused a strong decline in the viability of immature neuronal cultures but the 

toxic effect was dampened in mature neurons. After 84 h, viability of d5 cultures had fallen to 

6.0 ± 4.0% compared to 49.3 ± 7.6% in d30 neuronal cultures. Finally, mature neurons coped 

significantly better with an interruption of autophagic flux by baf. A1/3-MA. Viability of immature and 

mature neuronal cultures accumulated to 29.6 ± 6.5% vs 70.0 ± 20.6% after 48 h in CTG assays and 

19.7 ± 8.7% vs 74.3 ± 23.5% after 72 h in Orangu™ assays. 

These results highlight that neuronal maturation indeed confers a broadly increased stress resistance 

to prevent accidental loss of neurons in established networks. This is achieved by various regulatory 

switches described above that reinforce cell survival at multiple levels of cellular homeostasis. 
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7.4 Activation of the HBP in the human neural lineage 

Aside from intrinsic safety breaks provided by neuronal maturation, it is desirable to discover further 

means of protecting the central nervous system cellular insults. Recent publications have proclaimed 

that increased output by the hexosamine biosynthetic pathway (HBP) via GFAT-1 gain-of-function 

mutations or supplementation of GlcNAc confers cytoprotection through activation of the integrated 

stress response (ISR). To date, these effects were only observed in the nematode C. elegans, murine 

neuroblastoma cells and keratinocytes (Denzel et al., 2014; Horn et al., 2020; Ruegenberg et al., 2020). 

Therefore, I sought to investigate the potentially protective effects of HBP activation in the human 

neural lineage. 

 

7.4.1 CRISPR-Cas9-mediated generation of GFAT-1 gain-of-function hiPSCs 

As the rate-limiting enzyme of the hexosamine pathway, glucosamine-fructose-6-phosphate 

aminotransferase isomerizing-1 (GFAT-1) is central for the generation of UDP-GlcNAc, the precursor 

building block for N-glycosylation of proteins. The group by Martin Denzel described a GFAT-1 gain-of-

function (gof) variant which increases base-line activation of the ISR and boosts resistance to 

tunicamycin-induced cell stress (Denzel et al., 2014; Horn et al., 2020; Ruegenberg et al., 2020). 

Structurally, the glycine to glutamate (Gly > Glu) mutation underlying the GFAT-1 gof is located in the 

linker region between its two catalytic domains and renders the resulting GFAT-1 variant more 

resistant to negative feedback inhibition without major detrimental effects on the reaction rate 

(Ruegenberg et al., 2020). The stretch of amino acids within the GFAT-1 protein containing the 

Gly > Glu gof mutation is a highly conserved consensus sequence. The relevant glycine residue is 

located at position 451 of the protein (Fig. 29A) and is encoded by a GGC triplet starting from position 

1,405 of the GFPT1 coding sequence. 

To investigate potential effects of the GFAT-1 G451E gof in the human neural lineage, I used CRISPR-

Cas9-guided genome editing to introduce the relevant mutation in the endogenous GFPT1 locus of 

hiPSCs from a healthy control subject. This use of isogenic cell lines enables specific investigation of 

the effects of the GFAT-1 G451E mutation without having to take into account other potential genetic 

differences or artefacts resulting from exogenous overexpression. 

The site of the desired mutation also constituted a suitable PAM sequence for Cas9 targeting (Fig. 29B). 

A 145 bp long single-stranded oligonucleotide (ssoligo) harboring the required GC > AG base pair 

exchange was used as a repair template after Cas9-mediated DNA strand cleavage at the target site.  
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Fig. 29: Generation of hiPSCs with GFAT-1 G451E gain-of-function mutation.  

(A) Excerpt from the alignment of the amino acid sequence of the GFAT-1 protein for the indicated 

species. The position of the amino acid exchange leading to the GFAT-1 gof variant is indicated in light 

blue. (B) DNA sequence within the GFPT1 gene edited by CRISPR-Cas9 system. Cas9 gRNA recognition 

sequence ins indicated in green, the corresponding PAM sequence is highlighted in purple, blue line 

with star highlights the base triplet encoding glycine 451 in the GFAT-1 wild type protein. (C) RT-PCR 

for the identification of GFAT-1 G451E gof hiPSC clones. An 837 bp region surrounding the CRISPR-Cas9 

target site was amplified. The band indicated by the black arrowhead was excised and analyzed by 

sanger sequencing. Chromatograms of sequences from clones #3, #4 and #6 revealed the desired 

mutation within the GFPT1 gene. (D) Exemplary full genome SNP analysis of clone #3. The three 

validated hiPSC GFAT-1 gof clones did not display genomic alterations. (E) Representative fluorescence 

microscopy images of hiPSC cultures of the isogenic control and GFAT-1 G451E clone #3 highlighting 

the expression of the indicated canonical pluripotency markers. Scale bars: 100 µm. 
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Due to the GC > AG exchange, incorporation of the ssoligo removed the PAM sequence required for 

Cas9 binding and thus prevented repeated cleavage at the mutation site which increased the likelihood 

of a homozygous modification. As this approach was minimally invasive and did not involve a stable 

integration of a resistance gene, clones were transiently selected for 48 h with puromycin. After 

selection, a total of nine hiPSC clones remained. An 837 bp stretch of DNA surrounding the site of the 

desired GC > AG mutation was amplified from cDNA of all nine clones (Fig. 29C). The amplified DNA 

was extracted and analyzed by Sanger sequencing. Three of the nine clones harbored the desired 

nucleotide exchange without any further DNA alterations. The other six clones were either missing the 

GC > AG mutation or showed partial sequence deletions in the vicinity of the Cas9 targeting sequence. 

Of the three positive clones, clones #3 and #4 possessed a homozygous mutation whereas clone #6 

had one wildtype and one mutated allele. Alignment of the GFAT-1 protein sequence of isogenic 

controls and G451 mutants showed the desired Gly > Glu mutation but no additional amino acid 

exchanges (data not shown). To exclude unwanted off-target mutations introduced by the CRISPR-

Cas9 system, all three clones were investigated for genomic and karyotypic integrity and analyzed for 

single nucleotide polymorphisms. None of the clones revealed marked genomic aberrations (Fig. 29D). 

To validate their normal developmental potential, hiPSCs of clones #3, #4 and #6 were stained for the 

pluripotency markers OCT3/4, SSEA4 and SOX2. Staining patterns for these markers in GFAT-1 G451E 

clones was identical to isogenic control cells (Fig. 29E). GFAT-1 G451E clones showed normal 

development when differentiated into NPCs and human forebrain neurons. Neuronal cultures matured 

as described before. They showed advanced separation of MAP2 and Tau as well as a nuclear signal 

for the mature neuron marker NeuN (Fig. 30A). GFPT1 mRNA and GFAT-1 protein levels were not 

affected by the introduction of the G451E mutation (Fig. 30B, C). 
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Fig. 30: Neuronal cultures generated from GFAT-1 gof hiPSCs. 

(A) Representative fluorescence microscopy images of neuronal cultures generated from control cells 

and the three clones of hiPSCs harboring the GFAT-1 G451E gof mutation. The mutation introduced in 

the GFPT1 gene did not have apparent effects on the generation of neuronal cultures. Scale bars: 

50 µm (B) RT-PCR of GFPT1 expression and (C) Western blot of GFAT-1 protein in d30 neuronal cultures 

of isogenic control cells and GFAT-1 G451E clones.  

 

7.4.2 GFAT-1 gain-of-function and cellular stress resistance 

Since Denzel et al. described N-acetylglucosamine (GlcNAc) or GFAT-1 gof to exert a protective effect 

against tunicamycin (TM)-induced cell stress in C. elegans and non-human mammalian cell lines, I 

wondered whether cells of the human neural lineage would also benefit under these conditions in a 

similar manner. Thus, the viability of NPCs and neuronal cultures generated from GFAT-1 gof and 

isogenic control hiPSCs was determined after cultivation in the presence of increasing concentrations 

of TM with and without 10 mM GlcNAc. 

Supplementation of 10 mM GlcNAc effectively protected NPCs derived from control cells against TM-

induced cell death (Fig. 31A). After 48 h in the presence of 0.05 µM TM, the percentage of viable cells 
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was more than double when 10 mM GlcNAc was added to the medium.  The latter resulted in 

73.1 ± 7.4% viable cells compared to 32.8 ± 4.7% in untreated controls. The relative improvement of 

cell survival was even higher at 0.10 µM TM for which GlcNAc supplementation led to a mean survival 

rate of 53.2 ± 9.7% compared to 17.4 ± 0.7%. At 0.50 µM TM GlcNAc still improved cell survival by 

about 50% reaching 12.7 ± 1.1% compared to 8.1 ± 1.3% in controls. However, the majority of NPCs 

had already died at this concentration of TM after 48 h.  

 

Fig. 31: GlcNAc supplementation and GFAT-1 gof provide a partial protection of NPCs from TM-

induced cell death. 

Viability of NPC cultures exposed to the indicated TM concentrations was determined by CellTiter-

Glo™ assay after 48 h. Bar graphs show mean with S.D. of n = 3 independent experiments, two-way 

ANOVA with Bonferroni’s multiple comparisons test. (A) Viability of NPC cultures of a control cell line 

exposed to TM in the presence or absence of 10 mM GlcNAc. GlcNAc is highly protective at lower TM 

concentrations. (B) Viability of isogenic control NPCs compared to NPCs with GFAT-1 gof highlights the 

survival promoting effect of GFAT-1 gof at lower concentrations of TM. (C) Effect of 10 mM GlcNAc on 

the viability of NPCs with GFAT-1 gof in the presence of the indicated concentrations of TM. 

 

NPCs expressing the GFAT-1 G451E gof variant were significantly less susceptible to lower 

concentrations of TM (0.05, 0.10 µM) (Fig. 31B). At 0.05 µM TM, isogenic control NPCs were reduced 

to 32.8 ± 4.7% viable cells whereas GFAT-1 G451E clones #3, #4 and #6 displayed survival rates of 

62.2 ± 9.4%, 56.0 ± 7.9% and 57.7 ± 7.9%, respectively. Doubling of TM to 0.10 µM resulted in 
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17.4 ± 0.7% viability of control NPCs and 38.0 ± 10.8%, 33.2 ± 10.2% and 30.6 ± 11.2% for the respective 

GFAT-1 gof clones. However, the protective effect of the GFAT-1 gof variant was negated at higher 

concentrations of TM (0.25, 0.50 µM). Supplementation of GFAT-1 gof NPCs with 10 mM GlcNAc 

tended to have an additive effect on cell survival but the observed differences did mostly not reach 

statistical significance (Fig. 31C). 

As observed previously (section 7.3.5), immature neuronal cultures at d5 are susceptible to TM-

induced ER-stress. Accordingly, cell viability was decreased by about 50% after 48 h in the presence of 

TM concentrations ranging from 0.25 to 1.5 µM (Fig. 32A). Parallel application of 10 mM GlcNAc in the 

culture medium did not enhance the survival rate of immature neurons. At day 30, neuronal cultures 

displayed an inherent resistance to TM at the applied concentrations. This effect was not augmented 

by GlcNAc supplementation (Fig. 32D). These experiments corroborate the phenomenon of increasing 

stress resistance of mature neurons but also show that, in contrast to NPCs, supplementation of 

GlcNAc does not confer a protective effect on neuronal cultures at day 5 and 30 of differentiation.  

Next, the effect of the GFAT-1 G451E gof on neuronal survival under TM-induced stress was 

investigated. Remarkably, d5 neuronal cultures of all three GFAT-1 G451E clones displayed a higher 

survival rate than control cultures (Fig. 32B). At a concentration of 0.25 µM TM, viability of all three 

clones was mostly unaffected after 48 h reaching 103.8 ± 7.9%, 91.4 ± 25.2% and 95.4 ± 4.1% 

(clone #3, #4, #6). Conversely, the number of viable cells in control cultures had shrunk to 52.7 ± 1.8%. 

At the maximal TM concentration of 1.5 µM, control cells displayed 43.1 ± 17.2% viability whereas 

clones #3, #4 and #6 maintained 104.6 ± 37.2%, 75.5 ± 10.2% and 85.8 ± 12.8%, respectively. 

As observed for the isogenic control cells, adding 10 mM GlcNAc to the culture medium of GFAT-1 

G451E clones during the stress assay did not have an additive protective effect (Fig. 32C). At d30 of 

differentiation, there were no significant differences in the survival rate of control and GFAT-1 G451E 

gof neuronal cultures after 48 h in the presence of the applied concentrations of TM (Fig. 32E). Similar 

to results obtained for neuronal control cultures, survival of GFAT-1 gof neurons at d30 could not be 

further enhanced by supplementation with 10 mM GlcNAc (Fig. 32F). 

To conclude, GlcNAc only exerted a cytoprotective effect against TM-induced cell death in NPCs but 

not in neuronal cultures at d5 and d30. Additionally, GFAT-1 G451E gof significantly improved survival 

of NPCs and d5 neuronal cultures. These data also further underline the inherent maturation-

dependent stress resistance of more advanced neuronal cultures. 
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Fig. 32: GFAT-1 gof is beneficial for the survival of immature neuronal cultures exposed to TM-

induced stress. 

Results of CellTiter-Glo™ cell viability assays of immature d5 (A-C) and more mature d30 (D-F) neuronal 

cultures. Cells were treated with the indicated concentrations of TM for a period of 48 h. Bar graphs 

show mean with S.D. of n = 3 independent experiments, two-way ANOVA with Bonferroni correction. 

(A) Supplementation of 10 mM GlcNAc during TM exposure did not have a significant effect on the 

viability of immature neuronal cultures. (B) Comparison of the viability of immature neuronal cultures 
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of GFAT-1 gof and isogenic control cells highlighting a significant survival promoting effect of the 

GFAT-1 gof variant. (C) Combination of GFAT-1 gof and 10 mM GlcNAc does not yield difference in cell 

survival rates. (D) Supplementation of mature neuronal cultures of control cells with 10 mM GlcNAc. 

Mature neuronal cultures possess an inherent resistance to TM-induced stress and do not benefit from 

GlcNAc. (E) GFAT-1 gof does not improve viability of mature neuronal cultures in the presence of TM. 

(F) Viability of GFAT-1 gof cells supplemented with 10 mM GlcNAc. 

 

7.4.3 The integrated stress response in human GFAT-1 gain-of-function neurons 

In N2a cells, primary murine keratinocytes and C. elegans the protective effect of the GFAT-1 gof and 

GlcNAc have been attributed to the activation of the integrated stress response (ISR). The ISR is a signal 

transduction system for protein quality control that is highly conserved across species. One branch of 

ISR activation requires sequential phosphorylation of PERK and elF2α which lead to activation of the 

transcription factor ATF4. Transcription of ATF4 target genes engages adaptive responses designed to 

cope with incoming stress stimuli. 

To investigate a possible activation of the PERK branch of the ISR by GlcNAc supplementation or GFAT-1 

gof in the human neural lineage, Western blot analysis of NPCs, immature and mature neuronal 

cultures was performed. As tunicamycin I is a known inducer of the PERK branch of the ISR and thus 

ATF4 (Oslowski & Urano, 2011), it was used as a positive control.  

Exposure to TM robustly increased ATF4 protein levels in all cultures (Fig. 33). Surprisingly, this 

induction of ATF4 was not accompanied by appreciable elevation of PERK of ElF2α phosphorylation. 

PERK was readily detectable in NPCs and d5 neuronal cultures (Fig. 33A, B) but only faintly in neurons 

at d30 of differentiation (Fig. 33C). Phosphorylated PERK was barely detectable in d5 neuronal cultures 

but not in NPCs and d30 neuronal cultures. ElF2α and its phosphorylated form were detectable at all 

stages of differentiation. Unexpectedly, GFAT-1 gof or GlcNAc supplementation did neither lead to an 

apparent increase of PERK/ElF2α phosphorylation or ATF4 induction in NPCs nor in neurons. 

Consequently, these results call into question the universal applicability of the signaling mechanism 

behind protective overactivation of the HBP proposed by Horn et al. (Horn et al., 2020).  
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Fig. 33: GFAT-1 gof or GlcNAc supplementation do not cause appreciable activation of the PERK 

branch of the ISR in the human neural lineage. 

Representative Western blots for components of the PERK signaling branch of the ISR in (A) NPCs, (B) 

d5 and (C) d30 neuronal cultures with GFAT-1 gof and/or 10 mM GlcNAc supplementation (16 h). NPCs 

were treated with 0.1 µM and neurons with 0.5 µM TM as a positive control for ATF4 induction. All 

samples of the individual subpanels were analyzed on the same gel, overlayed dashed lines merely 

serve as a visual aid. 
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7.4.4 Transcriptional regulation of the hexosamine biosynthetic pathway and the 

integrated stress response during neuronal maturation 

The previously obtained bulk RNAseq data (section 7.2) provided the opportunity to examine the 

transcriptional regulation of the individual components of the HBP and the ISR during neuronal 

differentiation. Reactions within the HBP are catalyzed by four sequentially working enzymes and 

culminate in the production of UDP-GlcNAc (Fig. 34A).  

 

Fig. 34: Expression patterns of HBP enzymes during neuronal maturation. 

(A) Schematic representation of the steps involved in the generation of UDP-GlcNAc via the HBP. 

Enzymes catalyzing the individual reactions are listed in bold on the left. (B) Normalized expression 

data (TPM) of the indicated HBP enzymes during neuronal maturation based on bulk RNAseq analysis 

of neuronal cultures from a control cell line. Note variable scale on y-axis, especially for GFPT1. Bar 

graphs show mean with S.D., statistical significance compared to d5 neuronal cultures based on one-

way ANOVA with Bonferroni correction. Violin plots indicate normalized counts. RNAseq data analysis 

was done in collaboration with Dr. Anne Hoffrichter. 

With the exception of GFPT1, expression of HBP enzymes was first downregulated during 

differentiation from NPCs to immature neurons and then tended to increase again during neuronal 

maturation (Fig. 34B). Expression of PGM3 increased only mildly during neuronal maturation and not 

as significantly as the expression of the other HBP enzymes. Interestingly, GFPT1 expression was almost 

identical in NPCs and d5 neuronal cultures. In contrast, expression of its paralogue GFPT2 was 
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significantly decreased during this period. At all stages of differentiation, absolute expression of GFPT1 

was higher than expression of GFPT2. Even though expression of GFPT2 increased about 4-fold from 

8.82 ± 3.53 to 30.19 ± 3.08 TPM during neuronal maturation from d5 to d45, GFPT1 expression was 

still more than 3-fold higher at d45 reaching 120.90 ± 26.67 TPM. This notion concerning the 

abundance of the two GFAT paralogues was supported by scRNAseq data in which transcript counts of 

GFPT2 were very low but GFPT1 was readily detectable (Fig. 34C). Together, these data indicate that 

HBP activity is transcriptionally elevated during neuronal maturation.  

Of the four EIF2α kinases orchestrating the different branches of the ISR, only EIF2AK4 (GCN2) showed 

a significant change in expression throughout neuronal maturation by doubling from 13.22 ± 1.61 TPM 

at d5 to 26.64 ± 1.30 TPM at d45 (Fig. 35A). EIF2AK1 (HRI) was similarly expressed in neuronal cultures 

at all stages but it was the most abundantly expressed EIF2α kinase in neurons in absolute terms. 

Expression of EIF2AK3 (PERK) showed a slight trend towards decreased levels at later stages of 

neuronal maturation but the observed differences did not reach statistical significance. Levels of 

EIF2AK2 (PKR) were reduced by about 50% in neuronal cultures compared to NPCs. Expression of 

EIF2S1 (EIF2α) and ATF4 was highest in NPCs but while EIF2S1 expression increased steadily during 

neuronal maturation, expression of ATF4 remained mostly unchanged as neurons matured (Fig. 35B). 

Except for PERK, all of these ISR proteins were most abundantly expressed in NPCs and downregulated 

in neuronal cultures. 

 

Fig. 35: Expression profiles of ISR components during neuronal maturation. 

TPM-normalized expression data of (A) the four EIF2α kinases and (B) the two major ISR downstream 
effectors. Expression data is based on the previously described bulk RNAseq experiment (section 7.2). 
Note variable scale for TPM on y-axis. Bar graphs show mean with S.D., one-way ANOVA with 
Bonferroni correction. 
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8 Discussion 

8.1 HiPSC-derived cultures for the study of neuronal maturation 

Over the recent years, iPSC and transdifferentiation technology have provided the means to 

investigate human neurons in vitro. Many well-designed differentiation protocols have been 

established to generate neuronal cultures of desired regionality for the study of human neural 

development and disease. This thesis aimed to investigate neuron-specific phenomena associated with 

their maturation process. Thus, it required highly pure neuronal cultures to exclude potentially 

distorting effects from other cells like astrocytes which are often generated as a byproduct in the wake 

of neuronal differentiation in many protocols. To achieve this, we used a combination of small 

molecules to trigger cell-cycle exit of progenitor cells and promote the formation of neurons via the 

inhibition of Notch signaling (Kemp et al., 2016; Telezhkin et al., 2016). To guarantee suppression of 

potentially remaining proliferative cells in neuronal cultures, the cell cycle inhibitor PD-0332991 was 

also retained in media for long-term neuron cultivation. The resulting mature neuronal cultures 

contained minimal to no impurities by astrocytes which was illustrated by the very low expression 

levels of canonical astrocytic marker genes like GFAP, SLC1A3, S100B and ALDH1L1. The need for a high 

degree of purity comes with the caveat of eliminating many physiologically important interactions that 

take place between astrocytes and neurons in vivo. For example, astrocytes play an important role in 

formation and maintenance of synapses (Farhy-Tselnicker & Allen, 2018; Gonçalves et al., 2018). 

However, even in the absence of astrocytes, our neuronal cultures showed robust synaptogenesis 

indicated by the increasing colocalization of the pre- and postsynaptic marker proteins Synapsin and 

PSD95. Thus, our approach enabled the dissection of transcriptomic changes during neuronal 

maturation and neuron-specific survival mechanisms using functionally relevant human neuronal 

networks. 

Not all in vitro generated neurons are comparable. The data presented here on the difference between 

less and more mature neurons regarding their susceptibility towards molecular stressors highlights the 

importance of suitable, standardized model systems for the investigation of pharmacological 

interventions. Faithful recapitulation of neuronal physiology is a precondition for more realistic cell 

culture models and thus genuine transferability of research data to the human organism. Exemplarily, 

this is illustrated by the difference of the reported effect of GFAT-1 gof or GlcNAc supplementation on 

N2a cells compared to our neuronal cultures. Whereas these interventions caused an activation of 

PERK signaling and induction of ATF4 in N2a cells (Horn et al., 2020), they did not affect signaling along 

this branch of the ISR in our hiPSC-derived forebrain neurons. Using N2a or SKNSH cells as a proxy for 

neural tissue in drug screening is therefore questionable since the applicability of the obtained insights 

to human neurons cannot be easily predicted. In every case, the chosen model system has to be 
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tailored to the disease context that is to be investigated. That is why transdifferentiation holds great 

promise as an approach to study age-related diseases as the resulting cells retain the epigenetic aging 

signatures of their respective donor (Mertens et al., 2018; Traxler et al., 2019). This epigenetic code is 

erased during the reprogramming procedure in the generation of iPSCs (Denoth-Lippuner & 

Jessberger, 2019). However, starting from such an epigenetically blank-slate may be advantageous 

when studying neurodevelopmental disorders or the effects off single mutations in monogenic 

diseases. 

As stated above, this thesis provides ample evidence that with regards to neuronal cell culture models, 

their state of maturity may have a strong impact on the observed outcomes. As an effort to make 

research data obtained from different cultures more comparable and transferable, it would be 

desirable to have an objective basis for comparison regarding the maturity of the respective neurons. 

Here, we used the neuMatIdx (He & Yu, 2018) to score the transcriptional maturity of our neuronal 

cultures. When applied to a RNAseq data set, the algorithm will calculate an NMI independent of the 

actual underlying cell type. Therefore, only NMIs calculated based on data derived from neuronal 

samples should be compared. If this limitation is taken into account, the neuMatIdx reliably 

distinguishes between transcriptionally less and more mature neurons based on the relative activity 

of transcriptional modules pertaining to metabolism, cell-cell interactions and other cellular functions. 

Regarding the absolute NMI values, bulk RNAseq samples consistently achieved higher scores than 

scRNAseq samples. This results from the fact that transcript counts for a single cell are considerably 

lower than counts for a whole well of cells.  

An algorithm like the neuMatIdx offers an opportunity to judge the transcriptional maturity of neurons. 

Ideally, this would be complemented by a set of metrics summarizing the functionality of the 

investigated cells. Together, these measures could improve transparency within the research field and 

improve the transferability of future results. 

 

8.2 Restriction of MOMP and apoptosome assembly during neuronal 

maturation 

Having established defined neuronal cultures with different well-characterized states of maturity, we 

sought to investigate maturation-dependent differences related to the regulation of the intrinsic 

apoptosis pathway. Signaling along this pathway is initiated upon mitochondrial outer membrane 

permeabilization (MOMP) by the pore-forming BCL-2 proteins BAK and BAX. The potential for MOMP 

is determined by the relative balance of pro- and antiapoptotic members of the BCL-2 protein family 

(Singh et al., 2019a). Notably, we observed a significant, maturation-dependent decrease in the 
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expression of BAX and BAK1 and a concomitant increase in the expression of their antagonist BCL2. 

Accordingly, the ratio of Bax to Bcl2 also inverted on the protein level. Developmental attenuation of 

BAX expression has been previously observed in PC12S neural cells (Polster et al., 2003). Aside from 

direct transcriptional control, mature neurons may also rely on posttranslational regulation to fine-

tune the abundance of BCL-2 proteins. For example, we observed a significant increase in the 

expression of the E3 ubiquitin ligase Parkin during neuronal maturation. Parkin is known to inhibit BAX 

and BAK (Johnson et al., 2012; Bernardini et al., 2019) while increasing steady-state levels of BCL-2 

(Chen et al., 2010). Loss of Parkin has been associated with accumulation of dysfunctional 

mitochondria and neurodegeneration (Bonifati et al., 2002; Quinn et al., 2020) but its overexpression 

may improve longevity (Rana et al., 2013). Recently, differentiation of NPCs to neurons has been 

shown to be accompanied by a downregulation of the splicing regulator PTBP1 which enables a 

neuron-specific splicing mechanism of BAK1 that leads to a decline in functional BAK protein and thus 

reduced apoptosis competence (Lin et al., 2020). Our RNAseq data confirmed a strong decrease in 

PTBP1 expression from NPCs to immature neurons and further throughout neuronal maturation (data 

not shown). However, our transcriptome data was not suitable to evaluate alternative splicing of 

individual mRNAs which would have required different approaches for sample preparation and 

sequencing.  

The protein BOK is a less studied BCL-2 protein that has also been suggested to be able to form pores 

in the mitochondrial membrane (Inohara et al., 1998; Einsele-Scholz et al., 2016) but its functions seem 

to be wide-ranging and are still disputed. BOK is supposed to be regulated by ER-associated 

degradation and to cause MOMP independently of BAX and BAK (Llambi et al., 2016). It was also found 

to be involved in uridine metabolism (Srivastava et al., 2019), cell proliferation (Ray et al., 2010) and 

the protection of neurons from excitotoxic stimuli (Orsi et al., 2016). The diversity of functions reported 

for BOK suggests that its role might at least in part be cell type-specific. Of note, BOK expression was 

almost completely shut down in neurons at d5 but significantly upregulated at later stages of neuronal 

maturation. Either MOMP in mature neurons is more reliant on BOK instead of BAX and BAK or mature 

neurons benefit from the pro-survival effect of BOK on cellular Ca2+ homeostasis or from another so 

far unknown function. Taken together, the survival competence of more mature neurons is increased 

through a beneficial shift in the balance of major BCL-2 proteins which increases the threshold for 

MOMP. 

If the outer mitochondrial membrane is permeabilized, the apoptotic signal is subsequently 

propagated by formation of the apoptosome. The latter is the central protein complex of the intrinsic 

apoptosis pathway required to initiate the downstream caspase cascade starting with Caspase-9 (Riedl 

& Salvesen, 2007; Bratton & Salvesen, 2010). Hence, controlling the assembly of the apoptosome 
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scaffold offers a powerful means to suppress apoptotic signaling events. A functional apoptosome is a 

multimeric complex formed by several units of mitochondrial Cytochrome c, APAF-1 and ATP. 

Cytochrome c is involved in the transfer of electrons within the electron transport chain of 

mitochondrial respiration. Neuronal maturation is accompanied by a metabolic shift towards increased 

reliance on this mitochondrial oxidative phosphorylation which produces high amounts of energy in 

the form of ATP (Zheng et al., 2016). As a side effect of increased mitochondrial biogenesis, more 

mature neurons express significantly higher levels of Cytochrome c which was also apparent from our 

RNAseq analysis. This intracellular abundance of Cytochrome c makes tight control of MOMP and of 

APAF-1 in neurons especially important to prevent accidental apoptosome formation. 

Expression of APAF-1 has been shown to be controlled by E2F1 and p53 (Fortin et al., 2001). In addition, 

APAF-1 expression is restricted by chromatin remodeling during neuronal maturation (Wright et al., 

2007). Expression of E2F1 and p53 is linked to cell cycle progression and is thus highest in strongly 

proliferating cells. Both transcription factors are downregulated after cell cycle exit during 

differentiation into non-dividing cell types such as neurons which we could recapitulate during 

generation and maturation of our neuronal cultures. This opens a window for a potential therapeutic 

intervention in the treatment of brain tumors. Due to their low APAF-1 content, neurons are less 

vulnerable to externally applied Cytochrome c. In contrast, high levels of E2F1 and thus APAF-1 in 

glioblastoma or medullablastoma cells increase their susceptibility to cytochrome c exposure (Johnson 

et al., 2007). Consequently, the differential propensity for activation of the apoptosome allows 

selective killing of tumor cells. In neurons, APAF-1 expression can be reestablished after acute injury 

leading to higher susceptibility for apoptosome-induced cell death (Yakovlev et al., 2001; Chen et al., 

2014). This may serve as a mechanism to allow removal of disrupted neurons via the intrinsic apoptosis 

pathway while sparing the surrounding tissue from an inflammatory response. While we observed an 

ablation of APAF-1 protein in neurons after d5 of differentiation, APAF1 expression declined less 

pronounced over time. This discrepancy may suggest an involvement of additional regulatory 

mechanisms aside from transcriptional control. Action of APAF-1 in apoptosome can be thwarted 

directly or indirectly in multiple ways (Bratton & Salvesen, 2010). For example, the heat shock protein 

HSP90β prevents APAF-1 oligomerization via a direct interaction with APAF-1 (Pandey et al., 2000; 

Kurokawa et al., 2008). Notably, expression of HSP90β increased significantly throughout neuronal 

maturation in our cultures and it may therefore contribute to the strict regulation of apoptosome 

assembly in mature neurons. Furthermore, Ca2+ directly interacts with APAF-1 to prevent nucleotide 

exchange of ADP for ATP which is a key step in formation of the apoptosome (Bao et al., 2007). Hence, 

it is tempting to speculate that influx of Ca2+ resulting from neuronal activity acts as a pro-survival 

signal by inhibiting apoptosome activity. Together, these examples highlight the potential for tight 
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control of the apoptosome and thus downstream activation of caspases within the intrinsic apoptosis 

pathway in mature neurons. 

 

8.3 Suppression of the caspase cascade and apoptosis execution as a 

consequence of neuronal maturation 

The apoptosome serves as a platform for the activation of Caspase-9 which subsequently cleaves and 

activates downstream effector caspase. Remarkably, we noticed a 50% decrease of Caspase-9 protein 

levels from d5 to d45 of neuronal maturation. This change in Caspase-9 abundance could not be 

explained by a transcriptional downregulation as expression levels at d5 and d45 were almost identical. 

Neuronal maturation did not cause a change in the ratio of full-length and catalytically inactive splicing 

variants of Caspase-9. The transcript encoding full-length Caspase-9 remained predominant. Caspase-9 

is a substrate of various protein kinases which regulate its activity via multiple phosphorylation sites 

(Li et al., 2017b). We tried to investigate phosphorylation of Caspase-9 at Thr125 and Ser196 but our 

efforts were hampered by unreliable antibodies (data not shown). Therefore, possible changes in the 

phosphorylation of Caspase-9 throughout neuronal maturation remain to be elucidated. The 

discrepancy between the stable mRNA levels and the downregulation of Caspase-9 protein suggests a 

mechanism relying on an increasing post-translational regulation in maturing neurons which warrants 

further investigations.  

Additionally, we observed a downregulation of the two major effector Caspases-3 and -7. While 

Caspase-7 protein was completely ablated after d5, Caspase-3 was still detectable even at d45 but its 

abundance was strongly reduced. CASP7 mRNA was only detectable in NPCs. Transcript counts of 

CASP3 reached a peak at d5 and then declined. Thus, transcription of these two effector caspases 

seems to be downregulated in a maturation-dependent manner. A similar observation has been made 

for CASP3 expression in rat cortical neurons (Yakovlev et al., 2001). In contrast, the abundance of 

Caspase-7 in the brain and its relevance in neuronal apoptosis is still controversially discussed (Juan 

et al., 1997; Slee et al., 2001; Henshall et al., 2002; Le et al., 2002). In addition to their involvement in 

cell death signaling, caspases also fulfill other important physiological functions in neurons like neurite 

outgrowth, arborization and synaptic plasticity (Hyman & Yuan, 2012; Hollville & Deshmukh, 2017; 

Espinosa-oliva et al., 2019). Therefore, tight regulation of caspase activity may be necessary to prevent 

accidental apoptosis but their complete shutdown might not be desirable. 

Aside from the effector caspases themselves, we also observed a global downregulation of genes 

associated with the execution phase of apoptosis. A prominent downstream target of Caspase-3 is 

PARP-1. Usually, PARP-1 is engaged in DNA repair, cellular bioenergetics and post-translational protein 
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modification (Gero et al., 2012; Chaudhuri & Nussenzweig, 2017; Kamaletdinova et al., 2019). 

However, following activation of Caspase-3, PARP-1 is cleaved and thereby degraded during apoptosis. 

We observed a steady decline in PARP-1 mRNA and protein levels over the time course of neuronal 

maturation. As maintenance of DNA repair should be highly beneficial to neurons, it is interesting to 

speculate which advantages are gained from a drastic decrease in PARP-1 abundance to make this 

trade-off worthwhile. To synthesize poly ADP-ribose, PARP-1 requires the oxidized form of 

nicotinamide adenine dinucleotide (NAD+) as a donor for ADP-ribose moieties. NAD+/NADH is an 

important acceptor or donor of electrons for a wide range of metabolic redox reactions. In 

mitochondria, NAD+ is essential for the electron transport chain to produce ATP via oxidative 

phosphorylation. Consequently, consumption of NAD+ by PARP-1 directly competes with energy 

production in cells with high metabolic activity like neurons. A higher number of mitochondria 

increases the risk for the generation of reactive oxygen species (ROS) and thus oxidative stress. ROS-

induced DNA damage can trigger excessive PARP-1 activation causing a cellular energy crisis due to 

NAD+ depletion. PARP-1 overactivation has been linked to neurodegeneration in Alzheimer’s and 

Parkinson’s disease (Martire et al., 2015) and supplementation of NAD+ is cytoprotective (Rajman 

et al., 2018; Klimova & Kristian, 2019). Similar to our observation in neurons, a differentiation-

dependent reduction in PARP1 expression has also been observed during the formation of skeletal 

muscle in the development of myotubes from myoblasts (Oláh et al., 2015). In this study, decreased 

levels of PARP-1 correlated with lower susceptibility to oxidative stress and improved mitochondrial 

bioenergetics due to higher NAD+ availability. Conversely, these protective effects were eliminated 

upon ectopic overexpression of PARP-1. In the same manner, PARP-1-mediated NAD+ depletion 

following oxidative stress has recently been reported to cause contractile dysfunction in 

cardiomyocytes (Zhang et al., 2019a). Like myotubes and cardiomyocytes, neurons heavily rely on 

mitochondrial respiration for the generation of energy and might therefore benefit similarly from a 

suppression of PARP-1 activity. In this regard, it is also interesting that the BCL-2 protein BOK has been 

reported to protect mouse cortical neurons from PARP-1-dependent cell death (Orsi et al., 2016). Here, 

we observed a significant increase of BOK expression during neuronal maturation which might serve 

as an additional safety brake to restrain activity of PARP-1. A downregulation of caspases and their 

potential downstream targets further attenuate the potential for the execution of the intrinsic 

apoptosis pathway in mature neurons.  
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8.4 Regulation of the IAP antagonist SMAC/DIABLO  

Following MOMP, several proapoptotic proteins are released from mitochondria alongside 

cytochrome c to support in the execution of programmed cell death. One of these apoptosis-

promoting factors is the IAP antagonist SMAC/DIABLO. It exerts its function by competing for the same 

binding sites that IAPs like XIAP use to bind caspases. Proteolytic processing of SMAC is required to 

enable its interaction with IAPs. Smac is synthesized in the ER as a precursor with an N-terminal sorting 

signal which is cleaved off upon arrival at mitochondria. Two mitochondrial proteases have been 

shown to mediate removal of the mitochondrial targeting sequence of the SMAC precursor: the inner 

mitochondrial membrane peptidase (IMP) and PARL (Burri et al., 2005; Saita et al., 2017). Of note, we 

observed a decreased expression of PARL in neurons compared to NPCs even though mitochondrial 

biogenesis was much more active in neurons (data not shown). Proteolytic processing of SMAC is 

necessary to reveal an N-terminal AVPI (Ala-Val-Pro-Ile) amino acid stretch which enables the 

interaction of SMAC with IAPs. Exposure to the proteasome inhibitor MG132 led to an accumulation 

of unprocessed SMAC precursor protein in immature but not in mature neuronal cultures. Conceivably, 

MG132 had already triggered apoptosis and a concomitant increase in SMAC expression in immature 

neuronal cultures whereas the mature neurons were not sufficiently affected after the chosen 

duration of treatment. However, we did not observe less viable cells in immature than in mature 

neuronal cultures after 24 h of exposure to MG132. An alternative explanation could be that the 

inhibition of protein degradation via the UPS by MG132 leads to an accumulation of unprocessed 

proteins in the ER of immature neurons. In support, MG132 induces expression of the ER stress 

response proteins GRP78 and CHOP (Bush et al., 1997; Yoshida et al., 2005). Additionally, we observed 

an increased baseline capacity for protein folding processes and maintenance of proteostasis in mature 

neuronal cultures. Mature neurons may therefore not be affected as quickly by MG132 treatment 

allowing protein processing at the ER to continue. 

We noticed a slight, yet not significant, increase in the expression of DIABLO from d5 to d45. This was 

very likely a side-effect of the strongly increased mitochondrial biogenesis in mature neurons. In 

Western blots for SMAC at different time points during neuronal maturation, we observed a pattern 

of bands similar to previously reported ubiquitination patterns of SMAC (Morizane et al., 2005; Ma 

et al., 2006; Qin et al., 2016; Guven et al., 2019). Mature neurons robustly showed a high molecular 

weight smear indicating increasing ubiquitination of SMAC during neuronal maturation while levels of 

mature SMAC protein appeared to be largely unchanged. This suggests a dynamic turnover of SMAC 

via the ubiquitin-proteasome system. Indeed, blocking proteasome activity with MG132 tended to 

increase levels of mature SMAC protein in mature but not in immature neuronal cultures in our 

experiments.  
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Degradation of SMAC via the UPS can be mediated by multiple E3 ubiquitin ligases, most of which 

belong to the IAP family. Expression of BIRC1 (NAIP), BIRC3 (cIAP-2) and BIRC7 (Livin) was very low or 

not detectable at all in NPC and neuronal cultures. Survivin (BIRC5) plays an important role during cell 

division in the separation of chromosomes and cytokinesis (Li et al., 1999). Accordingly, we detected 

appreciable expression of BIRC5 in NPCs but not in neuronal cultures at any stages of differentiation. 

This is also further evidence for the absence of dividing cells and thus the high degree of purity of the 

analyzed neuronal cultures. Lastly, expression of BIRC4 (XIAP) increased in bulk and scRNAseq during 

neuronal maturation. XIAP is the most prominent IAP and its role in mature neurons is discussed in 

more detail in section 8.5. 

A non-IAP E3 ligase with the potential to catalyze SMAC ubiquitination is apoptosis-resistant E3 

ubiquitin protein ligase 1 (AREL1). Based on our RNAseq data, expression of AREL1 was increased in 

neurons compared to NPCs but was highest in the most mature neuronal cultures. This was most 

apparent in the scRNAseq data set whereas the difference in expression between d5 and d45 in bulk 

RNAseq supported the trend bud did not reach statistical significance. Aside from SMAC, AREL1 also 

exerts antiapoptotic effects by promoting the degradation of the apoptotic proteins HtrA2 and ARTS 

(Kim et al., 2013; Singh et al., 2019b). To date, there is only one report of AREL1 connected to the 

nervous system (Rydbirk et al., 2020). This study implicates AREL1 deregulation in multiple system 

atrophy. Additionally, the authors noted that within the prefrontal cortex in the human brain, AREL1 

is predominantly expressed in neurons and markedly less in oligodendrocytes, astrocytes and 

microglia. With only 11 publications on the PubMed database as of January 2021, data about AREL1 is 

very limited making it an attractive target for future research. 

It is of interest to consider in which cellular compartment the ubiquitination of SMAC that we observed 

takes place. After MOMP during apoptosis, cytosolic Smac is easily accessible by a variety of 

E3 ubiquitin ligases. However, under non-apoptotic conditions SMAC resides in the mitochondrial 

intermembrane space. The aforementioned E3 ligases are largely cytosolic proteins that oppose SMAC 

function during apoptosis but how they might interact with SMAC under non-apoptotic conditions is 

less clear. As there have been no reports about SMAC release into the cytosol under non-apoptotic 

conditions, it seems most likely that the increased ubiquitination of SMAC in mature neurons takes 

place inside of mitochondria. This could either occur via an as of yet undescribed interaction with a 

mitochondrial E3 ubiquitin ligase or a mechanism involving the translocation of a known SMAC 

ubiquitin ligase into mitochondria. At least for XIAP it has been reported that it can enter apoptotic 

mitochondria to reduce the apoptotic potential of SMAC by mediating its ubiquitin-dependent 

degradation (Flanagan et al., 2010; Hamacher-Brady et al., 2014).  
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8.5 XIAP is a central gatekeeper in safeguarding human forebrain neurons 

XIAP is the only IAP protein with the ability to directly inhibit active Caspase-3, -7 and -9 and to 

ubiquitinate SMAC/DIABLO. In our experiments, expression of BIRC4 (XIAP) was very similar in NPC and 

d5 neuronal cultures but elevated in d25 and d45 neuronal cultures. In scRNAseq analysis, cells 

belonging to the most mature neuron cluster displayed the highest expression of XIAP. Concurrently, 

protein levels of XIAP steadily increased until d45. However, we were surprised to be unable to detect 

appreciable amounts of XIAP protein in NPCs even though expression was almost identical to d5 

neuronal cultures in which XIAP protein was readily detectable. This hints at a differential post-

translational regulation of XIAP in NPCs and neurons. One major avenue to control the availability of 

proteins is their degradation via the UPS which requires tagging of target proteins with ubiquitin 

moieties. Existing ubiquitin modifications can be dynamically modulated by ubiquitin-specific 

proteases (USPs) and other deubiquitinating enzymes (DUBs) that remove them from their target 

proteins (Amerik & Hochstrasser, 2004; Mevissen & Komander, 2017). The ability to modulate the half-

life of proteins makes USPs key players in the regulation of the cellular proteome. Not surprisingly, 

USPs are promising drug targets for the treatment of cancer and neurodegenerative diseases (Daviet 

& Colland, 2008; Lim et al., 2020). Interestingly, expression of USP11 was almost 3-fold upregulated in 

neurons compared to NPCs in our RNAseq data. USP11 has been shown to catalyze deubiquitination 

of XIAP to prevent its degradation via the UPS (Zhou et al., 2017). High expression of USP11 might 

therefore help to protect XIAP from degradation in neurons whereas its decreased abundance in NPCs 

facilitates turnover of XIAP.  

Protein stability of XIAP may also be enhanced via phosphorylation at Ser87 by protein kinase C (PKC)ε 

(Kato et al., 2011). PKCε was about 3-fold upregulated in our d25 and d45 neuronal cultures compared 

to NPCs and d5 neuronal cultures. Several reports have documented the importance of PKCε in 

neurons where it is involved in neurite outgrowth (Fagerström et al., 1996), synaptogenesis (Sen et al., 

2016), memory formation (Hongpaisan & Alkon, 2007), neuroprotection (Hongpaisan et al., 2011; Sen 

et al., 2018) and more (Chen & Tian, 2011). PKCε activity can be stimulated by bryostatin-1 (Szallasi et 

al., 1994; Ekinci & Shea, 1997) which is currently investigated in a long-term phase 2 clinical trial with 

Alzheimer’s disease patients by Neurotrope Inc. Potentially, neuroprotection conferred by bryostatin-1 

and PKCε may thus also derive from a stabilization of XIAP protein levels, an intriguing hypothesis to 

be investigated in future experiments.  

We also investigated potential differences in the subcellular localization of XIAP in immature and 

mature neuronal cultures. While XIAP was readily detectable in the soma of immature and mature 

neurons, it seemed to be less abundant in the neurites of immature neurons than in those of mature 

neurons. As an antagonist of Caspases-3, -7- and -9, XIAP likely increases the local threshold for caspase 



Discussion 

109 
 

activation in the soma already at earlier stages of maturation. In neurites and at more distant synapses, 

lower XIAP levels presumably permit more dynamic remodeling of the cytoarchitecture which, in part, 

relies on locally restricted caspase activity (D’Amelio et al., 2010; Espinosa-oliva et al., 2019). This may 

be especially important during the initial search for connections in the nascent neuronal network. Once 

a cell has established its position in the network, synaptic plasticity becomes even more localized and 

large-scale reorganization of neurites becomes less prevalent. Consequently, increased XIAP levels in 

neurites might from then on be favorable to protect interconnected cells from accidental cell death. 

Aside from SMAC/DIABLO, several other endogenous inhibitors of XIAP have been discovered, namely 

XAF-1, HtrA2, SIAH-1 and SIVA-1. We investigated expression of these proteins to assess whether the 

increased abundance of XIAP in mature neurons was accompanied by an upregulation of its 

antagonists. Surprisingly, XAF1 mRNA was completely absent from our cultures, also in NPCs. The 

proapoptotic function of XAF-1 is well studied (Liston et al., 2001). Others have reported its presence 

in rat motor neurons in which it is downregulated during maturation (Perrelet et al., 2004). 

Additionally, XAF-1 is upregulated in rat brain after ischemic injury (Siegelin et al., 2005). XAF-1 is best 

studied for its role in cancer (Plenchette et al., 2007; Pinto et al., 2020) but data on its physiological 

role in human neurons remains scarce. Our observations suggest that XAF-1 is not expressed in human 

forebrain neurons under healthy physiological conditions. 

HtrA2/Omi, like SMAC, is released from the mitochondrial intermembrane space during apoptosis. 

HtrA2 is a serine protease with the ability to cleave and inactivate XIAP to promote caspase activation 

(Suzuki et al., 2001; Miguel Martins et al., 2002). We noticed increased expression of HtrA2 in neurons 

compared to NPCs. However, d45 neuronal cultures expressed slightly less HtrA2 than d5 neuronal 

cultures. Considering that HtrA2 is a mitochondrial protein and that mitochondrial biogenesis is 

significantly higher in more mature neurons, this result was unexpected. It encourages to speculate 

that the total level of HtrA2 per mitochondrion might be lower in mature than in immature neurons. 

As HtrA2 is also involved in processing of mitochondrial proteins and is thus essential to maintain 

mitochondrial integrity, loss of HtrA2 leads to mitochondrial defects and neurodegeneration 

(Patterson et al., 2014). Additionally, we observed a significant downregulation in the expression of 

the proapoptotic protein SIVA-1 over the time course of neuronal maturation. SIVA-1 is an interaction 

partner of XIAP with the ability to promote XIAP degradation although it is not clear whether it acts by 

causing XIAP autoubiquitination, serves as a ubiquitin ligase itself or as an adaptor to recruit another 

ubiquitin ligase (Wang et al., 2013; Han et al., 2014; Coccia et al., 2020). High expression of SIVA-1 

might be another explanation for the absence of appreciable amounts of XIAP protein in NPCs. An 

E3 ubiquitin ligase with the potential to directly mediate degradation of XIAP is SIAH-1. To interact with 

XIAP, SIAH-1 relies on the mitochondrial protein ARTS as an adaptor and the lack of either of these two 



Discussion 

110 
 

proteins leads to higher steady-state levels of XIAP (Garrison et al., 2011). Based on our bulk RNAseq 

data, d45 neuronal cultures expressed significantly less Siah-1 than d5 cultures which might help to 

maintain higher XIAP protein levels in more mature neurons. 

To conclude, our observations highlight that mature neurons not only become endowed with a strong 

increase in protective XIAP but that the potency of XIAP is additionally enhanced by adaptations that 

promote its protein stability and restrict its antagonists.  

 

8.6 Maturation-dependent resistance of human forebrain neurons to 

apoptotic insults 

During early phases of brain development, large numbers of neurons are generated but not all of them 

are maintained until the final stages. During the formation of mature neuronal networks, surplus 

neurons are removed by programmed cell death. Therefore, targeted apoptosis of neurons is very 

important in the developing brain but becomes a health threat in the adult individual which lacks the 

means to replace substantial neuronal loss. This is functionally illustrated by our data which highlights 

a maturation-dependent restriction of neuronal apoptosis signaling. Against this background, we 

surmised that mature neurons should display an increased survival competence when exposed to 

cellular stress. Thus, we challenged immature and mature neuronal cultures by disrupting different 

parts of the cellular machinery with molecular stressors and determined their respective viability. 

Immature and mature neurons responded similarly to rotenone-induced oxidative stress. This was 

surprising because rotenone disrupts the electron transport chain in mitochondria which is far more 

important in mature than immature neurons due to the maturation-dependent metabolic shift 

towards oxidative phosphorylation. Mature neurons were significantly less affected by the inhibition 

of autophagic flux by bafilomycin A1/3-MA which suggest that they may possess a higher baseline 

activity of autophagy or possible compensatory mechanisms. As described before, we observed a 

significantly increased protein folding capacity in mature neurons which was exemplified by an 

upregulation of the heat shock protein genes HSPB5 and HSP90AB1. In part, this may explain way 

mature neurons tended to display higher survivability when protein turnover was inhibited with 

MG132. Similarly, mature neurons survived significantly better when exposed to tunicamycin, which 

disrupts protein homeostasis by blocking N-glycosylation of proteins in the ER. The improved capacity 

of mature iPSC-derived neurons to cope with unphysiological protein aggregation may partially explain 

why overexpression of pathological, hyperphosphorylated Tau does not affect embryonic stem cell-

derived neurons (Mertens et al., 2013a) but is neurotoxic to less authentic cell systems like PC12 cells 

(Fath et al., 2002). 
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Lastly, mature neurons were much better protected from cell death by exposure to thapsigargin which 

disrupts the cellular Ca2+ homeostasis. The mitochondrial protease PINK1 has been described to 

protect murine cortical neurons from insult by thapsigargin (Li & Hu, 2015) and we found PINK1 

expression to be significantly upregulated in our neuronal cultures during maturation (data not 

shown). Maintenance of Ca2+ homeostasis is especially important in neurons to prevent excitotoxicity-

related cell death and it therefore seems likely that additional safety breaks provide mature neurons 

with protection from thapsigargin. Neuronal activity also offers a source for survival stimuli from which 

mature neurons within a network should profit more than immature neurons that may not yet have 

formed the required synaptic connections. In our cultures, we observed a strong increase in the 

expression of the neuronal activity-related immediate early genes NPAS4 and ARC from d15 onward. 

This coincided with increased levels of components of the AIS, neurotransmitter receptors and synaptic 

proteins. Neurons around d25 of differentiation displayed higher electrophysiological responsiveness 

and elicited trains of action potentials upon stimulation which was not true for neurons at d5. Synaptic 

activity has been reported to protect murine cortical neurons from cellular stressors by suppressing 

the intrinsic apoptosis pathway (Léveillé et al., 2010) and synaptic NMDA receptor activity supports 

antioxidant protection (Papadia et al., 2008). 

Considering the broad range of survival strategies that mature neurons become equipped with, one 

might not necessarily expect neurodegenerative diseases to be as prevalent as they are today. That is 

why the deterioration of neurons has been suggested to be connected to a reversion back to an 

immature phenotype which causes once highly-resistant cells to become more susceptible again (Kole 

et al., 2013).  

 

8.7 Regulation of the hexosamine biosynthetic pathway in human neurons 

Despite its importance for the integration of multiple metabolic pathways and the provision of UDP-

GlcNAc for glycosylation reactions, regulation of the hexosamine biosynthetic pathway (HBP) is not 

well studied in neurons. Of note, neurons themselves do not express glutamine synthetase 

(Norenberg, 1979; Norenberg & Martinez-Hernandez, 1979) and therefore lack the ability to produce 

glutamine which is required as a substrate for the amination of Frc-6P by GFAT. Consequently, HBP 

flux in neurons within the brain is reliant on glutamine externally supplied by astrocytes. In our cell 

culture model system, glutamine was provided in the culture medium. Using our RNAseq data we 

analyzed the expression of HBP enzymes during neuronal maturation. 

Interestingly, our data does not support previous claims about the differential expression of GFAT-1 

and -2 in the CNS. Initially, GFAT-2 was described as the prevalent GFAT in the CNS while GFAT-1 is 
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supposedly more abundant in pancreas, testis and other tissues (Oki et al., 1999). In contrast, our 

expression data showed a 3-fold higher expression of GFAT-1 than GFAT-2 in our forebrain neuronal 

cultures at day 45 of maturation (section 7.4.4). Expression of both GFAT enzymes increased 

significantly as neurons matured. The discrepancy between our RNAseq data and the previous report 

may derive from a difference in the analyzed developmental stage. Even though our neuronal cultures 

display strong transcriptional, cytoarchitectural and functional maturation, the analyzed time frame of 

cultivation might not be sufficient to replicate the state of the adult human tissues analyzed by Oki et 

al. Potentially, the ratio between GFAT-1 and -2 reverses at even later stages of human brain 

development that might not be adequately modelled by our cell culture system at the investigated 

time point of cultivation. Alternatively, it is also possible that the two GFAT paralogues are 

preferentially expressed in different cell types within the brain such as neurons and astrocytes. Since 

the neuronal cultures used in this study were designed to analyze neuron-specific processes and were 

thus optimized for a high degree of purity, the underlying RNAseq data does not provide insights 

regarding other cell types. In contrast, Oki et al. used bulk tissue RNA representing a mixture of brain 

cells for their initial Northern blot experiments. Importantly, the functional consequences of a tissue 

specific prevalence of GFAT-1 or -2 have not yet been determined. Whether GFAT-1 and -2 fulfill other 

functions aside from their involvement in the HBP is not known. Even though both proteins catalyze 

the same reaction, they may be regulated differently. For example, GFAT-1 and -2 are both regulated 

via phosphorylation by protein kinase A but with opposing effects. While modulation by PKA decreases 

activity of GFAT-1 (Chang et al., 2000), it boosts activity of GFAT-2 more than 2-fold (Hu et al., 2004). 

Additionally, the two GFAT isoenzymes appear to possess a differing susceptibility to feedback 

inhibition by UDP-GlcNAc, the final product of the HBP. Interestingly, a surplus of UDP-GlcNAc was 

reported to reduce reaction rates of GFAT-1 by 51% (McKnight et al., 1992) while GFAT-2 is only 

inhibited by 15% (Hu et al., 2004). Functionally, this would make GFAT-2 similar to the GFAT-1 G451E 

gof variant which is rendered insensitive to this mode of feedback inhibition (Ruegenberg et al., 2020). 

If GFAT-2 is indeed the prevalent GFAT variant in the CNS, this could mean that neurons might be able 

to amass more intracellular UDP-GlcNAc before HBP flux is downregulated providing a bigger leeway 

for related processes like protein glycosylation or O-GlcNAcylation. However, the differences in the 

potency of feedback inhibition cited above may also originate from differences in the experimental 

set-up. To date, no study has provided a direct comparison of the kinetics of GFAT-1 and -2 feedback 

inhibition by UDP-GlcNAc under the same experimental conditions. 

We observed that aside from GFAT-1/-2, two of the three remaining enzymes of the HBP, GNA-1 and 

UAP-1, were also significantly upregulated during neuronal maturation. Simultaneously, our neuronal 

cultures showed significantly reduced expression of GNPDA1 (data not shown), the gene encoding 
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glucosamine-6-phosphate isomerase-1 which counteracts GFAT by catalyzing the reverse reaction. 

These adaptations might provide neurons with an indirect way to boost HBP output. 

The HBP consumes metabolites from all major types of macromolecules making it a nutrient-sensing 

metabolic hub. During differentiation, neurons undergo metabolic reprogramming from aerobic 

glycolysis to oxidative phosphorylation. Shutdown of aerobic glycolysis is mandatory to facilitate 

neuronal differentiation and failure to do so causes nascent neurons to undergo apoptosis (Zheng 

et al., 2016). This rewiring of cellular metabolism to oxidative phosphorylation is necessary to meet 

the high energy demands imposed by neuronal activity (Laughlin et al., 1998; Attwell & Laughlin, 2001). 

If such a wide-ranging reorganization is undertaken to ensure cellular energy supply, usage of Frc-6P 

may be even more skewed towards production of pyruvate for oxidative phosphorylation instead of 

the HBP in neurons than in other cell types.  

 

8.8 HBP and the integrated stress response in cytoprotection 

A connection between the HBP and cellular stress response pathways has been established in various 

cell culture systems, animal models and human diseases (Denzel & Antebi, 2015; Vasseur & Manié, 

2015; Martinez et al., 2017). Recently, gain-of-function mutations of the rate-limiting enzyme GFAT-1 

have been described to cause cytoprotective activation of the integrated stress response (ISR) (Denzel 

et al., 2014; Horn et al., 2020; Ruegenberg et al., 2020). 

We sought to validate activation of the ISR by GFAT-1 gof in human NPCs and neurons. The CRISPR-

Cas9-driven site-directed mutagenesis of the endogenous GFPT1 locus for the generation of GFAT-1 

G451E gof hiPSCs allowed a seamless modification of endogenously expressed GFAT-1. The use of 

isogenic cell lines has become the method of choice for the investigation of mutation-specific effects. 

This approach circumvents many of the potential pitfalls associated with random genomic integration 

of large viral expression constructs and eliminates the risk of analyzing biological artifacts resulting 

from unphysiological overexpression. Additionally, virally transduced hiPSCs tend to silence transgene 

expression by chromatin remodeling during prolonged differentiation processes (Ellis, 2005; Herbst et 

al., 2012; Pfaff et al., 2013). 

Using the generated GFAT-1 gof hiPSCs and supplementation of GlcNAc, we investigated the effect of 

HBP activation on cell viability under TM-induced ER stress in NPCs and neurons. In NPCs, GlcNAc and 

GFAT-1 gof increased cell survival in the presence of TM. Interestingly, the excess of glucose contained 

in the culture media alone did not protect cells from TM-induced cell death even though elevated 

glucose levels should also boost HBP flux. It seems plausible that supplementation of GlcNAc is more 
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efficient at increasing intracellular levels of UDP-GlcNAc because it bypasses the first two reactions of 

the HBP and thus only requires two instead of four steps to yield the HBP end product. Circumventing 

the rate-limiting reaction catalyzed by GFAT-1 also prevents attenuation of HBP flux via UDP-GlcNAc-

dependent feedback inhibition. In contrast to glucose, GlcNAc may thus short-circuit the HBP causing 

an outsized rise in UDP-GlcNAc levels. Interestingly, GlcNAc was only protective for NPCs but not 

neurons in our cell viability assays which may be a result of potentially differing uptake kinetics. In this 

context it is interesting to note that expression of N-acetyl-D-glucosamine kinase (NAGK) was more 

than 5-fold higher in neurons than NPCs in our RNAseq experiment (data not shown). NAGK catalyzes 

the phosphorylation of GlcNAc to GlcNAc-6-P which is a mandatory step before GlcNAc can be fed into 

the HBP. In neurons, NAGK plays a structural role involved in axonal outgrowth that does not require 

its kinase activity (Islam et al., 2015). However, the abundance of NAGK should in theory enhance 

integration of GlcNAc into the HBP in neurons compared to NPCs. 

GlcNAc supplementation was more potent in the protection of NPCs from TM-induced cell death than 

GFAT-1 gof as it was effective over a wider range of TM concentrations. In part, this could be due to 

the diminished feedback inhibition mentioned above. Likewise, the administered 10 mM GlcNAc also 

represent a bigger net supply than can presumably be provided enzymatically by GFAT-1 gof at 

endogenous expression levels. In immature neurons, GFAT-1 gof exerted protective effects but it did 

not further augment the strong inherent TM resistance of more mature neuronal cultures. 

How exactly GlcNAc or UDP-GlcNAc protect against TM is unclear but they might act as competitive 

inhibitors of TM-binding, allosteric stabilizers of proteins or engage beneficial signaling pathways. It 

has been noted that glucosamine treatment is able to induce ER stress and PERK-mediated 

phosphorylation of eIF2α (Kline et al., 2006; Qiu et al., 2009; Lombardi et al., 2012). Additionally, 

overexpression of UAP-1, the enzyme catalyzing the last step of the HBP, in prostate cancer has been 

reported to lead to elevated UDP-GlcNAc levels and protection from ER stress elicited by the inhibitors 

of N-glycosylation 2-deoxyglucose and TM (Itkonen et al., 2015). In line with these observations, Horn 

et al. attributed the protective effect of HBP activation by GlcNAc supplementation or GFAT-1 gof 

against TM to a mild induction of the PERK branch of the ISR which is also part of the unfolded protein 

response in the ER. However, even though pharmacological and genetic activation of the HBP elicited 

protective effects in our experiments, we did not observe an activation of PERK by GFAT-1 gof in NPCs, 

immature or mature neurons. Similarly, the degree of ISR activation remained unchanged when cell 

culture media were supplemented with GlcNAc. In conclusion, our results suggest that GFAT-1 gof 

conferred cytoprotection in hiPSC-derived NPCs and neurons does not stem from a PERK-dependent 

engagement of the ISR. A potential mechanistic link between increased intracellular levels of UDP-

GlcNAc and phosphorylation of PERK remains to be elucidated. Others have described induction of 
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GFAT-1 activity by XBP1s and ATF4 as a downstream response to cellular stress but not as the initial 

trigger (Wang et al., 2014b; Chaveroux et al., 2016). As a first step, pharmacological inhibition of PERK 

activity and eIF2α phosphorylation should reveal the role of the ISR in the cytoprotective effects 

associated with GFAT-1 gof and GlcNAc. 

To date, the effects of GFAT-1 gof and supplementation of GlcNAc were predominantly examined in 

the nematode C. elegans and, with regards to mammalian cell systems, in highly proliferative cell 

populations of murine neuroblastoma (N2a) cells and murine primary keratinocytes. Biologically, these 

cell types resemble NPCs more than neurons. Although of neural origin, N2a cells do not offer a faithful 

recapitulation of neuronal biology and are often unsuitable to gauge the effects of pharmacological 

interventions in authentic human neurons (LePage et al., 2005). In our experiments, genetic GFAT-1 

gof or GlcNAc treatment conferred increased stress resistance in NPCs and immature neurons but not 

in mature neuronal cultures. It is therefore conceivable that the developmental and/or metabolic state 

of the impacted cell might play a role in the effectiveness of the provided protection. 

When examining the expression of ISR components, we noticed a steady expression of PERK from NPCs 

to mature neurons. In contrast, the three other eIF2α kinases GCN2, HRI and PKR showed stronger 

expression in NPCs than neuronal cultures. This may indicate a higher sensitivity of NPCs in the 

responsiveness to stress stimuli. Among neuronal cultures, GCN2 was the only eIF2α kinase that was 

differentially expressed based on the degree of maturity displaying a significant upregulation as 

maturation proceeded. Since GCN2 senses the availability of amino acids, this may indicate their 

increasing importance for neuronal homeostasis. We were surprised to find HRI to be the most highly 

expressed eIF2α kinase in our neuronal cultures in absolute terms (TPM). HRI has mainly been studied 

in the erythroid lineage but its roles in other tissues are slowly emerging (Burwick & Aktas, 2017). In 

neurons, HRI has been implicated in synaptogenesis (Ill-Raga et al., 2015) and restoration of 

proteostasis during proteasome malfunction (Alvarez-Castelao et al., 2020) but a lot remains to be 

learned about its functions in the neural lineage. Lastly, the maturation-dependent increase in eIF2α 

expression that we observed likely reflects the general upregulation of protein synthesis needed to 

build and maintain the growing cell size. 

Due to its involvement in the regulation of synapses and memory formation, the ISR plays a special 

role in neurons. Synaptic plasticity is the basis for memory formation and relies on fast, local protein 

synthesis in dendrites following neuronal activity (Sutton & Schuman, 2006; Buffington et al., 2014). 

By regulating translation, the ISR impacts long-term potentiation and depression (Costa-Mattioli et al., 

2007; Panja et al., 2009; Jiang et al., 2010; Di Prisco et al., 2014) and prolonged ISR activation has been 

shown to cause cognitive decline and memory deficits (Ma et al., 2013a; Chou et al., 2017). Under 

these circumstances, relieving ISR-mediated translational repression by treatment with the small 
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molecule inhibitor ISRIB (integrated stress response inhibitor) to block phosphorylation of eIF2α 

constitutes a neuroprotective remedy (Sidrauski et al., 2013; Sharma et al., 2018; Krukowski et al., 

2020). This special function of the ISR suggests that it may be more tightly controlled in neurons than 

in other cell types and that tinkering with its activation might be a double-edged sword.  

In Western blot experiments analyzing the potential activation of the PERK branch by GFAT-1 gof and 

GlcNAc, we used TM as a positive control and were surprised to find robust ATF4 induction without a 

concomitant increase in levels of phosphorylated eIF2α. This warrants further investigation and could 

be examined by combining TM and ISRIB to check if protein levels of ATF4 are still increased in the 

absence of eIF2α phosphorylation. 

Activation of the HBP due to genetic gof or supplementation of its metabolite substrates leads to 

increased production of its end product UDP-GlcNAc. The latter serves as the precursor molecule for 

glycosylation and O-GlcNAcylation of proteins. However, none of the previous studies investigating 

GFAT-1 gof have reported data related to these glycoside modifications but focused on more readily 

accessible signaling aspects. O-GlcNAc transferase (OGT), the enzyme catalyzing O-GlcNAcylation of 

proteins, is highly sensitive to changes in the intracellular concentration of UDP-GlcNAc (Kreppel & 

Hart, 1999; Boehmelt et al., 2000). Therefore, it seems likely that potential beneficial effects of 

increased HBP flux at least in part stem from increased O-GlcNAcylation of certain, still unidentified, 

target proteins. Since O-GlcNAcylation is a wide-spread post-translational modification, identification 

of individual proteins differentially modified in a GFAT-1 gof background may be challenging. We tried 

to assess possible differences in the global abundance of O-GlcNAcylation in neuronal cultures due to 

GlcNAc supplementation or GFAT-1 gof but the relevant Western blot experiments remained 

unsuccessful owing to technical difficulties (data not shown). The elementary role of O-GlcNAcylation 

as a wide-ranging pro-survival response to various kinds of stress has been well described for many 

different cell types (Butkinaree et al., 2011; Martinez et al., 2017). Interestingly, Horn et al. claimed 

that knockdown of OGT in C. elegans did not attenuate the potency of HBP activation in alleviating the 

burden of cytotoxic protein aggregates (Horn et al., 2020). In contrast, experiments with a cardiac 

ischemia/reperfusion model in mice found the UPR-dependent induction of GFAT-1 and the 

concomitant increase in O-GlcNAcylation to be essential for tissue protection (Wang et al., 2014b). 

Similarly, human bronchial epithelial cells challenged by deprivation of glucose or amino acids relied 

on ATF4-driven upregulation of GFAT-1 to engage O-GlcNAcylation-based cytoprotection (Chaveroux 

et al., 2016). Even though O-GlcNAcylation exists in C. elegans, its importance may be much more 

limited than in higher eukaryotes. In line with this notion, OGT knockout in mammals is embryonically 

lethal (Shafi et al., 2000; O’Donnell et al., 2004) whereas C. elegans OGT null animals are viable and 

fertile (Hanover et al., 2005). Data reporting the effects of HBP activation in non-mammalian systems 



Discussion 

117 
 

may therefore be missing out on an important regulatory aspect. The same is true for sialic acids which 

also require UDP-GlcNAc for their biosynthesis and are very important in the biology of most 

vertebrates but are completely absent in C. elegans (Varki, 2008). 

Detailed quantitative analysis of the abundance of O-GlcNAcylation in different tissues is still lacking 

but the importance of O-GlcNAc can be indirectly inferred from the expression of OGT and its 

counterpart OGA (O-GlcNAcase) whose tissue abundance has been thoroughly studied. OGT is most 

highly expressed in pancreas and brain (Kreppel et al., 1997; Lubas et al., 1997) and its activity is up to 

10-fold higher in brain than in liver, heart, muscle or adipose tissue (Okuyama & Marshall, 2003). 

Similarly, OGA expression levels are highest in the brain (Gao et al., 2001). Since O-GlcNAcylation often 

competes with phosphorylation for the same serine and threonine residues, increased 

O-GlcNAcylation may indirectly affect intracellular signaling by blocking phosphorylation target sites 

(Hart et al., 2011; Laarse et al., 2018). This interplay is exemplified by the decreased O-GlcNAcylation 

of Tau which opens the door for its aberrant hyperphosphorylation that is involved in the pathology of 

Alzheimer’s disease (Gong et al., 2016). 

Usually, the brain accounts for about 20% of the body’s energy consumption (Mink et al., 1981; Attwell 

& Laughlin, 2001; Nortley & Attwell, 2017). A decline in glucose metabolism is a hallmark of the aging 

brain and it is even more pronounced in the brains of AD patients (Alexander et al., 2002; Drzezga 

et al., 2003). Aside from a resulting restriction of the cellular energy pool due to scarcity of ATP, 

impairment of glucose metabolism likely translates into reduced flux through the HBP and therefore 

less UDP-GlcNAc for protein glycosylation and O-GlcNAcylation. Extended fasting causes a strong 

ablation of O-GlcNAc levels in the cortex and hippocampus of mice and promotes aggregation of 

hyperphosphorylated Tau (Li et al., 2006). Conversely, elevating O-GlcNAc levels increases the 

solubility of Tau and slows down neurodegeneration (Yuzwa et al., 2012). This highlights the potential 

that genetic or pharmacological activation of the HBP might have for biochemical modulation of adult 

brain physiology by replenishing O-GlcNAc levels.  

As a minimal PTM, O-GlcNAcylation is inherently difficult to study and not accessible by standard 

laboratory techniques. To date, experiments for a detailed mapping of O-GlcNAc modifications rely on 

metabolic labelling, intracellular click chemistry and sophisticated mass spectrometry approaches 

(Worth et al., 2017; Chen et al., 2019; Escobar et al., 2020). Data explicitly focusing on the role and 

regulation of the HBP in human neurons is very limited and does currently not appear to be subject of 

major research projects. A few reports have highlighted deficiency of GFAT-1 in muscle to cause 

disruption of the neuromuscular junction and related neurotransmission in congenital myasthenic 

syndrome (Senderek et al., 2011; Zoltowska et al., 2013; Issop et al., 2018). However, the involved 

motor neurons show normal GFPT1 expression and their presynaptic compartments contributing to 



Discussion 

118 
 

the neuromuscular junction are only indirectly affected due to the functional deficiency of the 

postsynaptic site at the muscle. Consequently, elucidating the effects of GFAT-1 gof on global 

O-GlcNAcylation levels and identification of specifically affected proteins offers an interesting avenue 

for future research concerning the role of HBP activation and related therapeutic interventions in 

human neurons. 
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9 Abbreviations 

Abbreviation Full name 

Ø diameter 
(v/v) volume per volume 
(w/v) weight per volume 
3-MA 3-methyladenine 
AA ascorbic acid 
Ac-CoA acetyl coenzyme A 
ACIN1  
AD Alzheimer’s disease 
AIS axon initial segment 
AMPA α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic 
acid 

AMPK adenosine monophosphate-
activated kinase 

AP action potential 
APAF-1 apoptotic protease 

activating factor-1 
APP amyloid precursor protein 
APS ammonium persulfate 
AREL1 apoptosis-resistant E3 

ubiquitin protein ligase 1 
ARTS apoptosis-related protein in 

TGF-β signaling pathway 
ATF4 activating transcription 

factor 4 
ATP adenosine triphosphate 
BAD Bcl-2 associated agonist of 

cell death 
Baf. A1 Bafilomycin A1 
BCA bicinchoninic acid 
BDNF brain-derived neurotrophic 

factor 
BH Bcl-2 homology 
BID BH-3 interacting domain 

death agonist 
BiP binding immunoglobulin 

protein 
BIR baculovirus IAP repeat 
BIRC BIR containing 
BMP bone morphogenetic 

protein 
Bp base pair 
BrdU bromodeoxyuridine 
BSA bovine serum albumin 
CAD caspase-activated DNase 
CAM cell adhesion molecule 
CARD caspase activation and 

recruitment domain 
cDNA complementary DNA 

Abbreviation Full name 

CDS coding sequence 
cIAP cellular inhibitor of 

apoptosis protein 
CNS central nervous system 
CP cortical plate 
CreP constitutive repressor of 

eIF2α phosphorylation 
CRISPR Clustered regularly 

interspaced short 
palindromic repeats 

CTG CellTiter-Glo™ 
DAPI 4‘,6-diamidino-2-

phenylindole 
DAPT N-[N-(3,5-

Difluorophenacetyl-L-
alanyl)]-(S)-phenylglycine t-
butyl ester 

DD death domain 
DEPC diethyl pyrocarbonate 
DIABLO direct inhibitor of apoptosis-

binding protein with low pI 
DISC death-inducing signal 

complex 
DMSO Dimethyl sulfoxide 
DNA deoxyribonucleic acid 
dNTPs deoxynucleoside 

triphosphate 
ddH2O double-distilled water 
DUB deubiquitinating enzyme 
ECM extracellular matrix 
EDTA ethylenediaminetetraacetic 

acid 
eIF2α alpha subunit of eukaryotic 

translation initiation factor 2 
EGTA Ethylene glycol-bis(2-

aminoethylether)-N,N,N,N-
tetraacetic acid 

ER endoplasmic reticulum 
ERAD ER-associated degradation 
ESC embryonic stem cell 
FADD FAS-associated death 

domain 
FasR Fas receptor 
FBS fetal bovine serum 
FGF2 fibroblast growth factor 2 
GABA γ-Aminobutyric acid 
GADD34 growth arrest and DNA 

damage-inducible protein 
GALE UDP-galactose-4-epimerase 
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Abbreviation Full name 

GCN2 general control non-
derepressible 2 

gDNA genomic DNA 
GE ganglionic eminence  
GFAT glutamine-fructose 6-

phosphate 
aminotransferase 

GlcNAc N-acetyl-D-glucosamine 
GNA-1 glucosamine-phosphate N-

acetyltransferase 
GO gene ontology 
gof  gain-of-function 
gRNA guide ribonucleic acid 
GRP78 78-kDa glucose-regulated 

protein 
HBP hexosamine biosynthetic 

pathway 
HDR homology-directed repair 
HEK human embryonic kidney 
hiPSCs human induced pluripotent 

stem cells 
HRI heme-regulated eIF2α 

kinase 
HSP heat shock protein 
HtrA2 high-temperature 

requirement A2 
IAPs inhibitor of apoptosis 

proteins 
IBM IAP binding motif 
ICC immunocytochemistry 
IMP inner mitochondrial 

membrane peptidase 
iN induced neuron 
IPs intermediate progenitors 
IR infrared 
IRE-1 inositol-requiring enzyme-1 
ISR integrated stress response 
ISRIB Integrated stress response 

inhibitor 
Kv voltage-gated potassium 

channel 
LAAP L-ascobic acid 2-phosphate 
LB lysogeny broth 
M molar (mol/L) 
MAP2 microtubule-associated 

protein 2 
Met-tRNAi

Met methionyl-initiator tRNA 
MOMP mitochondrial outer 

membrane permeabilization 
mOsm milliosmole 
MW molecular weight 

Abbreviation Full name 
MZ marginal zone 
N2a cells Neuro2a cells; murine 

neuroblastoma cells 
NAD nicotinamide adenine 

dinucleotide 
NAGK N-acetyl-D-glucosamine 

kinase 

NAIP NLR family apoptosis 
inhibitory protein 

Nav voltage-gated sodium 
channel 

NC nitrocellulose 
NCAM neural cell adhesion 

molecule 
NEAA non-essential amino acid 
NEC neuroepithelial cell 
Neu5Ac N-acetylneuraminic acid 
NeuN neuronal nuclei 
NFI neuron functionality index 
NGF nerve growth factor 
NMDA N-methyl-D-aspartate 
NMI neuron maturity index 
NPC neural progenitor cell 
OGA O-GlcNAcase 
OGT O-GlcNAc transferase 
pA picoampere 
PAGE polyacrylamide gel 

electrophoresis 
PAM protospacer adjacent motif 
PARL presenilins-associated 

rhomboid-like protein 
PARP poly (ADP-ribose) 

polymerase 
PBS phosphate-buffered saline 
PC principal component 
PCA principal component 

analysis 
PCD programmed cell death 
PCR polymerase chain reaction 
PD Parkinson’s disease 
Pen/Strep Penicillin/Streptomycin 
PERK PKR-like ER kinase 
pF picofarad 
PFA paraformaldehyde 
PGM-3 GlcNAc phosphomutase 
PKA protein kinase A 
PKC protein kinase C 
PKR double-stranded RNA-

dependent protein kinase 
PLL poly-L-lysine hydrobromide 
PNK polynucleotide kinase 
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Abbreviation Full name 
PP preplate 
PP1 protein phosphatase 1 
PSA polysialic acid 
PSD postsynaptic density 
PTM post-translational 

modification 
qPCR quantitative polymerase 

chain reaction 
RBFOX RNA-binding protein FOX 
RCF relative centrifugal force 
RGC radial glial cell 
RIN RNA integrity number 
RING really interesting new gene 
RMP resting membrane potential 
(m)RNA (messenger) ribonucleic acid 
ROCK1 rho-associated coiled-coil-

containing protein kinase 1 
ROCK inhibitor Rho-associated protein 

kinase inhibitor 
ROS reactive oxygen species 
RPKM reads per kilobase million 
RT room temperature 
RT-PCR reverse transcription 

polymerase chain reaction 
SALM synaptic adhesion-like 

molecules 
SP subplate 
SD standard deviation 
SDS sodium dodecyl sulfate 
SDS-PAGE SDS-polyacrylamide gel 

electrophoresis 
S.E.M. standard error of mean 
seq sequencing 
SLC solute carrier 
Smac second mitochondria-

derived activator of 
caspases 

SNP single nucleotide 
polymorphism 

SOX2 sex determining region Y-
box 2 

ssoligo single-stranded 
oligonucleotide 

STS staurosporine  

Abbreviation Full name 
SV2 synaptic vesicle protein 2 
SVZ subventricular zone 
TBST tris-buffered saline with 

Tween®20 
TC time course 
TEMED N, N, N‘, N‘ – 

tetramethylethylenediamine 
TF transcription factor 
TG thapsigargin  
TGF-β transforming growth factor 

beta 
TM tunicamycin  
TNF tumor necrosis factor 
TPM transcripts per kilobase 

million 
TRADD TNF receptor associated 

death domain 
TRAIL TNF-related apoptosis-

inducing ligand receptor 
tRNA transfer RNA 
TS-IAP testis specific IAP 
U enzyme unit of catalytic 

activity (µmol/min) 
UAP-1 UDP-N-acetylglucosamine 

pyrophosphorylase 
Ub ubiquitin 
UBA ubiquitin associated 
UDP-GlcNAc uridine diphosphate-N-

acetylglucosamine 
UMI unique molecular identifier 
uORF upstream open reading 

frame 
USP ubiquitin-specific proteases 
UTP uridine triphosphate 
UTR untranslated region 
vs versus 
VZ ventricular zone 
WB Western blot 
WT wild type 
XAF1 XIAP-associated factor 1 
XBP1 X-box binding protein 1 
XIAP X-linked inhibitor of 

apoptosis protein 
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