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Summary 

A hallmark of neurodegenerative diseases are pathological deposits of different proteins in the human 

brain. The subgroup of tauopathies, for example, is characterized by intracellular deposits of the 

microtubule-associated protein TAU (MAPT) in neurons. The corresponding MAPT gene encoding TAU 

exists as the two haplotypes H1 and H2, which span a region of approximately 2 Mb on human 

chromosome 17q21. The H1 haplotype of the MAPT gene has previously been identified as a common 

genetic risk factor for some tauopathies and synucleinopathies, including progressive supranuclear 

palsy, corticobasal degeneration and Parkinson's disease. The mechanism behind the increased risk of 

the named diseases, however, remains largely unclear.  

The present work aims to contribute to the elucidation of the cell-based background of the H1-related 

risk for neurodegenerative diseases and introduces a cell model that could also be applied for further 

studies in the future. This cell model is used to identify MAPT-dependent phenotypes in neurons which 

are generated from induced pluripotent stem cells (iPSCs). In the investigations, eight homozygous 

MAPT cell lines are compared systematically, four of the H1/H1 and four of the H2/H2 genotype. 

Within the scope of the analysis, the cell lines are first pre-differentiated from iPSCs to small molecule 

neural precursor cells (smNPCs), which subsequently can be differentiated into the desired neurons in 

a fast and reproducible manner. The comparison of all cell lines regarding their differentiation 

efficiency and cell composition showed a high and comparable number of neurons as early as five days 

after the start of differentiation. With increasing differentiation time, the neurons continued to mature 

so that the adult 4R isoform of the TAU protein could already be detected after 15 days. Furthermore, 

a systematic comparison of the TAU expression profile at mRNA and protein level of the cell lines was 

carried out within a differentiation period of 30 days. In contrast to the primary hypothesis, no 

significant differences in total TAU and TAU isoform expression could be observed between the 

examined cell lines. After 30 days, however, the insoluble protein fraction of the H2/H2 cells showed, 

compared to H1/H1 cells, higher levels of a conformationally altered TAU protein, which can lead to 

increased TAU deposits in the human brain. In additional analysis with the protein α-SYNUCLEIN – 

known to be involved in Parkinson's disease – a higher expression level in H1/H1 cells than in H2/H2 

cells could be detected both at the mRNA and protein level. These differences form an interesting basis 

for further studies on the role of the MAPT haplotypes in neurodegenerative diseases.  

In conclusion, the presented work describes a method for efficient and comparable differentiation of 

iPSC lines into neurons. Thereby, differences in the expression profiles of the disease-relevant proteins 

TAU and α-SYNUCLEIN between H1/H1 and H2/H2 haplotype groups can be identified. The described 

cell model offers a helpful resource for future modeling of sporadic tauopathies using iPSC lines. 
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Zusammenfassung 

Ein Hauptmerkmal neurodegenerativer Erkrankungen sind krankhafte Ablagerungen verschiedener 

Proteine im menschlichen Gehirn. So wird die Untergruppe der Tauopathien beispielsweise durch 

intrazelluläre Ablagerungen des Mikrotubuli-assoziierten Proteins TAU (MAPT) in Nervenzellen 

charakterisiert. Das entsprechende für TAU codierende MAPT-Gen existiert in Form der zwei 

Haplotypen H1 und H2, die eine Region von etwa 2 Mb auf dem menschlichen Chromosom 17q21 

umspannen. Der H1-Haplotyp des MAPT-Gens wurde in der Vergangenheit als gemeinsamer 

genetischer Risikofaktor für einige Tauopathien und Synucleinopathien identifiziert. Beispiele sind die 

progressive supranukleäre Blickparese, die kortikobasale Degeneration sowie die Parkinson-Krankheit. 

Bis heute ist der Mechanismus hinter diesem erhöhten Risiko für die genannten Krankheiten jedoch 

weitgehend ungeklärt. 

Die vorliegende Arbeit leistet einen Beitrag zur Aufklärung der zellbasierten Hintergründe des 

H1-bedingten Risikos für neurodegenerative Erkrankungen und führt ein Zellmodel ein, das auch für 

weitergehende Studien genutzt werden könnte. Dieses Zellmodel dient der Identifizierung von MAPT-

abhängigen Phänotypen in Neuronen, die aus induzierten pluripotenten Stammzellen (iPSCs) generiert 

werden. In den Untersuchungen werden acht homozygote MAPT-Zelllinien systematisch verglichen, je 

vier des H1/H1- und des H2/H2-Genotyps. Im Rahmen der Analysen werden die Zelllinien zunächst von 

iPSCs zu neuronalen Vorläuferzellen (smNPCs) vordifferenziert, da diese anschließend schnell und 

reproduzierbar zu den gewünschten Nervenzellen differenziert werden können.  

Der Vergleich aller Zelllinien bezüglich ihrer Differenzierungseffizienz und Zellzusammensetzung zeigte 

bereits fünf Tage nach Differenzierungsstart eine hohe und vergleichbare Anzahl an Neuronen. Mit 

fortlaufender Differenzierungsdauer reifen die Neuronen weiter heran, sodass bereits nach 15 Tagen 

die adulte 4R-Isoform des TAU-Proteins nachgewiesen werden konnte. Des Weiteren wurde ein 

systematischer Vergleich des TAU-Expressionsprofils der Zelllinien innerhalb eines Differenzierungs-

zeitraum von 30 Tagen auf mRNA- sowie auf Proteinebene durchgeführt. Entgegen der ursprünglichen 

Hypothese konnten keine signifikanten Unterschiede in der absoluten TAU-Expression sowie in der 

Expression der TAU-Isoformen zwischen den untersuchten Zelllinien beobachtet werden. Verglichen 

mit H1/H1-Zellen zeigten sich jedoch nach 30 Tagen in der unlöslichen Proteinfraktion der H2/H2-

Zellen höhere Konzentrationslevel eines in seiner Konformation veränderten TAU-Proteins, das zu 

verstärkten TAU-Ablagerungen im menschlichen Gehirn führen kann. In ergänzenden Analysen des 

Proteins α-SYNUCLEIN, dessen Aggregate ein typisches Merkmal für Parkinson sind, konnten in H1/H1-

Zellen sowohl auf mRNA- als auch auf Proteinebene ein höheres Expressionsniveau gegenüber H2/H2-

Zellen nachgewiesen werden. Diese Unterschiede bilden eine interessante Grundlage für 
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weiterführende Studien zur Rolle der verschiedenen Haplotypen bei der Entwicklung 

neurodegenerativer Erkrankungen. 

Die vorliegende Arbeit beschreibt damit eine Methode zur effektiven, schnellen und vergleichbaren 

Differenzierung unterschiedlicher iPSC-Linien zu Neuronen. Dadurch können Unterschiede in den 

Expressionsprofilen der krankheitsrelevanten Proteine TAU und α-SYNUCLEIN zwischen den H1/H1- 

und den H2/H2-Haplotypgruppen identifiziert werden. Das beschriebene Zellmodell bietet daher ein 

hilfreiches Werkzeug zur zukünftigen Modellierung sporadischer Tauopathien mit Hilfe von iPSC-

Linien. 



V

 

Table of Contents 

Acknowledgment .......................................................................................................................... I 

Summary ..................................................................................................................................... II 

Zusammenfassung ....................................................................................................................... III 

Table of Contents ......................................................................................................................... V 

List of Figures ............................................................................................................................. VII 

List of Tables ............................................................................................................................. VIII 

List of Abbreviations .................................................................................................................... IX 

1. Introduction and theoretical background ............................................................................... 1 

1.1. Tauopathies ............................................................................................................................. 2 

1.1.1. Classification of tauopathies ........................................................................................... 2 

1.1.2. TAU protein – structure, function and role in neurodegenerative diseases ................... 4 

1.1.3. The MAPT gene and its haplotypes ................................................................................. 9 

1.2. Synucleinopathies.................................................................................................................. 12 

1.2.1. Classification of synucleinopathies ................................................................................ 12 

1.2.2. α-SYNUCLEIN protein – structure, function and role in neurodegenerative diseases .. 13 

1.3. The interplay of TAU and α-SYNUCLEIN in neurodegenerative diseases .............................. 14 

1.4. Cell culture models for neurodegenerative diseases ............................................................ 14 

1.4.1. iPSC-derived neuronal cell models ................................................................................ 14 

1.4.2. iPSC models for tauopathies ......................................................................................... 16 

1.5. Aims of this thesis .................................................................................................................. 17 

2. Material and methods ......................................................................................................... 18 

2.1. Cell line identification and cell differentiation ...................................................................... 18 

2.1.1. Identification and selection of iPSC lines ...................................................................... 18 

2.1.2. Genotyping .................................................................................................................... 19 

2.1.3. Cell culture ..................................................................................................................... 19 

2.2. Analytical methods ................................................................................................................ 22 

2.2.1. Immunocytochemistry .................................................................................................. 22 

2.2.2. Semi-quantitative real-time PCR ................................................................................... 23 

2.2.3. Western blot .................................................................................................................. 25 

2.2.4. Cell survival without antioxidants ................................................................................. 26 

2.2.5. Toxin treatment ............................................................................................................. 27 

2.3. Statistical analysis .................................................................................................................. 27 



Table of Contents  VI

 

3. Results ................................................................................................................................ 28 

3.1. Generation of NGN2_smNPCs from iPSC lines ...................................................................... 28 

3.2. Differentiation and characterization of NGN2_smNPC lines ................................................ 30 

3.2.1. Evaluation of cell survival at day 30 and 60 of differentiation ...................................... 30 

3.2.2. Evaluation of differentiation via SOX2 and β-3-TUBULIN expression ........................... 31 

3.2.3. Identification and quantification of cell types during differentiation via 

immunocytochemistry .................................................................................................................. 32 

3.2.4. Further characterization of differentiated neurons ...................................................... 37 

3.3. TAU expression in differentiated neurons with homozygous H1 or H2 MAPT haplotypes .. 38 

3.3.1. Immunofluorescent and qPCR analysis of TAU ............................................................. 38 

3.3.2. Protein analysis of TAU via Western blot ...................................................................... 40 

3.3.3. Genotyping for H1 sub-haplotypes ............................................................................... 44 

3.4. α-SYNUCLEIN expression in differentiated neurons with homozygous H1 or H2 MAPT 

haplotypes ......................................................................................................................................... 44 

3.4.1. Analysis of α-SYNUCLEIN expression on mRNA and protein level ................................ 44 

3.4.2. α-SYNUCLEIN expression over time via immunocytochemistry .................................... 46 

3.4.3. Genotyping of SNCA gene for disease conveying SNPs ................................................. 47 

3.5. Vulnerability of differentiated neurons with homozygous H1 or H2 MAPT haplotypes to 

external stressors .............................................................................................................................. 49 

4. Discussion ........................................................................................................................... 52 

4.1. Cell differentiation and characterization .............................................................................. 52 

4.2. TAU expression in differentiated NGN2_smNPCs ................................................................. 53 

4.2.1. TAU expression over the 30-day differentiation period................................................ 53 

4.2.2. TAU expression in homozygous H1 and H2 neurons..................................................... 54 

4.3. α-SYNUCLEIN expression in homozygous H1 and H2 neurons .............................................. 55 

4.4. Vulnerability of homozygous H1 and H2 neurons to external stressors ............................... 56 

5. Conclusion .......................................................................................................................... 58 

List of publications ..................................................................................................................... 59 

Declaration of contribution......................................................................................................... 60 

References ................................................................................................................................. 61 

 



VII

 

List of Figures 

Figure 1.1: Histopathological features of tauopathy subtypes. .............................................................. 3 

Figure 1.2: Mutations in the MAPT gene. ............................................................................................... 4 

Figure 1.3: The human MAPT gene and the isoforms of the TAU protein. ............................................. 5 

Figure 1.4: Structure and function of TAU. ............................................................................................. 6 

Figure 1.5: Structure of the MAPT haplotypes H1 and H2. ..................................................................... 9 

Figure 1.6: MAPT gene with haplotype-defining SNPs. ......................................................................... 10 

Figure 1.7: Characteristic α-SYNUCLEIN inclusions in different synucleinopathies. ............................. 12 

Figure 2.1: Overview of the differentiation protocol employed in this thesis. ..................................... 20 

Figure 2.2: Scheme of the procedure to convert induced pluripotent stem cells (iPSCs) into small 

molecule neural precursor cells (smNPC). ............................................................................................ 21 

Figure 2.3: Experimental timeline. ........................................................................................................ 22 

Figure 3.1: Conversion of iPSC lines into NGN2_smNPCs. .................................................................... 29 

Figure 3.2: Evaluation of cell survival at day 30 and day 60 of differentiation. .................................... 30 

Figure 3.3: Expression of SOX2 and β-3-TUBULIN over a differentiation period of 30 days. ................ 31 

Figure 3.4 Quantification of cell types over a differentiation period of 30 days. ................................. 32 

Figure 3.5: Immunostaining at different time points of differentiation with neural progenitor marker 

NESTIN and dendritic marker MAP2. .................................................................................................... 33 

Figure 3.6: Immunostaining at different time points of differentiation with glial marker GFAP. ......... 34 

Figure 3.7: Immunostaining for the neurotransmitter GABA. .............................................................. 35 

Figure 3.8: Immunostaining for the cortical marker BRN2 and neuronal marker TAU at day 30 of 

differentiation. ...................................................................................................................................... 36 

Figure 3.9: Immunostaining for additional neuronal markers. ............................................................. 37 

Figure 3.10: Immunofluorescent and qPCR analysis of TAU and its isoforms. ..................................... 39 

Figure 3.11: Western blot analysis with total TAU, 3R and 4R TAU antibodies over 30 days. .............. 41 

Figure 3.12: Western blots for phosphorylated and conformationally changed TAU. ......................... 43 

Figure 3.13: Analysis of α-SYNUCLEIN expression over time on protein and mRNA levels. ................. 45 

Figure 3.14: Immunostaining of α-SYNUCLEIN expression over 30 days. ............................................. 47 

Figure 3.15: Treatment of cells with external stressors. ....................................................................... 50 

 



VIII

 

List of Tables 

Table 1.1: Studies identifying MAPT haplotype as risk factor for neurodegenerative diseases ........... 10 

Table 1.2: Sub-haplotypes-defining SNPs in MAPT gene ...................................................................... 11 

Table 2.1: Purchased cell lines .............................................................................................................. 18 

Table 2.2: Antibodies used in immunocytochemistry ........................................................................... 23 

Table 2.3: Primers used for qPCR .......................................................................................................... 24 

Table 2.4: Antibodies used for Western blot ........................................................................................ 26 

Table 3.1: Genotyping of H1 cell lines for H1 sub-haplotypes-defining SNPs ....................................... 44 

Table 3.2: Location of SNPs on SNCA gene............................................................................................ 48 

Table 3.3: Genotypes of cell lines for certain SNPs in SNCA gene......................................................... 48 

Table 3.4: Sequence of Rep1 microsatellite for the different cell lines ................................................ 49 

 

  



IX

 

List of Abbreviations 

AA  Ascorbic acid 

AD  Alzheimer’s disease 

AGD  Argyrophilic grain disease 

ALS-PD Amyotrophic lateral sclerosis 
and/or parkinsonism with 
dementia 

ANOVA Analysis of variance 

AO Antioxidant 

ARE Antioxidant response element 

BSA Bovine serum albumin 

CBD  Corticobasal degeneration 

cDNA Complementary DNA 

CHIR  CHIR99021 

CTE Chronic traumatic 
encephalopathy 

Ctx Cortex 

DLB  Dementia with Lewy bodies 

DMSO Dimethyl sulfoxide 

DOR  Dorsomorphin 

EB  Embryoid body 

ECACC European Collection of 
Authenticated Cell Cultures 

FTDP-17 Frontotemporal dementia 
with parkinsonism linked to 
chromosome 17 

GGT  Globular glial tauopathies 

GWA  Genome-wide association 

hESC  Human embryoid stem cell 

HipSci Human Induced Pluripotent 
Stem Cell Initiative 

HRP Horseradish peroxidase 

HTS  High-throughput screening 

iPSC  Induced pluripotent stem cell 

KSR  Knockout serum replacement 

LB  Lewy body 

LBD  Lewy body disorder 

MAPT Microtubule-associated 
protein TAU 

MBD  Microtubule-binding domain 

M-PERTM Mammalian Protein Extraction 
Reagent 

MSA  Multiple system atrophy 

MTT 3-(4,5-dimethylthiazol-2-yl)-
2,5 diphenyl tetrazolium 
bromide 

NAC  Non-amyloid component 

NFT  Neurofibrillary tangle 

NGN2  NEUROGENIN2 

nPPS  Novel pluripotency score 

PART Primary age-related 
tauopathies 

PBS Phosphate-buffered saline 

PBS-T PBS containing 0.2% Tween® 

PD  Parkinson’s disease 

PHF  Paired helical filament 

PiD  Pick’s disease 

PMA  Purmorphamine 

PPS  Pluripotency score 

PSP  Progressive supranuclear palsy 

p-TAU  Phosphorylated TAU 

PVDF Polyvinylidenfluorid 

qPCR Semi-quantitative real-time 
PCR 

ROS  Reactive oxygen species 

SB  SB431542 

SEM Standard error of the mean 

smNPC Small molecule neural 
precursor cell 

SN Substantia nigra 

SNP Single nucleotide 
polymorphism 

TBS Tris-buffered saline 

TBS-T TBS containing 0.05% Tween® 

TDP-43 Transactivation response DNA 
binding protein 43 

Thia  Thiazovivin 

UTC  Untreated control 

vaFTD Variant frontotemporal 
dementia 

 



1

 

1. Introduction and theoretical background 

The hallmarks of neurodegenerative diseases are deposits of pathologically altered proteins in the 

human brain, the progressive loss of cell function and, eventually, neuronal cell death. The broad range 

of neurodegenerative diseases can be classified via their clinical symptoms (such as movement 

disorder and cognitive decline), the affected brain regions (e.g. frontotemporal degeneration) or the 

main protein that is found in the brain depositions (such as TAU) (Kovacs and Budka, 2010). Since 

clinical appearance rarely occurs in pure syndromes but rather as a mixture of different symptoms, the 

final diagnosis is only possible when histological and neuropathological evaluation of brain inclusions 

is carried out at autopsy (Dugger and Dickson, 2017). The most common proteins involved in 

neurodegenerative disorders are AMYLOID-β, TAU, α-SYNUCLEIN and transactivation response DNA-

binding protein 43 (TDP-43). The diseases that these proteins are associated with are accordingly being 

classified as amyloidosis, tauopathies, synucleinopathies and TDP-43 proteinopathies, respectively 

(Kovacs et al., 2010). 

Although the proteins mentioned above differ in their function, size and structure, they share the 

principal mechanism of protein aggregation. First, abnormal, misfolded, or overexpressed protein 

monomers form small oligomers which can aggregate further into bigger oligomers until protofibrils 

are formed. Upon reaching a certain size, mature fibrils can form larger filaments primarily with a 

β-sheet structure (Lee et al., 2007). The resulting deposits are categorized as plaques, tangles or 

threads. In vitro and in vivo models strongly suggest that protein pathology can be propagated from 

cell to cell throughout connected brain regions (Brettschneider et al., 2015). Although different 

proteins accumulate in the different diseases, biochemical processes contributing to neuronal damage 

and cell death are similar in all known proteinopathies to date. These processes include oxidative 

stress, impaired mitochondrial function, dysregulation of neuroinflammation, proteotoxic stress and 

impaired ubiquitin-proteasomal and autophagosomal/lysosomal systems (Jellinger, 2010). 

In the following, the theoretical background of tauopathies and synucleinopathies as well as the 

proteins being involved are described in more detail. Additionally, the role of induced pluripotent stem 

cells as model systems in the research field of neurodegenerative diseases, specifically tauopathies, is 

illuminated. 
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1.1. Tauopathies 

1.1.1. Classification of tauopathies 

Tauopathies are characterized by aggregates of the TAU protein in the brain. Tauopathies can be 

divided into primary and secondary tauopathies depending on whether TAU is seen as the main driving 

force of the disease or only as a minor player (Spillantini and Goedert, 2013). Primary tauopathies are 

for example progressive supranuclear palsy and corticobasal degeneration. The most commonly 

known secondary tauopathy is Alzheimer’s disease (the primary protein here appears to be 

AMYLOID-β) (Selkoe and Hardy, 2016). 

Tauopathies can be further classified according to which TAU isoform, created via alternative splicing, 

is predominantly found in brain deposits (Goedert and Jakes, 1990). Inclusion or exclusion of exon 10 

results in TAU isoforms with either three (3R TAU) or four (4R TAU) microtubule-binding repeats 

(Goedert et al., 1989b). Thus, tauopathies can be divided into 3R, 4R and 3R/4R tauopathies, depending 

on the ratio of TAU isoforms present in the brain inclusions (Rösler et al., 2019; Sergeant et al., 2005). 

Another classification of primary tauopathies are the familial forms of frontotemporal dementia with 

parkinsonism linked to chromosome 17. Details on the different tauopathies are described below. 

3R tauopathies 

The prototypical 3R tauopathy is Pick’s disease (PiD), with characteristic histological features of 

so-called “Pick bodies” (Figure 1.1I). These spherical inclusions mainly consisting of 3R TAU are found 

in the cytoplasm of neurons in the limbic and neocortical regions (Dickson, 1998). Furthermore, 3R 

TAU positive inclusions can also occur in glia cells (Figure 1.1J). Clinically, PiD often presents with 

behavioral variant frontotemporal dementia (vaFTD) but can also cause primary progressive aphasia 

and corticobasal syndrome (Kovacs et al., 2013). 

4R tauopathies 

Progressive supranuclear palsy (PSP) is considered an atypical Parkinson syndrome displaying vertical 

gaze palsy and early falls/postural instability (Steele et al., 1964). On a histological level, PSP is 

characterized by globose 4R TAU inclusions in neurons, oligodendrocytic “coiled bodies” and “tufted 

astrocytes” (Figure 1.1A and B) (Dickson et al., 2010; Williams and Lees, 2009). Although corticobasal 

degeneration (CBD) shares some neuropathological features with PSP, like 4R TAU positive neuronal 

lesions and “coiled bodies”, they differ for example in their astroglia pathology. While PSP displays 

tufted astrocytes, CBD exhibits astrocytic plaques (Figure 1.1C). Another characteristic of CBD are 

ballooned cortical neurons (Figure 1.1D) (Dickson et al., 2002). Clinical manifestations are, among 

others, progressive asymmetrical apraxia and often Parkinson symptoms. Additional 4R tauopathies 
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are argyrophilic grain disease (AGD) and globular glial tauopathies (GGT) (Ahmed et al., 2013; Tolnay 

and Clavaguera, 2004). 

3R/4R tauopathies 

In primary age-related tauopathies (PART), intracellular neurofibrillary tangles (NFTs) composed of 3R 

and 4R TAU in equal ratios have been observed mainly in the medial temporal lobe (Figure 1.1K) (Crary 

et al., 2014). Another 3R/4R tauopathy is chronic traumatic encephalopathy (CTE) which manifests 

after chronic repetitive head injuries and displays NFT pathology in the superficial cortical layer that 

spreads to the medial temporal lobe in later stages (McKee et al., 2009; McKee et al., 2013). Next to 

primary tauopathies, there are some disorders with a secondary mixed 3R/4R TAU pathology. A 

histological hallmark in Alzheimer’s disease (AD), for example, are NFTs that occur next to primary 

extracellular AMYLOID-β plaque pathology (Goedert et al., 2006). Another example is the 

geographically isolated secondary tauopathy in the pacific region that clinically presents as 

amyotrophic lateral sclerosis and/or parkinsonism with dementia (ALS-PDC). Here, the 3R/4R 

pathology occurs together with TDP-43 accumulation in the low motor neurons (Figure 1.1L) (Steele 

and McGeer, 2008). 

 

Figure 1.1: Histopathological features of tauopathy subtypes. Arrows indicate characteristic immunoreactive 
TAU inclusions for 4R (A-D), 3R (I-J) and 3R/4R (K-L) tauopathies. (A) shows a typical tufted astrocyte in the 
mid-frontal cortex in progressive supranuclear palsy (PSP) were as (B) displays a globose neuronal TAU tangle 
in the midbrain. For corticobasal degeneration (CBD), astrocytic plaques (C) and ballooned neurons (D) are 
characteristic. (I) shows typical spherical “Pick bodies” in the 3R tauopathy Pick’s disease (PiD) additional to 
the glial TAU inclusions visible in (J). (K) shows characteristic neurofibrillary tangles which can be found in 
primary age-related tauopathies (PART). In a rare form of amyotrophic lateral sclerosis and parkinsonism with 
dementia (ALS-PDC), TAU tangles are present in the spinal cord (L). scale bar=100µm [adapted from (Irwin, 
2016)]. 

PSP PSP CBD CBD

PiD PiD PART ALS-PDC

4R Tauopathy

3R Tauopathy 3R/4R Tauopathy
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Frontotemporal dementia with parkinsonism linked to chromosome 17 

In 1998, the first mutations in the MAPT gene coding for the TAU protein (located on chromosome 17) 

were described to cause frontotemporal dementia with parkinsonism (Hutton et al., 1998; Poorkaj et 

al., 1998; Spillantini et al., 1998). Since then, over 50 mutations have been associated with 

frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) (Ghetti et al., 2015). 

These mutations are located in the exons as well as in the introns and can be classified as missense 

mutations that alter the TAU protein sequence, or splicing mutations which influence the alternative 

spicing of exon 10 and therefore change the isoform ratio of 3R and 4R TAU (Figure 1.2) (Goedert, 

2005). Studies have shown that mutant forms of TAU can have a reduced binding affinity to 

microtubules resulting in decreased microtubule stability and increased amounts of free, unbound TAU 

(e.g. V337M, R406W and Δ152T in Figure 1.2) (Hasegawa et al., 1998; Hong et al., 1998). Additionally, 

a number of missense mutations enhance the ability of TAU to aggregate, thus promoting TAU 

pathology such as P301L and P301S (Goedert et al., 1999; Nacharaju et al., 1999). 

 

Figure 1.2: Mutations in the MAPT gene. Missense and silent mutations are mostly found in the exons 1, 9, 10, 
11, 12 and 13 and in intron 10. Colored exons (blue, green and yellow) are subject to alternative splicing 
[modified based on (Brunden et al., 2009)]. 

Most mutations that influence the alternative splicing of TAU mRNA are either intronic mutations in 

intron 10 or missense mutations in exon 10 (N279K, L284L, ΔN296, N296N, N296H, S305N and S305S) 

(D'Souza et al., 1999; Hutton et al., 1998). These mutations mainly alter the splicing process by 

disrupting an inhibitory mRNA stem loop structure at the end of exon 10 and the beginning of the 

following intron. This causes an increased inclusion of exon 10 and thus higher levels of the 4R TAU 

isoform (Liu and Gong, 2008). Additionally, there are also some mutations that decrease the inclusion 

of exon 10, leading to higher 3R TAU levels (e.g. ΔK280) (D'Souza and Schellenberg, 2005). Although 

the dominant clinical manifestation of FTDP-17 is frontotemporal dementia, the mutations can cause 

a variety of clinical phenotypes including PSP, CBD, PiD and AD disorders (Guo et al., 2017). 

1.1.2. TAU protein – structure, function and role in neurodegenerative diseases 

The TAU protein was firstly isolated and described in 1975 as a microtubule assembly factor 

(Weingarten et al., 1975). This microtubule-associated protein TAU (MAPT) is encoded by the MAPT 

gene which is located on chromosome 17q21 (Neve et al., 1986). 
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Since TAU is a microtubule-associated protein it is mainly found in the axons of neurons where it binds 

and stabilizes microtubules (Trojanowski et al., 1989). To a lesser extent, TAU is also present in 

somatodendritic compartments (Tashiro et al., 1997). Additionally, it can also be found in 

oligodendrocytes and astrocytes (Klein et al., 2002) and even occurs in kidney and lung tissue (Gu et 

al., 1996). 

Structure and function 

The MAPT gene consists of 16 exons. By alternative splicing of the mRNA, six main TAU isoforms are 

created (Figure 1.3A) (Goedert and Jakes, 1990). Exons 2 and 3 code for a 29-amino acid long sequence 

near the amino-terminal end of the protein. Depending if none (0N), one (1N) or two (2N) of these 

N-terminal inserts are included, the respective TAU isoforms (0N, 1N or 2N) are translated (Goedert et 

al., 1989a). Exons 9, 10, 11 and 12 harbor microtubule-binding domains (MBDs) which are four highly 

conserved and imperfect repeats that are 30 to 31 amino acids long.  

 

Figure 1.3: The human MAPT gene and the isoforms of the TAU protein. (A) The MAPT gene consists of 16 
exons, of which eight are constitutively expressed in the TAU protein (Exon 1, 4, 5, 7, 9, 11, 12 and 13). Exons 
0 and 14 are part of the 5’ and 3’ untranslated region, respectively, while the exons 4a, 6 and 8 are only 
transcribed in the peripheral nervous system. Exons 2 and 3 are alternatively spliced to create three TAU 
isoforms that contain either no, one or two N-terminal repeats (0N, 1N, or 2N). Inclusion or exclusion of exon 
10 results in TAU isoforms with three or four repeat domains near the carboxyl-end (C-terminal) termed 3R or 
4R TAU, thus resulting in a total of six TAU isoforms expressed in the adult human brain termed 0N3R, 1N3R, 
2N3R, 0N4R, 1N4R and 2N4R. (B) The TAU protein can be divided into four different domains according to its 
biochemical properties. The N-terminal projection domain, the proline-rich domain, the microtubule-binding 
domain and the C-terminal tail. Phosphorylation is the predominant posttranslational modification with 
phosphorylation sites (purple) enriched in the flanking regions of the microtubule-binding domains [based on 
(Guo et al., 2017; Wang and Mandelkow, 2016)]. 
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Alternative splicing of exon 10 creates TAU isoforms with either 3 or 4 MBDs thus termed 3R or 4R 

TAU, respectively (Goedert et al., 1989b). In combination with the inclusion or exclusion of exon 2 and 

3, the TAU protein displays six isoforms in adult neurons: 0N3R, 1N3R, 2N3R, 0N4R, 1N4R and 2N4R. 

The abundance of the different isoforms changes over human development. In the fetal brain only the 

0N3R and thus the shortest isoform, is present, while in the adult brain the 3R and 4R forms are equally 

abundant. The majority of the TAU protein (57%) in the adult brain contains one N-terminal insert 

(1N3R and 1N4R), whereas 37% contain 0N variants (0N3R, 0N4R). The 2N isoforms (2N3R and 2N4R) 

are underrepresented, making up only 9% of the total TAU protein (Goedert and Jakes, 1990). 

 

Figure 1.4: Structure and function of TAU. TAU is a water-soluble protein with a small amount of secondary 
structure that forms a paper-clip-like structure when unbound in the cytoplasm. When bound to a 
microtubule, this structure changes and the N-terminus projects away from the microtubule while the 
microtubule binding domains (MBD, displayed in orange and yellow) and the C-terminus are bound. The MBDs 
form the core of the fibrils when TAU starts to aggregate. At first, only small oligomers form, which grow to 
paired helical filaments (PHF). PHF in turn ultimately deposit as neurofibrillary tangles in the brain and are the 
characteristic pathology of tauopathies [based on (Guo et al., 2017)]. 

TAU is a highly water-soluble protein due to its low proportion of hydrophobic residues (Jeganathan 

et al., 2008). Divided by biochemical property, TAU comprises four structurally different domains 

(Figure 1.3B) (Mandelkow et al., 1996): 

(1) the acidic N-terminal projection domain (amino acids 1-150), 

(2) the proline-rich domain (amino acids 151-243), 

(3) the MBDs (244-369) and 

(4) the C-terminal tail (370-441). 
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TAU is a natively unfolded protein with a small amount of secondary structure with few short and 

transient elements such as β-sheets in the microtubule-binding domains (Mukrasch et al., 2009). These 

β-sheet structures have been described as the main drivers of the abnormal self-assembly 

(aggregation) of TAU. In diseased brains when TAU aggregates into paired helical filaments, the MBDs 

build the core of the structure (Figure 1.4) (Crowther et al., 1989). In healthy brains, free TAU in the 

cytoplasm has the tendency to form a paper-clip-like structure in which the N- and C-terminal ends 

fold towards the repeat domains. This loose association of the protein ends is broken when TAU binds 

to a microtubule and the N-terminus projects away from the microtubules (Figure 1.4) (Jeganathan et 

al., 2006). 

With 85 possible phosphorylation sites (45 serine, 35 threonine and five tyrosine residues available), 

phosphorylation is the major posttranslational modification of the TAU protein and is an important 

regulator of its physiological function (Hanger et al., 2009). The phosphorylation sites are especially 

enriched in the flanking regions of the MBDs (Figure 1.3B). Phosphorylation of these sites and of serine 

residues directly located in the repeat domains reduces the binding affinity of TAU for microtubules 

(Drewes et al., 1995). This mechanism regulates TAU association with and dissociation from 

microtubules and thus microtubule stability (Sengupta et al., 1998). Abnormal phosphorylation or 

hyperphosphorylation of TAU can therefore interfere with its physiological function (Hoover et al., 

2010). In AD patients and patients with other tauopathies, abnormal hyperphosphorylation is observed 

especially in paired helical filaments (PHF) (Grundke-Iqbal et al., 1986) and in accordance with these 

findings, hyperphosphorylated TAU is known to have a higher self-aggregation propensity (Köpke et 

al., 1993). Although phosphorylation is the most common posttranslational modification, TAU is also 

known to be acetylated (Irwin et al., 2012), methylated (Funk et al., 2014), glycated (Ledesma et al., 

1994), polyaminated, glycosylated (Wang et al., 1996), nitrated (Reyes et al., 2008) or ubiquitinated 

(Cripps et al., 2006). Even SUMOylation (Dorval and Fraser, 2006), isomerization (Miyasaka et al., 2005) 

and oxidation (Landino et al., 2004) have been described. All these modifications can be present under 

both physiological and pathological conditions. Acetylation at specific lysine sides for example has 

been found in post-mortem brains of AD, PiD, FTLD-17 and PSP patients (Irwin et al., 2013; Min et al., 

2015). How this and other posttranslational modifications may influence or contribute to 

disease-causing mechanisms remains to be investigated.  

In addition to regulating microtubule dynamics (Janning et al., 2014), other functions of TAU have been 

proposed over the years. TAU has been described to regulate axonal transport by interacting with 

motor proteins like dynein and kinesin (Magnani et al., 2007; Stamer et al., 2002). Apart from its 

localization and function in axons, TAU is present in small amounts in the dendrites of neurites. Here, 

it has been suggested that TAU is involved in synaptic plasticity and localization of postsynaptic 

components (Ittner et al., 2010; Mondragón-Rodríguez et al., 2012). TAU can also regulate signaling 
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pathways by acting as a scaffolding protein for kinases (Lee et al., 1998). TAU is also found in the 

nucleus, where it is able to bind to DNA and RNA and may play a role in protecting genomic DNA, 

cytoplasmic RNA and nuclear RNA from cellular stress (e.g. hyperthermic and oxidative stress) (Sultan 

et al., 2011; Violet et al., 2014). 

Role in neurodegenerative diseases 

The main characteristic of tauopathies is TAU aggregation. Monomeric TAU is able to form β-sheet 

structures through interaction of their MBDs (von Bergen et al., 2000). Like other amyloid-forming 

proteins, TAU fibrilization follows a nucleation/elongation mechanism with nucleation as the 

rate-limiting step (Lee et al., 2007). Under physiological conditions, nucleation does not occur 

spontaneously (Kuret et al., 2005) but can be induced with anionic compounds (such as heparin), post-

translational modifications that reduce the overall positive charge (such as hyperphosphorylation) and 

preformed seeds (such as seeds from patients’ brains) (Alonso et al., 1996; Goedert et al., 1996; 

Peeraer et al., 2015). In the elongation phase, TAU oligomers form small primary fibrils which grow 

into larger PHF that can be found in NFT (Figure 1.4) (Barghorn and Mandelkow, 2002). 

How TAU pathology influences cell toxicity and neuronal loss is still under debate. One possible 

contribution to neurotoxicity can be a toxic loss of function. In this scenario due to 

hyperphosphorylation and thus detachment from the microtubule, soluble TAU aggregates and is no 

longer able to fulfill its physiological function (Zhang et al., 2005). Experiments in mice have shown 

that some TAU functions can be compensated for by other microtubule-associated proteins such as 

MAP1A (Lei et al., 2014). Therefore, toxic loss of function might be conferred by the interruption of 

more recently described functions of TAU such as axonal transport, synaptic plasticity and DNA 

protection (see section above) (Wang and Mandelkow, 2016). In the past, the dominant opinion was 

that NTF would exert a toxic gain of function, since NFT distribution in the brain correlates with severity 

of clinical symptoms in tauopathies (Wang and Mandelkow, 2016). Recent findings, however, suggest 

that NFTs themselves are rather inert and sometimes their formation is even considered a protective 

mechanism (Cowan and Mudher, 2013). The focus for toxic TAU species is now shifted towards soluble 

oligomers which are suggested to contribute to loss of membrane function, mitochondrial and synaptic 

dysfunction and impairment of axonal transport (Flach et al., 2012; Lasagna-Reeves et al., 2011; 

Morfini et al., 2009). Although increased TAU oligomer levels could be detected in AD and PSP patients’ 

brains, the exact role oligomers play in neurotoxicity remains under debate (Gerson et al., 2014). 
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1.1.3. The MAPT gene and its haplotypes 

In 1997 a polymorphic dinucleotide marker between exon 9 and 10 of the MAPT gene coding for TAU 

was associated by Conrad et al. with the tauopathy PSP (Conrad et al., 1997). Baker et al. confirmed 

these findings two years later but described additional single nucleotide polymorphisms (SNP) located 

in the MAPT gene. Further analysis revealed a complete linkage disequilibrium of these 

polymorphisms, thus defining two extended haplotypes (the H1 and H2 haplotypes) spanning the 

whole MAPT gene (Baker et al., 1999). In the following years, the MAPT haplotype was, step-by-step, 

extended beyond the TAU gene (Ezquerra et al., 1999; Pastor et al., 2002). Pittman et al. defined the 

outer edges of the linkage disequilibrium in 2004 thus identifying an approximately 2 Mb long 

haplotype region on chromosome 17q21 including several other genes aside from MAPT (Figure 1.5) 

(Pittman et al., 2004). One characteristic of the H2 haplotype is a nearly 1 Mb long inversion, which 

includes the MAPT gene. 

 

Figure 1.5: Structure of the MAPT haplotypes H1 and H2. The MAPT haplotype is located on chromosome 
17q21.31. It spans a region of approximately 2 Mb with multiple genes (red box) including the MAPT gene (red 
arrow). The H2 haplotype is defined by a nearly 1 Mb big inversion polymorphism (grey lines). Black arrows 
indicate location of genes on the plus (arrows point to the right) or minus strand (arrows point to the left). The 
lengths of the arrows indicate the approximate lengths of genes. Chromosome 17 illustration and gene 
location information was taken from [http://genome-euro.ucsc.edu/index.html], [based on (Boettger et al., 
2012; Bowles et al., 2019; Caffrey and Wade-Martins, 2007)]. 
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Interestingly, the frequency with which the haplotypes occur in populations all over the world differs 

strongly. The H2 haplotype is largely confined to European cohorts. Here, it is present in a frequency 

of about 20%. In African and Asian populations, the H2 haplotype is almost absent (Stefansson et al., 

2005). 

Since its first discovery by Conrad et al. (Conrad et al., 1997), the H1 haplotype has been repeatedly 

associated with a higher risk of developing PSP in Caucasian cohorts. Over the years, this genetic 

association was also found for CBD and AD (Kouri et al., 2015; Myers et al., 2005). Surprisingly, genome-

wide association (GWA) studies also identified the MAPT haplotype as a major risk factor for the classic 

synucleinopathy Parkinson’s disease (PD) (Table 1.1) (Pascale et al., 2016). Additionally, Vuono et al. 

reported a connection between the rate of cognitive decline and MAPT haplotype in Huntington’s 

disease (Vuono et al., 2015). 

Table 1.1: Studies identifying MAPT haplotype as risk factor for neurodegenerative diseases 

Disease Odds ratio P-value Number of study subjects Source 

PSP 5.5 1.5 x 10-116 4,611 (Höglinger et al., 2011) 

CBD 3.7 1.4 x 10-12 3,463 (Kouri et al., 2015) 

AD 1.5 9.0 x 10-3 612 (Myers et al., 2005) 

PD 1.7 2.0 x 10-3 378 (Pascale et al., 2016) 

After defining the boundaries of the MAPT haplotype, Pittman et al. further fine-mapped the H1 

haplotype (Pittman et al., 2005). By identifying five SNPs that only occur in the H1 haplotype, they 

proposed a classification of H1 sub-haplotypes (Figure 1.6 and Table 1.2).  

 

Figure 1.6: MAPT gene with haplotype-defining SNPs. 13 haplotype-defining SNPs have been described, most 
of them in the intronic regions of the MAPT gene. Three of those SNPs have been used to identify the MAPT 
genotype of cell lines purchased for this project (orange). Five SNPs that divide the H1 haplotype into 
sub-haplotypes are indicated in black. [Based on (Pittman et al., 2005; Wray and Hardy, 2010; Zabetian et al., 
2007)]. 
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Table 1.2: Sub-haplotypes-defining SNPs in MAPT gene 

Sub-haplotypes rs1467967 rs242557 rs3785883 rs2471738 rs8070723 rs7521 

H1b G/G G/G G/G C/C A/A A/A 

H1c A/A A/A G/G T/T A/A G/G 

H1d A/A A/A G/G C/C A/A A/A 

H1e A/A G/G G/G C/C A/A A/A 

In what manner these sub-haplotypes may influence the H1 haplotype as a risk factor remains unclear. 

Some studies only link a sub-haplotype (e.g. the H1c haplotype) to a disease rather than the whole H1 

locus (Ezquerra et al., 2011; Majounie et al., 2013; Zabetian et al., 2007; Zhang et al., 2017). By what 

mechanism the MAPT haplotype influences the risk for developing a sporadic neurodegenerative 

disease is still under investigation. Although the haplotype affects several genes, the main focus lies 

on the MAPT gene coding for the TAU protein, which is known to play a crucial role in 

neurodegenerative disorders (see also Chapter 1.1.2). None of the haplotype-defining SNPs described 

above alter the amino acid sequence of TAU. A mutated TAU is therefore excluded (Kwok et al., 2004). 

Since the SNPs are mainly found in intronic regions, they could influence the overall transcription 

efficiency and thus increase or decrease TAU mRNA levels over time which could lead to a change in 

protein levels. Another possibility could be a shift in the alternative splicing of the mRNA resulting in 

altered levels of TAU isoforms (Pittman et al., 2006). In fact, different studies have shown both modes 

of action: change in overall TAU levels or individual TAU isoform levels. These studies, however, are 

unclear as to whether both events occur simultaneously or only one exclusively. Using a Luciferase 

reporter assay in neuroblastoma cell lines, two groups reported a higher transcription efficiency from 

the H1 haplotype due to SNPs in the promotor region (Kwok et al., 2004; Myers et al., 2007). A higher 

overall MAPT expression on the mRNA level in H1 groups has also been shown in human brains (de 

Jong et al., 2012; Valenca et al., 2016). Other studies have not found a general increase in MAPT 

transcript in the investigated brain regions (Caffrey et al., 2006; Trabzuni et al., 2012). Interestingly, 

Myer at al. reported a higher total MAPT expression only for the sub-haplotype H1c as compared to all 

other genotypes (Myers et al., 2007). When investigating the different splice variants of the MAPT 

transcript, several groups found differences in the amount of certain MAPT isoforms between the 

haplotype groups. In human brains and neuroblastoma cell lines the H2 haplotype was associated with 

a higher level of exon 3 inclusion in MAPT mRNA resulting in more 2N isoforms of TAU (Caffrey et al., 

2008; Trabzuni et al., 2012). The H1 haplotype on the other hand was connected to increased levels of 

transcripts containing exon 10 (i.e. 4R TAU isoforms) (Caffrey et al., 2006; Majounie et al., 2013). These 

studies argue that the H1 haplotype could convey a risk for neurodegeneration by (1) either increasing 

the amount of TAU protein in the brain over years, thus increasing the chances that TAU reaches a 
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threshold level for aggregation or (2) the level of 4R TAU isoforms (which are known to be more prone 

to aggregation) is increased in H1 carriers (Zhong et al., 2012). Correspondingly, the reported increase 

of 2N TAU isoforms for the H2 haplotype might lower disease risk since the addition of the second N-

terminal insert decreases the aggregation propensity of TAU (especially in combination with a 3R 

background) (Zhong et al., 2012). All in all, the evidence suggests differential MAPT expression on an 

mRNA level between H1 and H2 carriers, although different studies offer conflicting results. 

1.2. Synucleinopathies 

1.2.1. Classification of synucleinopathies 

Apart from tauopathies, a second major class of neurodegenerative diseases are synucleinopathies. 

They are defined by inclusions in the brain mainly consisting of the protein α-SYNUCLEIN (Figure 1.7). 

These inclusions are referred to as Lewy bodies (LBs). Depending on the type of aggregate and the 

location in the brain, synucleinopathies can be divided into two major subgroups: (1) Lewy body 

disorders (LBD) and (2) multiple system atrophy (MSA). The first category includes PD, PD with 

dementia and dementia with Lewy bodies (DLB). Here LBs are mainly found in the neuronal cytoplasm 

and filamentous α-SYNUCLEIN aggregates are additionally present in the neurites (“Lewy neurites”) 

(Spillantini et al., 1997). LBDs can present with clinical features such as dementia, parkinsonism and 

autonomic dysfunctions as well as sleep disorders and psychiatric features. In contrast, protein 

inclusions present in MSA are located in glia cells, mostly in oligodendrocytes and are called glial 

cytoplasmic inclusions (Lantos, 1998). MSA can be further divided into two clinical subtypes: (1) The 

parkinsonism-dominant MSA-P and (2) the cerebellar symptom-predominant MSA-C. They mainly 

differ in clinical symptoms and affected brain regions (striatonigral in MSA-P versus 

olivopontocerebellar degeneration in MSA-C) but have similar protein pathology (Fanciulli and 

Wenning, 2015; Jellinger, 2014). 

 

Figure 1.7: Characteristic α-SYNUCLEIN inclusions in different synucleinopathies. The first two pictures show 
Lewy bodies (black arrows) in the substantia nigra (SN) of Parkinson’s disease (PD) patients and in the cortex 
(Ctx) of patients with dementia with Lewy body (DLB). The third picture shows glial cytoplasmic inclusion (GCI) 
(black arrows) in the cerebellum (CB) of multiple system atrophy (MSA) patients. Scale bar: 25µm [adapted 
from (Peng et al., 2018)]. 
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1.2.2. α-SYNUCLEIN protein – structure, function and role in neurodegenerative diseases 

α-SYNUCLEIN was first described in 1988 by Maroteaux et al. and named due to its localization to 

synapses and nuclei (Maroteaux et al., 1988). In 1997, α-SYNUCLEIN was associated with 

neurodegeneration when it was identified as a major component of LBs (Spillantini et al., 1997) and a 

PD-causing mutation in the α-SYNUCLEIN coding gene SNCA was discovered (Polymeropoulos et al., 

1997). 

 α-SYNUCLEIN is a small 140 amino acid protein consisting of three functional domains (Uversky, 2003): 

(1) the N-terminal region with four imperfect KTKEGV motif repeats, 

(2) the non-amyloid component (NAC) domain and 

(3) the highly acidic and negatively charged C-terminal region. 

α-SYNUCLEIN can be found in its soluble cytoplasmic form or bound to membranes with a high 

curvature such as vesicles (Fortin et al., 2004). Membrane binding is mainly conferred by the 

N-terminal domain which forms a α-helical secondary structure, while the C-terminal domain remains 

unstructured and acts as an interaction side for other proteins and as a site for posttranslational 

modifications (Eliezer et al., 2001). The highly hydrophobic NAC domain is the main contributor to the 

tendency of α-SYNUCLEIN towards aggregation (Giasson et al., 2001). 

The full functions of α-SYNUCLEIN remain under debate. There is evidence for its involvement in 

synaptic vesical regulation because of its interaction with vesicular membranes. α-SYNUCLEIN, 

however, has also been shown to interact with other organelles such as mitochondria, the endoplasmic 

reticulum and the Golgi apparatus (Colla et al., 2012; Nakamura et al., 2011). 

Although the vast majority of synucleinopathies are sporadic, there are some mutations in the SNCA 

gene that directly contribute to the development of neurodegenerative diseases, such as the missense 

point mutations A30P and A53T that cause familial PD (Krüger et al., 1998; Polymeropoulos et al., 1997) 

and E64K in familial DLB (Zarranz et al., 2004). Additionally, duplications and triplications of the SCNA 

gene have been found to cause an increase in α-SYNUCLEIN expression that confers to a higher risk for 

LBDs (Chartier-Harlin et al., 2004; Hofer et al., 2005). Apart from mutations, SNPs in intronic and exonic 

regions of SNCA have been described to increase the risk for synucleinopathies (Campêlo and Silva, 

2017; Fuchs et al., 2008). Interestingly a dinucleotide microsatellite, Rep1, near the 5’UTR promotor 

region has also been linked to an increased risked for PD, potentially by influencing α-SYNUCLEIN 

expression (Chiba-Falek and Nussbaum, 2001). 
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1.3. The interplay of TAU and α-SYNUCLEIN in neurodegenerative diseases 

Although neurodegenerative diseases are classified first via their clinical manifestations and later via 

autopsy according to their neuropathology, there are overlaps between the disorders. These overlaps 

are especially common between tauopathies and synucleinopathies and occur in the clinical 

presentations as well as in protein pathology. For example, in addition to AMYLOID-β and TAU 

pathology, LBs are found at a higher frequency in sporadic AD brains than in controls (Arai et al., 2001; 

Hamilton, 2000). LBs are also found in some clinical cases of PSP were TAU and α-SYNUCLEIN have 

been reported to colocalize in some neurons (Mori et al., 2002). This colocalization can also be 

observed in LBs of patients with synucleinopathies like DLB. When DLB diagnosis overlapped with 

Alzheimer-type pathology, up to 40% of LBs were positive for both TAU and α-SYNUCLEIN (Iseki et al., 

2003; Ishizawa et al., 2003). Additionally, NFT and LB pathologies often coexist in the same brain 

(Jellinger, 2011). Since both TAU and α-SYNUCLEIN are amyloid-forming proteins that undergo a similar 

fibrillization process in disease, their joined aggregation in a cell-free in vitro assay was studied 

(Giasson et al., 2003). It was shown that TAU and α-SYNUCLEIN can induce the aggregation of one 

another below threshold levels of self-fibrillization (Lee et al., 2004; Nonaka et al., 2010). 

Additionally, genetic studies have revealed a relation between tauopathies and synucleinopathies. The 

MAPT H1 haplotype has been identified as the second major risk factor for PD (Lill et al., 2012; Pascale 

et al., 2016). Since the MAPT gene encodes TAU and not α-SYNUCLEIN, exactly how the H1 haplotype 

confers PD risk remains unclear. 

1.4. Cell culture models for neurodegenerative diseases 

1.4.1. iPSC-derived neuronal cell models 

Over the last few years, a novel cell culture model has revolutionized neurobiological research. In 2006, 

Yamanaka and Takahashi discovered that the introduction of four embryonic transcription factors 

Oct3/4, Sox2, c-Myc and Klf4 into differentiated cells can reverse their differentiation status back to a 

pluripotent state (Löhle et al., 2012; Takahashi et al., 2007). These so called induced pluripotent stem 

cells (iPSCs) can then be differentiated into any other cell type (Wray, 2017). Since iPSCs are primarily 

generated from mature fibroblasts, they circumvent the ethical controversies of using human 

embryoid stem cells (hESCs) as a source for pluripotency and are especially valuable in the field of 

neurobiology where the access to primary human neurons is very limited (Chamberlain et al., 2008; 

Koechling et al., 2010; Schwarz and Schwarz, 2010). Several protocols have been established to 

differentiate iPSCs into neurons and other brain cells (Tao and Zhang, 2016). Neural fate induction can 
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be achieved via the commonly used dual SMAD1 inhibition pathway method which was established by 

Chambers et al. and uses SMAD signaling inhibitors Noggin and SB431542 to induce neuroectodermal 

lineage fate (in later protocols recombinant Noggin is replaced by the small molecule dorsomorphin) 

(Chambers et al., 2009; Derynck et al., 1998; Reinhardt et al., 2013). Further differentiation into 

different neuronal subtypes is achieved by either inhibiting or inducing specific signaling pathways 

(Brafman and Willert, 2017; Hu et al., 2010; Kim et al., 2014; Kirkeby et al., 2012; Shi et al., 2012). 

Although iPSC models are a great opportunity for high-throughput screening (HTS) in a biologically 

relevant human neuronal cell model, most of the established protocols for iPSC-derived neurons in 

practice lack the high reproducibility and simplicity that are mandatory for HTS. Existing protocols 

often require splitting during the differentiation process as well as an extensive differentiation time 

and result in a highly variable and heterogeneous neuronal culture (Volpato et al., 2018). In 2013, 

Reinhardt et al. established a protocol that involves the generation of small molecule neural precursor 

cells (smNPC) as an intermediate step in the differentiation process (Reinhardt et al., 2013). smNPCs 

have many advantages: 

(1) they can quickly and robustly be expanded to generate large numbers of cells, 

(2) they can be kept in culture for numerous passages and can be frozen for stock generation but 

most importantly 

(3) they are able to differentiate into different neuronal lineages with high efficiency. 

For the generation of smNPCs, neural induction is achieved by dual SMAD inhibition together with 

embryoid body (EB) formation. Here, the iPSCs are transferred in a suspension culture dish and are 

allowed to form floating aggregates (Eiraku et al., 2008). The neuroectoderm fate is stimulated by 

addition of the small molecules SB431542, dorsomorphin, CHIR99021 and purmorphamine. When the 

formed EBs are manually disrupted and plated on Matrigel®, they form colonies of neural epithelial 

cells which can be split enzymatically and expanded for multiple passages. By the addition of different 

compounds, smNPCs can be differentiated into ventral and posterior CNS lineages like midbrain 

neurons and motor neurons as well as down a neural crest fate to mesenchymal cells (Reinhardt et al., 

2013). 

Recently, another approach that reduces variability and differentiation time has been established. 

Zhang et al. demonstrated a rapid and very efficient induction of neuronal differentiation by forced 

expression of a single transcription factor (Zhang et al., 2013). iPSCs were transduced with a lentiviral 

vector harboring the transcription factor NEUROGENIN2 (NGN2) under a constitutive promotor. The 

 

1 SMADs are a family of proteins that function as signal transducers for receptors of the transforming growth 
factor beta superfamily, which regulate cell proliferation and differentiation (Derynck et al. 1998). 
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induced overexpression of NGN2 resulted in a rapid conversion of iPSCs into a neuronal phenotype 

with a mature morphology in less than a week and with a high efficiency. The obtained neurons express 

high levels of cortical markers Brn2, Cux2 and FoxG1 as well as the GABAA receptor and vGlut2 (Zhang 

et al., 2013). 

1.4.2. iPSC models for tauopathies 

Although iPSCs have proven to be a valuable tool in the research of TAU-related diseases, one of the 

drawbacks is that they represent a fetal state of neuronal development. Differentiated iPSC-derived 

neurons express a variety of mature neuronal markers, but overcoming the developmental regulation 

of the alternative splicing of TAU remains challenging (Fong et al., 2013; Miguel et al., 2019; Nakamura 

et al., 2019; Silva et al., 2016). The pre-natal brain expresses only the smallest, fetal form of TAU (0N3R) 

and the switch to expression of all six isoforms and an equal 3R and 4R TAU ratio only occurs postnatally 

(see also Chapter 1.1.2) (Goedert and Jakes, 1990). Therefore, only extensive differentiation periods 

of one year result in the expression of four TAU isoforms (0N3R, 0N4R, 1N3R and 1N4R) on the protein 

level in iPSC-derived neurons (Sposito et al., 2015). More recent protocols like the NGN2 

overexpression and 3D-culturing methods accelerate time to differentiation and maturity (Imamura et 

al., 2016; Miguel et al., 2019; Zhang et al., 2013). Despite their limitations, iPSC models have proven 

suitable for investigating effects of missense and intronic mutations in the MAPT gene that cause 

FTLD-17. Studies have shown that the introduction of splicing mutations via gene editing or the 

generation of iPSC-derived neurons from mutation carriers results in an earlier expression of 4R TAU 

during neuronal differentiation and higher 4R TAU levels compared to control cell lines (Garcia-Leon 

et al., 2018; Imamura et al., 2016; Verheyen et al., 2018). Additionally, some groups have reported that 

mutations that alter the amino acid sequence of TAU and not the splicing process, do not lead to an 

increase in 4R TAU levels (Ehrlich et al., 2015; Iovino et al., 2015). These findings underline the value 

of iPSC models in the field of TAU-related diseases and show their usefulness for modeling certain 

aspects of disease phenotypes. Furthermore, several studies reported pathological differences aside 

from TAU isoform expression levels in iPSC-derived neurons from patients with FTLD-17 mutations as 

compared to cells from healthy controls (Birnbaum et al., 2018; Esteras et al., 2017; Imamura et al., 

2016). 

The vast majority of cases of tauopathies are, however, sporadic and are not caused by mutations in a 

single gene. Therefore, there is an urgent need for human cell models to investigate the mechanisms 

of sporadic diseases. For numerous tauopathies, the MAPT haplotype has been identified as a major 

risk factor (see Chapter 1.1.3) and is therefore an interesting candidate for disease modeling. So far, 

studies using heterozygous H1/H2 neuroblastoma cell lines have investigated TAU expression from the 

different alleles with an allele-specific expression assay and have found differential expression of TAU 



Introduction and theoretical background  17

 

isoforms when comparing the H1 and H2 alleles (Caffrey et al., 2008; Caffrey et al., 2006) . Recently, 

Beevers et al. were able to partially reproduce their findings from neuroblastoma cells with H1/H2 

heterozygous iPSC lines (Beevers et al., 2017). So far, a systematic comparison of homozygous H1 and 

H2 iPSC lines is missing.  

1.5. Aims of this thesis 

The H1 MAPT haplotype has repeatedly been identified as a major risk factor for developing 

neurodegenerative diseases. However, the mechanisms through which this haplotype conveys the 

increased risk remain largely unknown. Previous studies have investigated the TAU expression in 

human brains carrying the H1 or H2 MAPT haplotype and in heterozygous cell models. The results 

continue to be inconclusive. So far, a systematic comparison of homozygous H1 and H2 iPSC lines has 

not been made. This study aimed to close that gap by using eight cell lines with either the H1/H1 or 

H2/H2 MAPT genotype to identify MAPT haplotype-dependent differences. These eight human iPSC 

lines were differentiated for 30 days into neurons and compared with a focus on the following 

questions: 

1. Do all eight cell lines differentiate into neurons in an efficient and comparable manner and 

does differentiation yield similar quantities of neuronal subtypes across cell lines? 

2. Are there differences in neuronal differentiation between the MAPT haplotype groups within 

the examined time frame of 30 days? 

3. Do cell lines with different MAPT haplotypes differ in their TAU expression profile over the 

differentiation period of 30 days? 

4. Do cell lines with different MAPT haplotypes express different levels of α-SYNUCLEIN on an 

mRNA or protein level within the examined time frame? 

5. Are cell lines with the H1 haplotype more vulnerable to external stressors like oxidative stress 

and toxin treatment? 

After displaying the employed material and methods in Chapter 2, the main findings of this work are 

presented in Chapter 3. First, the generation and differentiation of iPSC-derived neurons is assessed 

followed by the analysis of TAU and α-SYNUCLEIN expression in the differentiated neurons. Finally, the 

vulnerability of the different neurons to external stress is evaluated. These results are further discussed 

in Chapter 4 and Chapter 5 summarizes the thesis and gives a brief outlook on possibilities for future 

work. 
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2. Material and methods 

This chapter presents the applied material and methods starting with the identification and selection 

of the used iPSC lines and their differentiation into neurons (Chapter 2.1). Chapter 2.2 displays the 

analytical methods that were used to identify MAPT haplotype-dependent differences followed by the 

statistical methods employed for data analysis in Chapter 2.3. 

2.1. Cell line identification and cell differentiation 

2.1.1. Identification and selection of iPSC lines 

Cell lines from the Human Induced Pluripotent Stem Cell Initiative (HipSci) of the European Collection 

of Authenticated Cell Cultures (ECACC) were stratified regarding their MAPT haplotype2. Three 

haplotype defining SNPs (rs1800547, rs8070723 and rs1052553) were chosen to search the openly 

accessible genome sequencing data of healthy control individuals. Commercially available cell lines 

with the respective MAPT haplotype were identified and matched for donor sex and age, as well as 

iPSC passage number and pluripotency scores. The following eight lines (four H1/H1 and four H2/H2 

lines) were purchased (see Table 2.1). 

Table 2.1: Purchased cell lines 

Cell line name 
Catalogue 
number 

MAPT 
haplotype 

Donor 

age 

Donor 

sex 
PPS* nPPS** 

Passage 
number 

HPSI1013i-yemz_1 77650060 H1/H1 70-74 Male 29,15 1,41 21 

HPSI0913i-diku_1 77650088 H1/H1 60-64 Female 28,09 1,26 28 

HPSI0614i-lepk_1 77650367 H1/H1 60-64 Female 29,90 1,30 13 

HPSI0115i-melw_2 77650564 H1/H1 60-64 Male 22,83 1,30 20 

HPSI0115i-zihe_1 77650561 H2/H2 75-79 Female 24,11 1,23 19 

HPSI0614i-uilk_2 77650606 H2/H2 55-59 Male 8,5 1,50 14 

HPSI0114i-zapk_3 77650156 H2/H2 60-64 Male 34,18 1,30 22 

HPSI1113i-qolg_1 77650145 H2/H2 35-39 Male 54,55 0,86 21 

* Pluripotency score; ** Novel pluripotency score 

For future reference, only the four-letter code at the end of each cell line name will be used (e.g. yemz 

for HPSI1013i-yemz_1). A material transfer agreement was signed for all cell lines by DZNE and its 

collaborating partners on this project. 

 

2 See https://www.phe-culturecollections.org.uk/products/celllines/ipsc/search.jsp. 

https://www.phe-culturecollections.org.uk/products/celllines/ipsc/search.jsp
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2.1.2. Genotyping 

During the project, the chosen cell lines were genotyped for additional SNPs in the MAPT gene, as well 

as for SNPs in the SNCA gene coding the α-SYNUCLEIN protein. To analyze the genotyping array results 

for imputed and phased genotypes, available for each cell line at the HipSci website3 , the freely 

available software GenomeBrowse from Golden Helix (Bozeman, MT, USA) was used and SNP 

genotypes of all cell lines were identified. The examination of the microsatellite Rep1 near the 

promotor start site of the SNCA gene was performed in two steps. First, the GenomeBrowse software 

was used to read the GATK haplotype calls from the whole genome sequencing (also available on the 

HipSci website) and the region of interest was genotyped. Next, the whole microsatellite sequence was 

identified by viewing the raw reads of the whole genome sequencing data with the UCSC Browser4 . 

2.1.3. Cell culture 

This thesis aimed to compare eight different iPSC lines to identify MAPT haplotype-depended 

phenotypes which could be used in the future for a compound or drug screen in an HTS approach. 

Therefore, the selected iPSC culture model needed to fit the following criteria: 

(1) high proliferation rate to obtain enough starting material for HTS in a short time, 

(2) stability of expanding cell types, 

(3) a reproducible neuronal phenotype and 

(4) a short differentiation time. 

As part of the project, a cooperation partner in Tübingen established a combined protocol of smNPC 

generation and NGN2 overexpression which fulfill these criteria (Dhingra et al., 2020). Consequently, 

the iPSC lines were converted into smNPCs in a first step, which are more stable (less prone to 

spontaneous, unwanted differentiation) and easier to maintain compared to iPSCs. In a second step, 

the smNPCs were stably transduced with NGN2 so that rapid neural differentiation was achieved with 

high efficiency and high reproducibility by NGN2 overexpression (see Figure 2.1). 

 

3 See https://www.hipsci.org/lines.  

4 See http://genome-euro.ucsc.edu/index.html. 

https://www.hipsci.org/lines
http://genome-euro.ucsc.edu/index.html
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Figure 2.1: Overview of the differentiation protocol employed in this thesis. (A) Induced pluripotent stem cell 
(iPSC) colonies are cultured in iPSC medium until they are detached and seeded in a suspension plate for 
embryoid body (EB) formation. Here, the medium is changed to neural induction medium. When EBs are plated 
on Geltex after 6 days, cells are cultured in small molecule neural precursor cell (smNPC) expansion medium 
until clean smNPC colonies are obtained. After five to eight passages, pure smNPC colonies can be transduced 
with NGN2-lentivirus. Stably transduced NGN2_smNPC are received by antibody selection with blasticidin and 
can be differentiated into neurons by induction of NGN2 overexpression via doxycyclin. (B) Populations of 
iPSCs, smNPCs and NGN2_smNPCs can be expanded for numerous passages or can be frozen for stock 
generation as indicated by round arrows until NGN2_smNPC are finaly differentiated into neurons [modified 
from (Strauß et al., 2021)]. 

iPSC culture and smNPC generation 

The acquired HipSci iPSC lines were thawed and plated on Matrigel®-coated (Corning, New York, USA) 

culture vessels in Essential 8TM Flex medium (Thermo Scientific, Waltham, USA) supplemented with 

Rock-inhibitor thiazovivin (Thia; Merck Millipore, Burlington, USA) for better cell survival after thawing. 

The next day, the medium was changed to remove Thia. Clean iPSC colonies were split using gentle cell 

dissociation reagent (Stemcell Technologies, Vancouver, Canada), while colonies exhibiting features of 

spontaneous differentiation were passaged using ReLeSRTM (Stemcell). After expanding the thawed 

cells, at least ten vials of each cell line were frozen to generate a master cell bank. 

Next, iPSCs were converted into smNPC using EB formation following a protocol from Dhingra et al 

(Dhingra et al., 2020). Pure iPSC colonies were detached and transferred into a low binding 6-well 

suspension plate that contained neural induction medium (Figure 2.2). For the first 2 days, the medium 

was composed of 78% DMEM/F12 medium, 20% knockout serum replacement, 1% non-essential 

amino acids, 1% GlutaMaxTM (Life Technologies, Carlsbad, USA) and 0.1% β-mercaptoethanol (Sigma 

Aldrich, St. Louis, USA) and was supplemented with 10 µM dorsomorphin (DOR; Abcam, Cambridge, 

UK), 10 µM SB431542 (SB; selleckchem, Houston, USA), 0.5 µM purmorphamine (PMA; Biomol, 

Hamburg, Germany), 3 µM CHIR99021 (CHIR; Tocris, Bristol, UK) and 2 µM Thia (Millipore, Billerica, 

USA). For the next 2 days, the medium was replaced by N2B27 medium containing 48.425% 

DMEM/F12 medium, 48% NeurobasalTM Medium, 0.5% N-2 supplement, 1% B-27TM supplement 
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without Vitamin A (Life Technologies), 0.025% insulin (Sigma Aldrich), 0.5% non-essential amino acids, 

1% GlutaMaxTM, 1% penicillin/streptavidin (Life Technologies) and 0.05% β-mercaptoethanol with the 

addition of 10 µM DOR, 10 µM SB, 0.5 µM PMA and 3 µM CHIR. For the last 2 days, the medium was 

replaced with smNPC expansion medium consisting of the above described N2B27 medium 

supplemented with 0.5 µM PMA, 3 µM CHIR and 64 µg/ml ascorbic acid (AA; Th. Geyer, Renningen, 

Germany). After 6 days in the suspension plate, the formed EBs were mechanically disrupted with a 

1 ml filter tip and the obtained fragments were plated in GeltrexTM-coated 6-well plates. Neural 

rosette-like structures formed and cells were passaged with Accutase® (Sigma Aldrich) after reaching 

80% confluency. From then on, cells were cultured in smNPC expansion medium and passaged every 

5-7 days until the culture contained compact, clean smNPC colonies (7-8 passages). 

 

Figure 2.2: Scheme of the procedure to convert induced pluripotent stem cells (iPSCs) into small molecule 
neural precursor cells (smNPC). Detached iPSC colonies were transferred into a suspension plate and were 
grown over 6 days to form embryoid bodies. Every 2 days the medium was changed and certain small 
molecules were included or excluded. At day 6, the embryoid bodies were disrupted by pipetting and were 
plated on GeltrexTM in the final smNPC medium. From now on, the cells were cultured as smNPCs and were 
passaged several times to produce clean smNPC colonies. KSR: knockout serum replacement, DOR: 
dorsomorphin, SB: SB431542, Thia: thiazovivin, CHIR: CHIR99021, PMA: purmorphamine, AA: ascorbic acid. 

Differentiation into neurons 

For fast and robust differentiation of smNPCs into neurons, cells were transduced with an inducible 

lentivirus expression construct for the human transcription factor NGN2 

(pLV_TRET_hNgn2_UBC_Blast_T2A_rtTA3) (Menden et al., 2021). In addition to NGN2 under the 

control of a tetracycline operator, the vector contains a blasticidin resistance gene to allow for 

selection of cells with stable integration. For transduction, smNPCs were plated in a 12-well plate at a 

density of 40,000 cell/cm2. The medium was replaced with fresh medium containing 1 µM Thia the 

next day, an hour before the virus addition. 24 h after lentivirus treatment, cells were washed and the 

medium was refreshed. When cells reached a confluency of 70%, they were passaged and the 

antibiotic selection for stable integration of the NGN2 vector was initiated. Cells were treated for 
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15 days with 15 µg/ml blasticidin (Invivogen, San Diego, USA). After the selection step, cells were 

cryopreserved to create master and working cell stocks. 

NGN2_smNPCs were differentiated in multi-well plates coated first with 100 µg/ml poly-L-ornithine 

(Sigma Aldrich) and then with 10 µg/ml laminin (Sigma Aldrich). For differentiation, cells were directly 

seeded in NGN2 induction medium composed of N2B27 medium supplemented with 2.5 µg/ml 

doxycycline (Sigma Aldrich) and 2 µM DAPT (Cayman, Ellsworth, USA). After the first 3 days of 

differentiation, the medium was completely removed and replaced with differentiation medium 

consisting of N2B27 medium supplemented with 2.5 g/ml doxycycline, 10 µM DAPT, 10 ng/ml BDNF, 

10 ng/ml GDNF, 10 ng/ml NT-3 (Peprotech, Princeton, USA) and 0.5 µg/ml laminin. From day 6 

onwards, half of the medium was refreshed every 3 days with differentiation medium without 

doxycycline and DAPT. Cells were differentiated for 0, 5, 10 15, 30 and 60 days and then harvested, 

fixed, or used to generate the according readout (Figure 2.3). 

 

Figure 2.3: Experimental timeline. Cells were seeded for differentiation in different cell culture plate formats. 
Cells were harvested or fixed after 5, 10, 15, 30 and 60 days of differentiation. Additionally, cells were 
harvested and fixed in expansion as a day 0 reference. Obtained cell samples were used for protein and mRNA 
extraction for Western blot and qPCR analysis. Fixed cells were stained for immunocytochemistry (ICC). For 
the toxin treatment, cells were treated at day 26 of differentiation for 4 days and the readout was performed 
at day 30 of differentiation [modified from (Strauß et al., 2021)]. 

2.2. Analytical methods 

2.2.1. Immunocytochemistry 

For immunostaining, cells were seeded on cover slips in a 48-well plate at a density of 30,000 cells/cm2. 

Cells were fixed with 4% paraformaldehyde (Roth, Karlsruhe, Germany) after several differentiation 

periods (Figure 2.3) for 10 min at room temperature. After fixation, cells were permeabilized for 

immunocytochemistry with 0.2% triton-X in phosphate-buffered saline (PBS). Cells were washed twice 

with PBS and then blocked in 1% bovine serum albumin (BSA), 2% horse and 2% goat serum and 0.05% 
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Tween® in PBS for at least one hour. Primary antibody solutions were prepared by dilution in blocking 

solution and cells were incubated in these solutions overnight at 4°C. Thereafter, the cells were washed 

twice with PBS containing 0.2% Tween® (PBS-T) before the secondary antibodies (also diluted in 

blocking solution) were applied for two hours. Cells were washed again twice with PBS-T before 

incubation with DAPI (Thermo Fisher, Waltham, USA) for 10 min (1:1000 in PBS). After washing with 

PBS, the cover slips were fixed on object slides with fluorescent mounting medium (Agilent 

Technologies, Santa Clara, CA, USA). The primary antibodies used are listed in Table 2.2 and fluorescent 

secondary antibodies from Thermo Scientific conjugated to Alexa FluorTM dye 488 or 594 were used. 

Microscopy was carried out with a Leica DMI6000B microscope (Leica Microsystems, Wetzlar, 

Germany) using a 40x air objective. The obtained images were analyzed and processed with ImageJ 

software (Schindelin et al. 2012, Schindelin et al. 2015). Brightness and contrast were set to the same 

values in all images of the same staining and the Cell Counter tool in the ImageJ software was used to 

quantify cell numbers. 

Table 2.2: Antibodies used in immunocytochemistry 

Antibody Clone Species Dilution Source 

MAP2 Clone HM-2 Mouse 1:500 Abcam (ab11267) 

MAP2ab AP20 Mouse 1:500 Merck (MAB378) 

NESTIN Polyclonal Rabbit 1:500 Abcam (ab82375) 

GFAP 2.2B10 Rat 1:1000 Life Tech (130300) 

GABA Polyclonal Rabbit 1:1000 Sigma-Aldrich (A2052) 

SMI-312 SMI-312 Mouse 1:1000 Abcam (ab24574) 

SYNAPSIN D12G5 Rabbit 1:500 Cell Signaling (5297S) 

GEPHYRIN Polyclonal Rabbit 1:1000 Abcam ab32206 

Total TAU TAU-12 Mouse 1:500 Merck (MAB2241) 

3R TAU (RD3) Clone 8E6/C11 Mouse 1:500 Millipore (05-803) 

4R-TAU (RD4) Clone 1E1/A6 Mouse 1:100 Millipore (05-804) 

α-SYNCLEIN 14H2L1 Rabbit 1:500 Invitrogen (701085) 

β-3-TUBULIN D71G9 Rabbit 1:500 Cell Signaling (5568S) 

 

2.2.2. Semi-quantitative real-time PCR 

For semi-quantitative real-time PCR (qPCR), cells were seeded in a 6-well plate at a cell density of 

50,000 cells/cm2 and were harvested at different time points (Figure 2.3) with RLT lysis buffer from the 

RNeasy plus kit (Qiagen, Hilden, Germany). Cell lysates were homogenized via vortexing and frozen at 

-80°C until further processing. After thawing, the samples were brought to room temperature and 

mRNA was isolated using the RNeasy plus kit according to the manufacturer’s instructions. In brief, 
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samples in RLT buffer were transferred to a genomic DNA eliminator spin column and centrifuged for 

30 s at 10,000 rpm. One sample volume of 70% ethanol was added to the flow-through and mixed by 

pipetting. The solution was then transferred to an RNeasy spin column and centrifuged for 15 s at 

10,000 rpm. The flow-through was discarded and the bound mRNA in the column was washed with 

700 µl RW1 buffer by centrifugation. Next, two washing steps with 500 µl RPE buffer were performed 

followed by centrifugation. During washing, the collection tube was changed every other step to 

increase mRNA purity. After the final RPE buffer wash the spin column was centrifuged for 1 min at 

10,000 rpm to dry the membrane and remove traces of buffer. To elute the mRNA, the spin column 

was placed in a microfuge tube and 30 µl of RNase-free water was added directly to the membrane 

and centrifugation was carried out at 10,000 rpm for 1 min. The mRNA concentration was measured 

with a NanoDrop. 

Complementary DNA (cDNA) was prepared via reverse transcription using 500 ng mRNA per reaction 

with the iScript kit (Bio-Rad Laboratories, Hercules, Ca) according to the manufacturer’s protocol. For 

the qPCR reaction the following material was used: 5 ng of complementary cDNA, 0.2 µM forward and 

reverse primers together with SYBR green select qPCR supermix (Thermo Fisher). For the qPCR reaction 

the StepOne Plus system was used (Applied Biosystems, Waltham, MA) with the following protocol: 

2 min at 50°C, 2 min at 95°C and 40 cycles of 15 s at 95°C and 60 s at 60°C with additional recording of 

the melting curve. Since not all samples could be run on the same plate, for each plate and gene of 

interest/internal control gene, a standard dilution curve was included. The cDNA standard serial 

dilution was prepared by first pooling 5 µl cDNA from all samples and then diluting four times by a 

factor of five in water. Using the Cτ values of the serial dilution, a linear regression curve was generated 

and the relative mRNA expression levels of samples on each plate could be calculated. This way, inter-

plate reaction differences were accounted for. The primers and their sequences are listed in Table 2.3. 

As internal controls expression of three housekeeping genes were measured (UBQLN1, PSMC1 and 

GPBP1) to normalize measurements for the genes of interest. 

Table 2.3: Primers used for qPCR 

Target Forward primer Reverse primer 

PMSC1 CACACTCAGTGCCGGTTAAAA GTAGACACGATGGCATGATTGT 

UBQLN1 TGCAGGTCTGAGTAGCTTGG AACTGTCTCATCAGGTCAGGAT 

GPBP1 ATCATTCGGTCTTCAACCTTCC ATCCTCAGTTAAGGGAGCACA 

Total TAU CGTCCCTGGCGGAGGAAATA CCCGTGGTCTGTCTTGGCTT 

3R TAU AGGCGGGAAGGTGCAAATAG CCTGGCCACCTCCTGGTTTATG 

4R TAU GCCCATGCCAGACCTGAAGA CCTCCCGGGACGTGTTTGAT 

α-SYNUCLEIN AAGAGGGTGTTCTCTATGTAGGC GCTCCTCCAACATTTGTCACTT 

SOX2 AGTCTCCAAGCGACGAAAA GCAAGAAGCCTCTCCTTGAA 
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2.2.3. Western blot 

For protein expression analysis, cells were seeded in 6-well plates at a density of 50.000 cells/cm2 and 

were harvested at different time points (Figure 2.3) with Mammalian Protein Extraction Reagent 

(M-PERTM) lysis buffer (Thermo Fisher) containing protease inhibitors (cOmplete, Roche Basel, 

Switzerland) and phosphatase inhibitors (phoSTOP, Roche). After incubation on ice for 15 min, samples 

were frozen at -80°C for at least one hour to facilitate lysis of cells. Next, samples were thawed and 

homogenized by pipetting and then incubated again on ice for 15 min. After centrifugation at 

13,000 rpm for 30 min, the supernatant containing the M-PERTM-soluble protein fraction was removed 

and transferred into a fresh tube. Protein concentrations were measured using a BCA protein assay kit 

(Thermo Fisher) and calculated with a BSA standard curve. 

The insoluble protein remained in the cell pellet and was extracted with sarkosyl. The pellet was 

washed once with M-PERTM buffer and centrifuged at 45,000 rpm for 1 h at 4°C. After discarding the 

supernatant, sarkosyl-buffer was added (1% sarkosyl, 10 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA) and 

the pellet was disrupted by pipetting up and down and vortexing. Samples were incubated at room 

temperature with agitation at 700 rpm and then again centrifuged at 45,000 rpm for 1 h at room 

temperature. The supernatant (sarkosyl-soluble fraction) was collected as the insoluble protein 

fraction and the protein concentration was measured as described above. 

Before gel electrophoresis, samples containing 20 µg protein were denatured by boiling (95°C for 

5 min) with XT-buffer (for Western blots for 4R TAU detection, 60 µg protein was needed). Samples 

were loaded on 10% Bis-Tris CriterionTM polyacrylamide gels (Bio-Rad Laboratories) and run at 150 V 

for 70 min with MES buffer. Protein transfer to a 0.2 µm polyvinylidenfluorid (PVDF) membrane was 

performed using transfer buffer containing 20% methanol and a semidry blotting system (Trans-Blot 

Turbo Transfer System, Bio-Rad Laboratories) using the following protocol: 40 min at 1 A and 25 V. The 

membrane was fixed with 0.4% paraformaldehyde for 20 min after the transfer and then washed with 

PBS. Blocking of the membrane was carried out with 5% skimmed milk (Sigma-Aldrich) in tris-buffered 

saline (TBS) with 0.05% Tween® (Sigma-Aldrich) (TBS-T) for one hour at room temperature. Primary 

antibodies were diluted in 1% BSA in TBS-T and incubated with the blot overnight at 4°C. After washing 

the next day with TBS-T, the secondary horseradish peroxidase (HRP)-conjugated antibodies (diluted 

in 5% skimmed milk in TBS-T) were added for 1-2 hours at room temperature. Clarity Western ECL 

Substrate (Bio-Rad Laboratories) or femto ECL (Thermo Fisher) was used to develop the HRP signal and 

blots were imaged with an Odyssey® Fc imaging system (LI-COR Biotechnology, Lincols, Netherlands). 

Analysis of captured images was performed with the Image StudioTM Software from LI-COR. Primary 

antibodies used for Western blotting can be found in Table 2.4, secondary antibodies were the 
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following: HRP-coupled anti-mouse IgG (1:2500, Vector Laboratories, Burlingname, CA) and anti-rabbit 

IgG (1:5000, Vector Laboratories). 

To probe with new antibodies, the membrane was briefly washed with TBS-T and then incubated in 

stripping buffer containing β-mercaptoethanol for 20-30 min at 50°C. Before blocking again with milk, 

the membrane was washed thoroughly with deionized water to remove residual β-mercaptoethanol, 

followed by a 30 min wash with TBS-T. The probing of the membrane with new primary and secondary 

antibodies, as well as blot development, was performed as described above. 

Table 2.4: Antibodies used for Western blot 

Antibody Clone Species Dilution Source 

Total TAU Polyclonal Rabbit 1:3000 Agilent Dako (CAC-TIP-4RT-P01) 

Total TAU Clone TAU-5 Mouse 1:1000 Millipore (MAB361) 

3R TAU (RD3) Clone 8E6/C11 Mouse 1:1000 Millipore (05-803) 

4R TAU (RD4) Clone 1E1/A6 Mouse 1:300 Millipore (05-804) 

Phospho-TAU 
(Ser202, Thr205) 

Clone AT8 Mouse 1:1000 Life Tech (MN1020) 

Phosphor-TAU 
(Thr231) 

Clone AT180 Mouse 1:1000 Life Tech (MN1040) 

MC1  Mouse 1:250 Gift from Peter Davies 

α-SYNUCLEIN (AB1) Polyclonal Rabbit 1:500 Cell signaling (2642S) 

α-SYNUCLEIN (AB2) Syn211 Mouse 1:500 Invitrogen (MA5-12272) 

β-3-TUBULIN D71G9 Rabbit 1:500 Cell signaling (5568S) 

GAPDH 6C5 Mouse 1:200 Santa Cruz (sc-32233) 

Intercalibration protein standards were generated and run together with the samples of interest on 

every blot. Thus, signals from samples could be normalized to signals from the protein standard and 

values could be compared between Western blots. To create the protein standards, a few microliters 

from samples at all time points were pooled. M-PERTM-soluble and sarkosyl-soluble samples were 

pooled separately and the respective protein standard was used with the corresponding samples. For 

every time point at least three biological replicates for each cell line were generated and analyzed by 

Western blot. 

2.2.4. Cell survival without antioxidants 

N2B27 medium (described in Chapter 2.1.3) was prepared using B-27TM supplement without 

antioxidants (Life Technologies) to investigate the survival of neurons differentiating in medium 

without antioxidants. Cells were cultured for three weeks in expansion medium containing N2B27 

without antioxidants to wash out antioxidants before differentiation. In parallel, cells were also 

cultured in expansion medium containing N2B27 with antioxidants. For differentiation, cells were 
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seeded in a 96-well plate at a density of 20,000 cells/well. Differentiation medium was also prepared 

from N2B27 medium with and without antioxidants and cells were differentiated under parallel 

conditions. Cell viability was assessed at different time points (day 8, day 10, day 13 and day 15) with 

the fluorescent dye calcein red-orange which stains viable cells (ThermoFisher). A final calcein 

concentration of 250 nM was added to the medium and the cells were incubated at 37°C for 30 min. 

Thereafter, the medium was completely removed and replaced by PBS. The fluorescence intensity was 

measured with a CLARIOstar® microplate reader from BMG Labtech at an excitation wavelength of 

577 nm and emission wavelength of 620 nm. Every cell line had their own control with cells expanded 

and differentiated in medium with antioxidants, which was used for normalization. 

2.2.5. Toxin treatment 

For treatment with the mitochondrial inhibitor annonacin, cells were seeded in a clear 96-well plate at 

a density of 20,000 cells/well. After 26 days of differentiation, the cells were treated with the 

respective toxin. Annonacin was diluted from a 1 mM stock solution in dimethyl sulfoxide (DMSO) to 

a final concentration of 800 nM in fresh differentiation medium which was added to the cells. Neurons 

were further cultivated for 4 days without medium change. On day 4 of treatment, cell viability was 

measured with the calcein-red-orange assay and metabolic activity was assessed using the MTT (3-

[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay. The calcein staining was carried 

out as describe above (Chapter 2.2.4). After measurement of calcein, cells were incubated in 500 ng/ml 

MTT solution for an hour at 37°C, thereafter the solution was removed and the plate was frozen 

at -80°C for at least an hour. For cell lysis, the plate was thawed and the formed formazan was dissolved 

in DMSO. The absorbance of the solution was measured at 570 nm with a CLARIOstar® plate reader 

from BMG Labtech. For normalization, each cell line had their own untreated control to rule out signal 

differences due to, for example, differences in cell density. 

2.3. Statistical analysis 

For statistical data analyses the GraphPad Prism 9.1.0 software5 for Windows (GraphPad Software, San 

Diego, California USA) was used. Pooled cell line data for the MAPT haplotype groups were represented 

as mean ± standard error of the mean (SEM) of n=4 cell lines for each haplotype. Data displaying 

individual cell lines are represented as mean ± SEM of independent experiments. For analysis of MAPT 

haplotype groups over the differentiation periods, 2-way analysis of variance (ANOVA) followed by a 

post-hoc Tukey’s test or Sidak’s test was performed. For all other analyses, an unpaired t-test was used. 

Specifications are given in each figure legend. 

 

5 See www.graphpad.com. 

file:///D:/Experiments%202020_mac/Thesis%20schreiben/www.graphpad.com
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3. Results 

The following chapter describes the results of the experimental part of this thesis. In a first step, the 

generation of NGN2_smNPCs from iPSC lines is documented by bright field images of the different 

conversion stages (Chapter 3.1), followed by their differentiation into neurons with the respective 

characterization of all cell lines (Chapter 3.2). In a second step, the expression of the disease-relevant 

proteins TAU and α-SYNUCLEIN was analyzed and compared between the two haplotype groups and 

is presented in Chapter 3.3 and 3.4, respectively. Finally, Chapter 3.5 presents the vulnerability of the 

differentiated neurons when they are exposed to external stressors like oxidative stress and toxins. 

3.1. Generation of NGN2_smNPCs from iPSC lines 

The purchased iPSCs were treated as described in Chapter 2.1.3 to generate a cell stock. Thereafter, 

all cell lines were converted into smNPCs via EB formation and dual SMAD inhibition. The whole 

process is schematically shown in Figure 3.1A. 

Bright field pictures (1) to (8) in Figure 3.1B document the conversion process from iPSCs over smNPCs 

to differentiated neurons. First, clean iPSC colonies (1) were detached and seeded in neural induction 

medium to form EBs (2). When EBs showed signs of neuroectoderm pattering at day 6 (3), they were 

disrupted mechanically and seeded on GeltrexTM where they formed neural rosette-like structures (4). 

From then on, cells were passaged by single cell detachment with Accutase® and selected for smNPCs 

by neuronal expansion medium until pure smNPC cultures were obtained, visible by compact colonies 

and well-defined colony edges (5,6). smNPCs were further treated with the NGN2-lentivirus and 

selected via antibiotic resistance for stable vector integration. Cells were cryopreserved at this time 

point to generate a master and working cell bank. NGN2_smNPCs could be differentiated via induction 

of NGN2 overexpression through doxycycline-supplemented differentiation medium. Merely one day 

after initiation of the differentiation protocol, cells began to form processes (7) and three days later a 

clear neuronal morphology and a growing neuronal network was visible (8). 
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Figure 3.1: Conversion of iPSC lines into NGN2_smNPCs. (A) Schematic protocol overview. First, iPSCs were 
converted into smNPCs via embryoid body (EB) formation and then transduced with NGN2-lentivirus to 
generate NGN2_smNPCs. Upon NGN2 overexpression, these cells can be differentiated into neurons. Round 
arrows indicate expandable cell populations, which can be frozen for stock generation. (B) Conversion and 
differentiation process with representative bright field pictures. Pure iPSC colonies (1) were detached and 
seeded in neural induction medium to form EBs (2). At day 6, when neuroectoderm patterning is visible (3), 
EBs were disrupted and plated on GeltrexTM (4). Cells were further passaged by single cell dissociation until 
clean smNPC colonies were obtained (5). smNPCs were then transduced with NGN2-lentivirus and stable 
integration was selected for by antibody resistance (6). When plated in neural differentiation medium 
containing doxycycline, overexpression of NGN2 was triggered. Cells showed signs of neuronal processes the 
next day (7) and three days later, a clear neuronal morphology and a growing neuronal network was visible 
(8) [modified from (Strauß et al., 2021)]. 

EBs at day 2 after neural 
induction

EBs at day 6 
before plating

iPSC culturing
iPSC medium

Passaging of cells until clean smNPC colonies are obtained (5-8 
passages) smNPC expansion medium

Stable selection of NGN2 transduced 
smNPCs

smNPC expansion medium + blasticidin

Neuronal differentiation via NGN2 overexpression
Neural differentiation medium + doxycycline

Embryoid body (EB) formation
Neural induction medium

iPSC colonies before 
detachment

Neural rosettes  after plating 
of disrupted EBs

smNPC colonies after stable 
transduction with NGN2

Clean smNPC colonies 
after passage 6

Cells one day after induction of 
differentiation 

Neurons at day 4 of differentiation

A

B

1 2 3 4 5

6 7 8



Results   30

 

3.2. Differentiation and characterization of NGN2_smNPC lines 

To evaluate cellular differentiation upon the induction of NGN2 overexpression, all cell lines were fixed 

or harvested at different time points (5, 10, 15, 30 and 60 days). Expanding cells were used as a day 0 

reference (see also Figure 2.3). 

First, cell survival at day 30 and day 60 of the differentiation period was compared to identify suitable 

samples for further characterization (Chapter 3.2.1). Characterization of neurons was done by cell 

marker expression analysis applying qPCR and Western blot (Chapter 3.2.2) as well as 

immunocytochemistry (Chapter 3.2.3 and 3.2.4). 

3.2.1. Evaluation of cell survival at day 30 and 60 of differentiation 

Cells were cultured for 30 days without any visible effects on cell viability. With extended culturing, 

however, cells were prone to detachment and showed signs of a disintegrated and fragmented 

neuronal network. Therefore, cell viability of cell samples after 30 and 60 days of differentiation was 

assessed through the examination of nuclei morphology via DAPI staining (Figure 3.2A and B). 30-day 

old cells showed primarily viable, uncondensed cell nuclei together with a strong neuronal staining of 

the dendritic marker MAP2, demonstrating a mature neuronal morphology with an extended dendritic 

tree (Figure 3.2A). 

 

Figure 3.2: Evaluation of cell survival at day 30 and day 60 of differentiation. (A) DNA marker DAPI showed 
several condensed nuclei at day 60 which lack staining for the dendritic marker MAP2 and were indicative of 
apoptotic cells. In comparison, 30-day old cells displayed very few condensed nuclei and numerous MAP2 
positive cells. (B) Quantification of viable nuclei versus all nuclei revealed a 50% reduction in viability. Data are 
represented as mean ± SEM of n=4 cell lines for each haplotype group. 2-way ANOVA was performed. 
***p<0.001. (C) Immunostaining with neuronal marker TAU showed a healthy and mature neuronal network 
at day 30, while at day 60 most of the network was degraded. 
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After a differentiation time of 60 days, however, numerous condensed nuclei were visible and only a 

few MAP2 positive cells with uncondensed nuclei remained. Quantification of viable nuclei revealed a 

reduction of living cells by approximately 50%: cell viability dropped from 79% at day 30 to 38% at day 

60 (Figure 3.2B). There was no significant difference in cell viability between cell lines of the H1/H1 or 

H2/H2 haplotype. Additionally, staining with the neuronal marker TAU showed a dense neuronal 

network at day 30 of differentiation which was largely degraded at day 60 (Figure 3.2C). 

As a result of this evaluation, samples from 60-day old cells were excluded from further analysis since 

the number of viable cells did not match the requirements of this study. 

3.2.2. Evaluation of differentiation via SOX2 and β-3-TUBULIN expression 

In a next step, expression of the neural stem cell marker SOX2 and the neuronal marker β-3-TUBULIN 

were measured to verify efficient differentiation of all cell lines into neurons. Results for the 30-day 

differentiation period are presented in Figure 3.3. In the absence of NGN2 overexpression, 

proliferating cells expressed high levels of SOX2 (day 0) which were strongly and significantly reduced 

upon differentiation (Figure 3.3A). At day 5 of differentiation, SOX2 expression was downregulated by 

approximately 60% and decreased further as the 30-day differentiation continued. Complementary to 

these findings, the neuronal protein β-3-TUBULIN was weakly expressed in expanding cells. When 

differentiation was induced, however, protein levels greatly increased after 5 days (Figure 3.3B). For 

the remaining 30-day differentiation period, β-3-TUBULIN level stayed stable. There were no 

differences in the expression levels of SOX2 and β-3-TUBULIN between H1/H1 and H2/H2 cell lines, 

indicating a comparable differentiation rate for both haplotype groups. 

 

Figure 3.3: Expression of SOX2 and β-3-TUBULIN over a differentiation period of 30 days. (A) mRNA level of the 
neural stem cell marker SOX2 was strongly downregulated upon differentiation. (B) Protein levels of the 
neuronal marker β-3-TUBULIN were strongly upregulated upon differentiation. Data are represented as mean 
± SEM of n=4 cell lines for each haplotype group. 2-way ANOVA followed by Tukey’s test was performed. 
***p<0.001. No significant difference for any marker was detectable between haplotype groups. 

 

day
 0

day
 5

day
 1

0

day
 1

5

day
 3

0

0

2

4

6

N
o

rm
a
li

z
e
d

 t
o

h
o

u
s
e
k
e
e
p

e
r 

e
x
p

re
s
s
io

n

Relative mRNA level of SOX2

H1/H1 H2/H2

***

day
 0

day
 5

day
 1

0

day
 1

5

day
 3

0

0.0

0.5

1.0

1.5

N
o

rm
a
li

z
e
d

 t
o

 G
A

P
D

H

Protein level of β-3-TUBULIN

H1/H1 H2/H2

***

A B



Results   32

 

3.2.3. Identification and quantification of cell types during differentiation via immuno-

cytochemistry 

All cell lines were characterized via immunocytochemistry to quantify cell types that are present in the 

cell culture over a differentiation period of 30 days (Figure 3.4). First, cells were stained for the neural 

progenitor marker NESTIN, the neuronal and dendritic marker MAP2 and the glial marker GFAP at the 

different time points (see quantification in Figure 3.4A and representative fluorescence images in 

Figure 3.5 and Figure 3.6). Thereafter, the neuronal population was analyzed in more detail by staining 

for the neurotransmitter GABA and the cortical marker BRN2 (see Figure 3.4B and C for quantification 

and Figure 3.7 and Figure 3.8 for representative fluorescence images). 

 

Figure 3.4 Quantification of cell types over a differentiation period of 30 days. (A) Quantification of stained 
cells positive for the dendritic marker MAP2, the neural progenitor marker NESTIN and the glial marker GFAP 
over a differentiation period of 30 days. While the percentage of NESTIN positive cells decreased from 96 to 
10%, MAP2 expression increased significantly upon differentiation from 16 to 92%. With under 1% at day 30, 
glia cells were nearly absent from the cell culture. Data are represented as mean ± SEM of n=4 cell lines for 
each haplotype group. 2-way ANOVA followed by Tukey’s test was performed. ***p<0.001 (B) The percentage 
of GABAergic (GABA positive) cells from total neurons (MAP2 positive cells) increased over the differentiation 
period from 7% at day 5 to 61% at day 30. Data are represented as mean ± SEM of n=4 cell lines for each 
haplotype group. 2-way ANOVA followed by Tukey’s test was performed. *p<0.05, ***p<0.001 (C) 65% of 
mature neurons (TAU positive) express a marker for cortical layer 2/3 neurons (BRN2) at day 30 of 
differentiation. Data are represented as mean ± SEM of n=4 cell lines for each haplotype group. Unpaired t-test 
was performed. No significant difference for any marker was detectable between haplotype groups [modified 
from (Strauß et al., 2021)]. 

Graph A in Figure 3.4 illustrates the development of NESTIN and MAP2 expression over the 

differentiation period of 30 days. Before differentiation (day 0), the majority of dividing cells showed 

an intensive NESTIN staining (96%), while only a few cells were MAP2 positive (15%) (see also Figure 

3.5A). 5 days after induction of differentiation, neuronal processes started to form and MAP2 

expression was upregulated in nearly all cells (91%). NESTIN was still strongly expressed (85% of cells) 

at day 5, meaning that most cells at this time point were double positive for both markers. Later into 

the differentiation, the percentage of NESTIN positive cells decreased significantly, first to 37% at day 

10 and then to 10% at day 15. MAP2 expressing cells remained at around 92% from day 5 onwards 

throughout the whole 30-day differentiation period. 
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Figure 3.5: Immunostaining at different time points of differentiation with neural progenitor marker NESTIN 
and dendritic marker MAP2. (A) Staining with MAP2 and NESTIN. At day 0 before differentiation induction, 
nearly all cells strongly expressed the neural precursor marker NESTIN, while only a few were positive for the 
neuronal marker MAP2. In the early days of differentiation (5 days), most cells were double positive for both 
markers. While MAP2 staining increased from day 5 onwards, expression of NESTIN decreased over time. At 
day 30, the remaining NESTIN positive cells were MAP2 negative and displayed a non-neuronal morphology. 
(B) MAP2 staining for all cell lines at day 30 of differentiation showed comparable staining pattern and cell 
morphology amongst all cell lines [modified from (Strauß et al., 2021)]. 

At day 30, 10% of NESTIN positive cells remained in the culture. In contrast to the early phase of 

differentiation, NESTIN positive cells were MAP2 negative and displayed a non-neuronal morphology 

in later stages of differentiation. This result indicates that a small percentage of cells insufficiently 

differentiated into neurons and remained in their neural precursor state. Overall, NGN2_smNPCs 

differentiated quickly and efficiently into neurons upon NGN2 overexpression as shown by 
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immunostaining with NESTIN and MAP2. Although there were some minor differences between cell 

lines regarding the percentage of MAP2 and NESTIN positive cells, there were no significant haplotype-

dependent differences. 

Figure 3.5B (MAP2 staining) additionally shows that all cell lines displayed similar neuronal cell 

morphology after 30 days of differentiation. 

Next, cells were stained with the dendritic marker MAP2 and the glial marker GFAP (Figure 3.6). Over 

the entire 30-day differentiation period there was no expression of GFAP in any cell line (except one), 

indicating the absence of glial cells in the culture. Only one cell line (qolg H2/H2), displayed GFAP 

positive cells with astrocyte morphology at day 30 of differentiation (cell line presented in Figure 3.6). 

The percentage of glial cells, however, remained low at 3%. The overall percentage of astrocytes was 

therefore neglectable (below 1%) and without a significant difference between the MAPT haplotype 

groups (see Figure 3.4A for quantification). 

 

Figure 3.6: Immunostaining at different time points of differentiation with glial marker GFAP. Staining with 
MAP2 and GFAP showed no visible expression of GFAP from day 0 to day 15, while expression of MAP2 is 
present from day 0 onwards and increased over time. At day 30, in the displayed cell line (qolg), there were 
some GFAP positive cells detectable that displayed an astrocytic morphology [modified from (Strauß et al., 
2021)]. 

When Zhang et al. first described the differentiation of iPSCs into neurons via NGN2 overexpression, 

they reported expression of cortical and GABAergic markers in the obtained neurons (Zhang et al., 

2013). To further specify the neuronal cell population that is present in the culture, an additional 

immunostaining for the neurotransmitter GABA and the cortical marker BRN2 was performed. To 
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evaluate the percentage of GABA positive cells within the total neuronal population, cells were 

co-stained with MAP2 (see quantification in Figure 3.4B and fluorescence images in Figure 3.7A). 

 

Figure 3.7: Immunostaining for the neurotransmitter GABA. (A) Immunostaining for GABA and MAP2. At day 
5 of differentiation only a few neurons (MAP2 positive cells) showed a weak GABA signal. Over the 
differentiation period, the number of GABAergic cells increased. From day 15 onwards, the signal intensified 
and the distribution of the neurotransmitter in the cells changed. Until day 15 of differentiation the signal was 
mainly located in or close to the soma, at day 30, however, GABA was visible throughout the network of 
neuronal processes. (B) After 30 days of differentiation some cell lines differed in the intensity of the GABA 
signal along the neuronal network as well as in the soma. This difference did not manifest between the MAPT 
haplotype groups but was instead visible between cell lines of one haplotype [modified from (Strauß et al., 
2021)]. 
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The fluorescence images show a strong unspecific staining in proliferating smNPCs with the GABA 

antibody. Therefore, day 0 was excluded from quantitative analysis. After day 5 of differentiation a 

weak GABA signal was visible in 7% of cells. The expression level of GABA increased with longer periods 

of differentiation. At day 10, an average of 40% of cells were GABA positive with high variability 

between cell lines. GABA expression was further upregulated until day 15 of differentiation to 57% 

GABA positive cells. The percentage of GABA positive cells only slightly increased to 61% at day 30. 

Over the 30-day differentiation period, the GABA staining signal intensity increased and its distribution 

in the cell changed as well. Early in differentiation, the signal was rather localised in the soma and 

soma-near processes (Figure 3.7A). Figure 3.7B shows GABA staining of all cell lines at day 30. At this 

time point, GABA expression was visible along axons and within the whole neuronal network. Although 

the percentage of GABAergic neurons ranged from 41% (diku H1/H1) to 78% (yemz H1/H1) between 

cell lines at day 30, there was no statistical difference between the haplotype groups. Figure 3.7B also 

shows prominent differences in the intensity of GABA signal along the neuronal network as well as in 

the cell soma. These differences, however, were equally distributed between H1/H1 and H2/H2 

groups. 

 

Figure 3.8: Immunostaining for the cortical marker BRN2 and neuronal marker TAU at day 30 of differentiation. 
Both markers displayed a comparable staining pattern across all cell lines [modified from (Strauß et al., 2021)]. 

Finally, cells were stained with the marker BRN2 for cortical layer 2/3 neurons (see Figure 3.4C for 

quantification and Figure 3.8 for fluorescence images). BRN2 staining was unspecific in proliferating 

cells and early differentiating neurons. Therefore, BRN2 staining was assessed only at day 30 of 

differentiation, in combination with TAU staining, to ensure neuronal maturity of cells. At this time 

point, an average of 65% of cells were positive for BRN2 in both cell line haplotype groups (see Figure 

3.4C). All cell lines showed a comparable staining pattern for both the cortical marker BRN2 and the 

neuronal marker TAU at day 30 of differentiation (Figure 3.8). 
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3.2.4. Further characterization of differentiated neurons 

One representative cell line was stained with additional neuronal markers to further evaluate cellular 

differentiation over the 30-day period. 

Figure 3.9A shows immunostaining for the neurofilament marker SMI-312 and the microtubule marker 

β-3-TUBULIN, both visualizing the axons of neurons. After the first 5 days of differentiation, the cells 

developed long, visible axons, although the network was still sparse. At day 10, the network was 

notably denser as shown by both makers. The network further matured until day 30 of differentiation. 

 

Figure 3.9: Immunostaining for additional neuronal markers. (A) Staining with the axonal markers SMI-312 
(neurofilaments) and β-3-TUBULIN (microtubules) showed a sparse neuronal network at day 5 of 
differentiation. The network density increased over longer differentiation periods and resulted in a mature 
neuronal network at 30 days, as indicated by staining patterns for both markers. (B) The postsynaptic marker 
GEPHYRIN and presynaptic marker SYNAPSIN were not visible along axons at day 5 of differentiation. At day 
10 and 15, some sporadic synaptic dots were visible for the marker GEPHYRIN, while presynaptic sites were 
faintly visible only from day 15 onwards. At day 30 of differentiation, both markers showed that there was a 
dense distribution of synapses along the axons [modified from (Strauß et al., 2021)]. 

Cell maturity was evaluated by examining the presence of synapses (Figure 3.9B). The markers 

GEPHYRIN for postsynaptic proteins and SYNAPSIN for presynaptic proteins were used together with 

a SMI-312 staining to visualize the localisation of the synapses along axons. 5 days of differentiation 

was not sufficient to visualize synapses along the neuronal network. On day 10 and 15 however, some 

scattered postsynaptic dots were visible on some axons, while presynaptic protein was only detectable 
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from day 15 onwards. At day 30 of differentiation both pre-and post-synapses are distributed densely 

along the neuronal network. 

3.3. TAU expression in differentiated neurons with homozygous H1 or H2 MAPT 

haplotypes 

When considering possible mechanisms through which the MAPT haplotype could convey elevated 

risk for tauopathies, the MAPT gene coding for the TAU protein is of special interest for comprehensive 

investigations. Indeed, some groups have found differences in TAU expression between H1 and H2 

carriers in cell models as well as in patients; however, mainly at the mRNA level (Caffrey et al., 2006; 

Kwok et al., 2004; Myers et al., 2007). Therefore, in this work, expression of TAU at the protein level 

was studied in the cell lines in addition to the mRNA level. Methods include immunofluorescent and 

qPCR analysis of TAU (Chapter 3.3.1), Western blot (Chapter 3.3.2) and genotyping (Chapter 3.3.3). 

3.3.1. Immunofluorescent and qPCR analysis of TAU 

First, TAU protein expression was visualized via immunocytochemistry over the 30-day differentiation 

period by staining for total TAU, as well as for 3R and 4R TAU (Figure 3.10A). Total TAU and 3R TAU 

staining was visible from day 5 (total TAU) or day 10 (3R TAU) onwards and showed a growing and 

maturing neuronal network over time. Both antibodies displayed a similar staining pattern with signals 

in the soma as well as in the axons of neurons. The 4R TAU isoform, on the other hand, was only 

detectable via immunostaining after 30 days. The signal remained weak and was mainly visible in the 

soma. 

At day 30 of differentiation, all cell lines were stained with a pan TAU antibody (Figure 3.10B). Although 

all cell lines exhibited a dense neuronal network, TAU signal intensity or distribution differed between 

some of the cell lines. The H1/H1 cell line yemz, for example, displayed strong staining in the soma but 

weaker TAU signal along the axons, while the H1/H1 cell line diku presented with even TAU staining 

throughout the whole cell. These staining differences were, however, found in both MAPT haplotype 

groups and were not haplotype dependent. Overall, the neuronal networks in all cell lines looked 

comparable. 
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Figure 3.10: Immunofluorescent and qPCR analysis of TAU and its isoforms. (A) Immunostaining for total TAU, 
3R TAU and 4R TAU over a differentiation period of 30 days. Total TAU and 3R TAU staining was visible from 
day 5 and 10 onwards, respectively, showing a growing and maturing neuronal network during the 
differentiation period. The 4R TAU isoform, however, was only detectable after day 30 of differentiation. The 
signal was weak and mainly visible in the soma. (B) TAU staining at day 30 of differentiation revealed 
differences in TAU signal intensity between cell lines, but the neuronal networks in general looked similar and 
there were no differences visible between the haplotype groups. (C-E) qPCR data for total TAU, 3R TAU and 
4R TAU. Total TAU levels normalized to housekeeping genes increased significantly with differentiation time 
until day 15 and then remain stable. 3R and 4R TAU data was normalized to total TAU levels. 3R TAU mRNA 
levels did not change over the differentiation period, while 4R TAU levels increased significantly from day 0 to 
day 5 relative to total TAU. No expression differences could be detected between H1/H1 and H2/H2 haplotype 
groups. Data are represented as mean ± SEM of n=4 cell lines for each haplotype group. 2-way ANOVA followed 
by Tukey’s test was performed. ***p<0.001 [modified from (Strauß et al., 2021)]. 
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mRNA levels of TAU were investigated with qPCR using primers specific for total TAU, or the 3R TAU 

and 4R TAU isoforms (see Figure 3.10C-E). After normalizing total TAU data to housekeeping genes, a 

significant increase in mRNA levels from day 0 to day 15 of differentiation could be observed (Figure 

3.10C). From day 15 to day 30, total TAU mRNA levels remained unchanged. 3R and 4R TAU data were 

normalized to total TAU levels to assess changes in isoform expression independent from overall TAU 

levels (Figure 3.10D and E). The 3R TAU level stayed unchanged over time, while, on the other hand, 

4R TAU increased significantly from day 0 to day 5. This indicates an upregulation of the 4R isoform 

when neuronal differentiation is induced. For the remaining differentiation period, 4R expression 

remained unchanged. No differences in expression levels of total TAU or any isoforms were detected 

between the H1/H1 and H2/H2 haplotype groups, illustrated as white and black bars, respectively. 

3.3.2. Protein analysis of TAU via Western blot 

After assessing TAU mRNA levels in the cell lines, multiple antibodies were used to study the expression 

of TAU protein at different time points in the soluble as well as in the insoluble protein fraction. Results 

of Western blot analysis are shown in Figure 3.11 and Figure 3.12. For total TAU levels, two different 

antibodies were used: a polyclonal TAU antibody from Dako and a monoclonal TAU-5 antibody from 

Millipore. The polyclonal antibody had a higher sensitivity, allowing for detection of TAU protein even 

in expanding cells (day 0). The monoclonal TAU antibody, TAU-5, only detected TAU protein in 

differentiating cells, starting at day 5. Both antibodies showed a continuous increase in TAU expression 

as differentiation proceeded with the highest levels detectable at day 30 of differentiation (Figure 

3.11A and B). 

The total TAU protein in the insoluble protein fraction showed, comparable to that in the soluble 

fraction, increasing levels with proceeding differentiation. Again, the Dako antibody detected TAU at 

day 0, while the TAU-5 antibody detected a signal only after 5 days of differentiation. For both 

antibodies, TAU levels stayed consistent from day 10 to day 15 but increased again until day 30 (Figure 

3.11E and F). Comparing the H1/H1 and H2/H2 groups regarding their total TAU levels, no significant 

difference was detectable, neither in the soluble nor in the insoluble fraction. 

In accordance with the mRNA analysis, 3R and 4R TAU Western blot data was normalized to total TAU 

to assess changes in isoform levels independent from overall TAU levels. While the 3R TAU level stayed 

constant during the differentiation period up until day 15, after which it significantly decreased up to 

day 30 (Figure 3.11C), the 4R TAU isoform was only weakly detectable from day 15 onwards (Figure 

3.11D). This makes 3R TAU the predominant TAU isoform expressed in this cell model and during this 

time period. In accordance with this 3R TAU data which shows a decrease in expression from day 15 

onwards, the 4R TAU level, although still weak, increased significantly between day 15 and day 30. 3R 

TAU levels remained stable over the whole differentiation period in the insoluble protein fraction, 
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while the 4R TAU isoform could not be detected (Figure 3.11G and H). There were no significant 

differences in TAU isoform expression between H1 and H2 cell lines in either soluble or insoluble 

fractions. 

 

Figure 3.11: Western blot analysis with total TAU, 3R and 4R TAU antibodies over 30 days. (A-D) Western blot 
analysis of the soluble protein fraction. Total TAU levels were detected with Dako and TAU-5 antibodies (A 
and B) and data was normalized to GAPDH. Total TAU expression increased significantly as differentiation 
progressed, reaching its highest levels at day 30. (C and D) 3R and 4R TAU data was normalized to total TAU 
levels. 3R TAU expression stayed constant until day 15 and then decreased significantly, while 4R TAU was 
only detectable from day 15 onwards and increased significantly up to day 30. (E-H) Western blot analysis of 
insoluble protein fraction. Total TAU levels were detected with Dako and TAU-5 antibodies (E and F) and data 
was normalized to total protein. Total TAU expression increased significantly with longer differentiation 
periods, reaching its highest levels at day 30. While 4R TAU (H) was not detectable, 3R TAU levels were 
normalized to total TAU levels (G) and remained unchanged over the differentiation period. No significant 
differences could be detected between H1/H1 and H2/H2 cell lines for any of the antibodies or fractions. Data 
are represented as mean ± SEM of n=4 cell lines for each haplotype group. 2-way ANOVA followed by Tukey’s 
test was performed. **p<0.01, ***p<0.001. Displayed Western blot pictures are representative blots from day 
30 of differentiation for the respective antibody [taken from (Strauß et al., 2021)]. 
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Levels of phosphorylated TAU (p-TAU) were analyzed using two different p-TAU antibodies (Figure 

3.12). The AT8 and the AT180 antibodies bind to different phosphorylated epitopes on the TAU protein, 

with AT8 binding phosphorylated Serine202 and Threonine205 and AT180 binding phosphorylated 

Threonine230. As with the TAU isoform expression analysis above, p-TAU signal was normalized to the 

total TAU signal. Both AT8 and AT180 clones showed an increase of p-TAU levels over time, indicating 

that with extended differentiation time more TAU becomes phosphorylated. With both p-TAU 

antibodies, a signal could only be detected in differentiating cells (day 5 onwards) and the highest 

p-TAU levels were found at day 30 of differentiation (Figure 3.12A and B). The p-TAU levels, however, 

did not differ significantly, when comparing the H1/H1 and H2/H2 haplotype groups at any time point. 

Similar to the soluble fraction, there was no p-TAU signal detectable in the insoluble protein fraction 

from proliferating cells (Figure 3.12D and E). The earliest time point at which there was a weak p-TAU 

signal was day 5 of differentiation. In contrast to the soluble protein fraction (but in line with the total 

TAU results of the insoluble fraction), the p-TAU level stayed constant between day 10 and day 15 of 

differentiation. From day 15 to day 30 p-TAU level increased again. Although there was variability in p-

TAU signal between cell lines, there was no MAPT haplotype-dependent difference. 

In addition to the investigation of phosphorylated TAU, levels of conformationally changed TAU in the 

cell lines at different time points was studied (Figure 3.12C and F). This was assessed with the MC1 

antibody that recognizes a disease-specific TAU conformational change dependent on the N-terminus 

and a sequence in the third microtubule-binding repeat (Jicha et al., 1997). In line with the Western 

blot results of the other antibodies, the MC1 signal in the soluble and insoluble protein fractions also 

increased during the differentiation period. The highest levels of MC1-positive TAU were measurable 

at day 30 of differentiation. Like the p-TAU antibodies, MC1-positive TAU was only detectable from 

day 5 onwards in the soluble protein fraction and from day 10 onwards in the insoluble protein 

fraction. In the soluble fraction, there was no significant difference in levels of conformationally-

changed TAU detected with the MC1 antibody between H1 and H2 lines. The insoluble fractions from 

H2/H2 cell lines, however, had significantly higher levels of MC1-positive TAU at day 30 of 

differentiation then H1/H1 cell lines. 
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Figure 3.12: Western blots for phosphorylated and conformationally changed TAU. For assessment of 
phosphorylated TAU (p-TAU) levels, two antibodies were used: AT8 and A180. Conformationally changed TAU 
was detected with the MC1 antibody. Western blot data was normalized to total TAU levels for all three 
antibodies. (A-C) Western blot analysis of the soluble protein fraction. MC1, AT8 and A180 antibodies showed 
that p-TAU and conformationally changed TAU increased significantly with longer differentiation periods, 
reaching their highest levels at day 30. (D-E) Western blot analysis of the insoluble protein fraction. Once again 
MC1, AT8 and A180 antibodies showed that p-TAU and conformationally changed TAU increased significantly 
with longer differentiation periods, reaching their highest levels at day 30. For both fractions, no significant 
differences could be detected between H1/H1 and H2/H2 haplotype groups when using either of the two 
p-TAU antibodies. In the soluble fraction there was also no significant difference between H1 and H2 cells for 
the MC1 antibody. In the insoluble fraction, however, H2/H2 cell lines showed significantly higher levels of 
MC1-positive TAU at day 30 of differentiation then H1/H1 cells. Data are represented as mean ± SEM of n=4 
cell lines for each haplotype group. 2-way ANOVA followed by Tukey’s or Sidak’s test (MC1 Western blot) was 
performed. *p<0.05, ***p<0.001. Displayed Western blot pictures are representative blots from day 30 of 
differentiation for the respective antibody [taken from (Strauß et al., 2021)]. 
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3.3.3. Genotyping for H1 sub-haplotypes 

The H1 haplotype can further be divided into sub-haplotypes that have been described by Pittman et 

al. (see also Table 1.2) (Pittman et al., 2005). In some studies, an association of the H1 haplotype with 

a risk for neurodegenerative diseases could only be found for a sub-haplotype, for example the H1c 

haplotype (Ezquerra et al., 2011; Myers et al., 2005). Therefore, the H1/H1 cell lines were mapped 

regarding their H1 sub-haplotype genotype using the SNPs described in Chapter 1.1.3 and Table 1.2. 

The following Table 3.1 shows that none of the analyzed cell lines is homozygous for a sub-haplotype, 

therefore, a further examination was not performed. 

Table 3.1: Genotyping of H1 cell lines for H1 sub-haplotypes-defining SNPs 

Cell 
line 

rs1467967 rs242557 rs3785883 rs2471738 rs8070723 rs7521 

yemz A/A A/G G/A T/C A/A A/A 

diku A/A A/A G/G C/T A/A G/G 

lepk A/A A/A G/G T/C A/A G/A 

melw A/A A/G G/G C/T A/A A/A 

 

3.4. α-SYNUCLEIN expression in differentiated neurons with homozygous H1 or H2 MAPT 

haplotypes 

3.4.1. Analysis of α-SYNUCLEIN expression on mRNA and protein level 

In addition to being a major risk factor for some tauopathies, the H1 haplotype has been associated 

with an increased risk of PD (Di Battista et al., 2014; Ezquerra et al., 2011; Zabetian et al., 2007). Since 

PD is classified as a synucleinopathy with α-SYNUCLEIN being the primarily affected protein, not only 

the expression profile of TAU was studied in the cell model but also the expression levels of 

α-SYNUCLEIN. 

First, α-SYNUCLEIN expression on the mRNA level was investigated using qPCR (Figure 3.13A). Over the 

differentiation period of 30 days, a steady increase in α-SYNUCLEIN mRNA levels were observed. When 

comparing the H1 and H2 MAPT haplotype groups, the H1/H1 cell lines expressed significantly more 

α-SYNUCLEIN than the H2/H2 cell lines – independent of the time point (2-way ANOVA p=0.011). 
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Figure 3.13: Analysis of α-SYNUCLEIN expression over time on protein and mRNA levels. (A) mRNA analysis 
with qPCR for α-SYNUCLEIN over a differentiation period of 30 days. α-SYNUCLEIN expression increased 
significantly and continuously over time. H1/H1 cell lines showed significantly higher α-SYNUCLEIN levels than 
H2/H2 cell lines independent of the differentiation time (p=0.0011). Data are represented as mean ± SEM of 
n=4 cell lines for each haplotype group. 2-way ANOVA followed by Tukey’s test was performed. *p<0.05, 
**p<0.01. (B-C) Western blot analysis of soluble and insoluble protein fraction for α-SYNUCLEIN during a 
differentiation time of 30 days. α-SYNUCLEIN protein expression increased significantly over time in both 
fractions. Significantly higher α-SYNUCLEIN levels could be detected in the H1/H1 haplotype group compared 
to the H2/H2 haplotype group in both protein fractions. In the soluble protein fraction, this observation was 
independent of the differentiation time point (p=0.036). In the insoluble protein fraction, however, a 
statistically significant difference between H1 and H2 cells did not manifest until day 30 of differentiation. Data 
are represented as mean ± SEM of n=4 cell lines for each haplotype group. 2-way ANOVA was performed 
followed by Tukey’s or Sidak’s test. **p<0.01, ***p<0.001. 
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Figure 3.13 (continued): (D) Representative Western blots for two α-SYNUCLEIN antibodies (AB1 and AB2) for 
the soluble and the insoluble protein fraction at day 30 of differentiation. (E-F) Western blot analysis of soluble 
and insoluble protein with two different α-SYNUCLEIN antibodies (AB1 and AB2) in 30-day old cells could not 
detect a significant difference between H1/H1 and H2/H2 groups when testing with an unpaired t-test. Data 
are represented as mean ± SEM of n=4 cell lines for each haplotype group. (G) Immunofluorescent staining of 
a representative H1/H1 and H2/H2 cell line for α-SYNUCLEIN and TAU at day 30. A stronger α-SYNUCLEIN signal 
in the H1 cells was visible compared to H2 cells, while TAU staining was comparable between the two cell lines 
[taken from (Strauß et al., 2021)]. 

For further examination, the α-SYNUCLEIN protein expression in soluble and insoluble protein fractions 

was analyzed via Western blot (Figure 3.13B and C). Similar to the mRNA data, α-SYNUCLEIN protein 

expression increased continuously with increasing differentiation period, both in the soluble as well as 

in the insoluble protein fraction. Additionally, significantly higher expression of α-SYNUCLEIN was 

detected in the H1/H1 cell lines as compared to H2/H2 lines. In the soluble protein fraction this 

observation was independent of the length of differentiation (2-way ANOVA p=0.036). In the insoluble 

protein fraction, however, a statistically significant difference between H1 and H2 groups did not 

manifest until day 30 of differentiation, although the tendency towards higher α-SYNUCLEIN levels in 

H1 cells was visible at earlier time points. 

As there was a significant difference in α-SYNUCLEIN levels between haplotype groups in both fractions 

at day 30 of differentiation as well as the highest overall α-SYNUCLEIN expression, this time point was 

used to verify the Western blot results with a second α-SYNUCLEIN antibody (AB2). This AB2 could 

replicate the Western blot results from the first antibody (AB1) (Figure 3.13D-F). However, when 

testing the day 30 data from both antibodies with an unpaired t-test, no statistically significant 

difference was detected between the H1 and H2 haplotype groups for either antibody or protein 

fraction. 

Finally, to visualize α-SYNUCLEIN protein expression differences between H1 and H2 cells, two 

representative cell lines with each MAPT genotype at day 30 of differentiation were selected and 

stained via immunocytochemistry (Figure 3.13G). In accordance with the results from qPCR and 

Western blot, the H1/H1 cell line displayed a stronger α-SYNUCLEIN signal than the H2/H2 cell line, 

while on the other hand, the TAU staining of the neuronal network is comparable between both cell 

lines. 

3.4.2. α-SYNUCLEIN expression over time via immunocytochemistry 

To visualize α-SYNUCLEIN expression and cellular localization during the 30-day differentiation period, 

one representative cell line was immunostained with an α-SYNUCLEIN antibody (Figure 3.14). While 

there was a strong signal in proliferating cells, this is most likely an unspecific signal, since it contradicts 

the Western blot results showing a lower α-SYNUCLEIN level at day 0 than in differentiating cells. After 

5 days of differentiation, α-SYNUCLEIN expression was mainly located in the nucleus. In 10- and 15-
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day old cells, the signal intensity increased and the cellular distribution of α-SYNUCLEIN started to 

change, localizing the protein not only in the nucleus but also in the soma. After 30 days of 

differentiation the signal intensity greatly increased, especially in the nucleus. Furthermore, at this 

point, α-SYNUCLEIN was now also distributed along the axons indicating a greater maturity of the cells 

since α-SYNUCLEIN is a synaptic protein. 

 

Figure 3.14: Immunostaining of α-SYNUCLEIN expression over 30 days. Cells expressed a weak mainly nuclear 
α-SYNUCLEIN signal at day 5 of differentiation. At day 10 and 15, signal intensity only slightly increased while 
the distribution of α-SYNUCLEIN expanded from the nucleus to the soma of the cells. In 30-day old cells, 
α-SYNUCLEIN staining was also visible along axons, while the staining intensity greatly increased in the nucleus 
and soma. 

3.4.3. Genotyping of SNCA gene for disease conveying SNPs 

The observed differences in α-SYNUCLEIN expression between H1 and H2 cell lines already at the 

mRNA level is an unexpected result. Although the MAPT genotype encompasses not only the MAPT 

gene coding for TAU but also several other genes, none of the genes thus far have been described to 

regulate α-SYNUCLEIN transcription. Therefore, the SNCA gene coding for α-SYNUCLEIN was 

investigated in all cell lines to rule out possible gene variations that could influence differential 

α-SYNUCLEIN expression. 

Over the years, numerous SNPs in the SNCA gene, for example in the promotor region and the 3’-UTR, 

have been associated with a higher risk of developing synucleinopathies, potentially by changing 

α-SYNUCLEIN expression (Campêlo and Silva, 2017).Eight of the SNPs that have been described to 

increase PD risk and/or were associated with higher expression of α-SYNUCLEIN were selected (Table 

3.2). The cell lines were genotyped for the selected SNPs (Table 3.3), to investigate whether the 

differential α-SYNUCLEIN expression between the cell line groups could be explained by SNPs in the 

SNCA gene. 

α
-S

Y
N

U
C

L
E

IN

Day 0 Day 15 Day 30

D
A

P
I

D
A

P
I/
α

-S
Y

N
U

C
L

E
IN

Day 5 Day 10



Results   48

 

Table 3.2: Location of SNPs on SNCA gene 

5’ UTR (promotor region) Intron 4 3’ UTR 

rs2619363 (Winkler et al., 2007) rs2736990 (McCarthy et al., 2011; 
Pan et al., 2013) 

rs356165 (Cardo et al., 2012; 
Winkler et al., 2007) 

rs2619364 (Winkler et al., 2007)  rs356219 (Linnertz et al., 2009; 
Mata et al., 2010) 

rs2583988 (Winkler et al., 2007)  rs181489 (Elbaz et al., 2011) 

Rep1 (Chiba-Falek and Nussbaum, 
2001; Cronin et al., 2009; Fuchs et 

al., 2008) 

 rs356182 (Cheng et al., 2016) 

When grouping the cell lines according to their SNP genotypes in the SNCA gene, there was no 

association of any SNCA genotype with the expression pattern observed for the cell lines. 

Table 3.3: Genotypes of cell lines for certain SNPs in SNCA gene 

Cell 
line 

rs2583988 rs2610364 rs2619363 rs356182 rs181489 rs356219 rs356165 rs2736990 

yemz C/T A/G G/T G/A T/C G/A G/A G/A 

diku C/T A/G G/T G/G T/T G/G G/G G/G 

lepk T/T G/G T/T G/G T/T G/G G/G G/G 

melw C/T A/G G/T G/A T/C G/A G/A G/A 

zihe C/C A/A G/G G/A T/C G/A G/A G/A 

uilk C/C A/A G/G A/A C/C A/A A/A A/A 

zapk C/C A/A G/G A/A C/C A/A A/A A/A 

qolg C/C A/A G/G A/A C/C A/A A/A A/A 

In addition to SNPs, a complex, polymorphic microsatellite called Rep1 (D4S3481) near the SNCA 

promotor region (approximately 10 kb upstream of the transcription start site) has been associated 

with enhanced risk for PD (Fuchs et al., 2008). The number of dinucleotide repeats in the microsatellite 

sequence can differ: (TC)10-11(TT)1(TC)9-11(TA)7-9(CA)10-13. Depending on the length of the sequence, PCR 

products (when resolved by electrophoreses) run at 257 bp, 259 bp, 261 bp and 263 bp and this 

nomenclature is used when the Rep1 genotypes are described (Chiba-Falek et al., 2003). Studies have 

shown that longer repeats in Rep1 (261 and 263 bp) are associated with increased transcription of α-

SYNUCLEIN (Cronin et al., 2009; Fuchs et al., 2008). Therefore, the Rep1 repeat sequences of the cell 

lines were identified and cells were genotyped accordingly (Table 3.4). But again, when grouping the 

cell lines corresponding to their Rep1 genotype, no expression pattern explaining the α-SYNUCLEIN 

expression data could be found. 
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Table 3.4: Sequence of Rep1 microsatellite for the different cell lines 

Cell line → genotype* TC TT TC TA CA Genotype according to 
length 

Reference sequence → 0/0 10 1 10 8 10 259/259 

yemz → 0/1 11 1 9 10 10 259/263 

diku → 1/1 10/11 1 10 8 11/10 261/261 

lepk → 0/1 11 1 11 7 10 259/261 

melw → 0/1 11 1 11 7 10 259/261 

zihe → 0/0 10 1 10 8 10 259/259 

uilk → 1/1 10 1 10 8 11 261/261 

zapk → 0/1 10 1 11 7 11 259/261 

qolg → 0/1 10 1 10 8 11 259/261 

* When sequence is different to reference sequence on only one allele, only this deviant sequence is listed in the 
table. 

3.5. Vulnerability of differentiated neurons with homozygous H1 or H2 MAPT haplotypes 

to external stressors 

In sporadic neurodegenerative diseases there is no apparent genetic mutation that is causal for the 

disease. Although several genetic risk factors have been identified to increase the risk for sporadic 

neurodegeneration (such as the MAPT haplotype), they are not enough to solely trigger 

neurodegenerative diseases but rather act in combination with other genetic variations and/or 

environmental factors. To investigate whether the MAPT haplotype could influence vulnerability to 

environmental factors, cell lines were exposed to external stressors like oxidative stress and toxins. 

Mimicking a physiological version of oxidative stress, cells were not treated with a reactive oxygen 

species (ROS) inducing reagent but were cultured, first in expansion and then during differentiation, in 

medium deprived of antioxidants. This way, the ROS generated during normal metabolic activity 

accumulated over time and caused oxidative stress. The cell damage due to accumulating ROS is a slow 

process compared to the treatment with toxins, the viability was therefore assessed over several days 

to capture the point of cell death (which could change between experiments). When cells were 

differentiated in medium without antioxidants, axons started to spontaneously degenerate after 

approximately 10 days of differentiation (Figure 3.15B). Although the variability between experiments 

and different cell lines was high, the cell viability measured with the calcein assay was significantly 

reduced to 50 % after 15 days of differentiation (Figure 3.15A). A significant difference in vulnerability 

to oxidative stress between H1/H1 and H2/H2 groups could, however, not be detected. 
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Figure 3.15: Treatment of cells with external stressors. (A-B) Cells were differentiated in medium without 
antioxidants (AO) and cell viability was assessed with calcein staining from day 8 to day 15 (A). Cell viability 
started to decrease from day 10 onwards and was reduced to 50 % at day 15. There were no significant 
differences in cell viability between cell lines with H1/H1 and H2/H2 haplotypes. Data are represented as mean 
± SEM of n=4 cell lines for each haplotype group. 2-way ANOVA followed by Tukey’s was performed. *p<0.05, 
***p<0.001. (B) At day 10, signs of degeneration were visible in cells cultured without antioxidants. (C-E) Cells 
were treated with the mitochondrial inhibitor annonacin for 4 days. Cell viability was analyzed with calcein 
staining (C) and metabolic activity with MTT assay (D). A 4-day treatment with annonacin reduced cell viability 
and mitochondrial activity significantly in all cell lines compared to untreated controls (UTC). Data are 
represented as mean ± SEM of n=8 independent experiments per cell line. 2-way ANOVA followed by Sidak’s 
test was performed. *p<0.05, **p<0.01, ***p<0.001 (E) When cell lines were pooled into haplotype groups, 
no significant difference in cell viability or metabolic activity could be detected between H1/H1 and H2/H2 
groups after annonacin treatment. Data are represented as mean ± SEM of n=4 cell lines for each haplotype 
group. Unpaired t-test was performed [modified from (Strauß et al., 2021)]. 
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To further investigate the susceptibility of the cell lines to environmental factors, the cells were treated 

with the mitochondrial inhibitor annonacin. This toxin has been described to cause atypical 

parkinsonism (Caparros-Lefebvre and Elbaz, 1999; Höglinger et al., 2005). At a differentiation time of 

26 days, the cells were treated with 800 nM annonacin for 4 days. The cell viability was measured using 

the live-cell stain calcein at day 30 of differentiation while the mitochondrial activity was assessed with 

the MTT assay. 4 days of toxin treatment significantly reduced metabolic activity and cell viability in all 

cell lines (Figure 3.15C and D). The reduction in viability ranged between the cell lines from 30 to 80% 

and the reduction in mitochondrial activity showed even greater variability ranging from 10 to 80%. 

Percentage reduction in cell viability correlated with a similar level of reduction in metabolic activity. 

When the H1 and H2 MAPT haplotype groups were compared regarding their vulnerability to 

annonacin, a trend towards higher cell viability for H2/H2 cells was visible for both the calcein and MTT 

assays, although this difference did not reach statistical significance (Figure 3.15E). 
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4. Discussion 

Sporadic tauopathies are one of the main challenges in modern neurobiological research, especially 

since the underlying mechanisms remain unclear. GWA studies have identified the MAPT haplotype as 

a major risk factor for neurodegenerative diseases, surprisingly not only for tauopathies such as CBD, 

PSP and AD but also for the synucleinopathy PD. How the H1 haplotype influences the risk for 

neurodegenerative disorders is, however, still under investigation. Studies in postmortem brain tissue 

have reported differential expression of TAU mRNA in H1/H1 carriers as compared to H2/H2 carriers 

(de Jong et al., 2012; Valenca et al., 2016). Additionally, experiments in heterozygous reporter cell lines 

such as neuroblastoma cell lines and iPSCs have found differential expression levels from the H1 allele 

as compared to H2 (Beevers et al., 2017; Caffrey et al., 2006; Kwok et al., 2004). So far, a systematic 

analysis of iPSCs with the two homozygous MAPT haplotypes, H1/H1 and H2/H2 has been missing in 

scientific literature. The analyses presented in this work aimed to close that gap. 

The following sections discus the results as presented in Chapter 3. 

4.1. Cell differentiation and characterization 

Since the development of the iPSC model, a number of differentiation protocols from iPSC to neurons 

have been established to model neurogenerative diseases. The drawbacks of a direct differentiation 

are long differentiation times between 70 to 200 days or more (Garcia-Leon et al., 2018; Iovino et al., 

2015; Silva et al., 2016; Sposito et al., 2015) and a great variability in the resulting neuronal cell 

population (Volpato et al., 2018). For a comparison of several cell lines with different genetic 

backgrounds, however, a minimal variability during the differentiation is essential. Therefore, an 

adapted technique from Zhang et al. was employed in this work that utilizes the overexpression of 

NGN2 in iPSCs to induce a rapid differentiation into cortical layer 2/3 neurons (Zhang et al., 2013). To 

further increase robustness of the model, the iPSCs were first converted into smNPC before 

transfection with the NGN2-lentivirus as described by Dhingra et al. (Dhingra et al., 2020). smNPCs 

have the advantage of being neural progenitors that can be cryopreserved and expanded for numerous 

passages without changing their differentiation properties (Reinhardt et al., 2013). 

Within 5 days of induction of NGN2 overexpression in the obtained NGN2_smNPCs, all cell lines 

expressed important neuronal markers such as β-3-TUBULIN, MAP2 and TAU on a protein level and 

the percentage of the neuronal population (MAP2 positive cells) reached over 90%. Accordingly, the 

neural stem cell marker SOX2 was downregulated after 5 days of differentiation on the mRNA level. 

Additionally, the number of cells positive for the neural progenitor marker NESTIN decreased from day 

10 onwards. These results indicate a switch in cell fate from neural stem cells to maturing neurons in 



Discussion   53

 

the first 10 days on the mRNA and protein levels. There were no significant differences between H1/H1 

and H2/H2 cell lines in the expression of the above-named markers, indicating a comparable 

differentiation rate for both haplotype groups. The neurons further matured with a longer 

differentiation period, visible by the expression of synaptic proteins and the growing neuronal 

network. Electrophysiological properties of the cells, however, were not analyzed in this work. All eight 

cell lines displayed a comparable pattern in MAP2 staining at day 30 of differentiation, although, 

neurite length, growth cones and synapses have not been analyzed in detail. With glial cell numbers 

under 1% and neuronal numbers over 90%, the cell cultures consisted of a highly enriched neuronal 

population. Further characterization of the obtained neurons showed a comparable percentage of 

cortical and GABAergic neurons between the two haplotype groups. 

Overall, the employed protocol used in this study allowed for a fast and robust differentiation that was 

suitable for the comparison of different cell lines. 

Although the differentiation of iPSCs into enriched neuronal cultures is desirable when comparing 

several different cell lines, the cultures lack the complexity of the biological cell composition in the 

human brain which can be, for example, achieved with primary foetal human neural progenitor cells 

(Moon et al., 2016). The lack of glial cells might limit the differentiation time of the protocol to 30 days. 

The results show that without the support of non-neuronal cell populations, the number of viable cells 

decreased by 50% from day 30 to day 60 of differentiation. Since the cells already expressed a variety 

of important neuronal marker (such as MAP2, β-3-TUBULIN, TAU, SYNPASIN and GABA) at day 30 of 

differentiation, this differentiation period was considered acceptable for this study. 

4.2. TAU expression in differentiated NGN2_smNPCs 

4.2.1. TAU expression over the 30-day differentiation period 

In the human brain, the expression of all six TAU isoforms is developmentally regulated and only occurs 

in the adult brain. Since iPSC-derived neurons mostly remain in an early developmental state, they 

predominantly express the foetal 0N3R TAU isoform (Fong et al., 2013; Miguel et al., 2019; Nakamura 

et al., 2019). This remains a major challenge for tauopathy modelling with iPSC. Direct differentiation 

protocols need at least 100 days until 4R TAU is detectable (Garcia-Leon et al., 2018; Iovino et al., 2015; 

Sposito et al., 2015). In the iPSC model used in this study, expression of 4R TAU protein is detected at 

day 15. Although 0N3R TAU is the predominant isoform expressed in this model, 3R TAU levels started 

to decrease between day 15 and day 30 of differentiation, while the 4R TAU isoform increased. This 

indicates a fast maturation of cells under NGN2 overexpression. 

The protein expression of 4R TAU was, however, still very low at day 30 of differentiation (visible in 

western blot and immunostaining at low signal intensity). It is therefore expected that a longer 
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differentiation period would increase the ratio of 4R TAU, ultimately leading to the developmental 

switch to equal levels of 3R and 4R isoforms as shown with other differentiation methods (Sposito et 

al., 2015). Unfortunately, a differentiation period exceeding 30 days with the protocol used here 

without an astrocyte co-culture was not possible due to drastic reduction in cell viability. 

With a longer differentiation period and increased TAU expression, TAU levels in the insoluble protein 

fraction increased, indicating more aggregated TAU with the increasing age of the neurons. 

Furthermore, over time, more TAU became phosphorylated. Since p-TAU is known to have a reduced 

binding affinity to microtubules and a higher propensity to aggregate (Drewes et al., 1995; Köpke et 

al., 1993), higher p-TAU levels could be the reason why an increased level of TAU was found in the 

insoluble fraction with increasing differentiation time. This is also supported by increased p-TAU levels 

in the insoluble fraction. 

4.2.2. TAU expression in homozygous H1 and H2 neurons 

After the MAPT haplotype was connected to a greater risk of developing neurodegenerative disorders, 

several scientists have tried to elucidate the causal mechanisms. Since splicing mutations in the MAPT 

gene that alter the isoform ratio in patients are known to cause familial forms of tauopathies (Goedert, 

2005), the most likely explanation for the H1 risk would be a change in TAU expression levels conveyed 

by the MAPT haplotype. When comparing the transcription efficiency of the H1 and the H2 promotor 

with a Luciferase reporter assay in neuroblastoma cells, Kwok et al. found a higher transcription 

efficiency from the H1 promotor (Kwok et al., 2004). Evaluation of mRNA expression levels in human 

brains showed also different levels in H1 and H2 patients, although different studies offer conflicting 

results: while higher MAPT expression in brains from H1/H1 patients have been reported in some 

studies (de Jong et al., 2012; Valenca et al., 2016), others could not find elevated total MAPT expression 

from H1 alleles (Caffrey et al., 2006; Trabzuni et al., 2012). Furthermore, another group only reported 

higher MAPT expression in patients carrying the H1 sub-haplotype H1c (Myers et al., 2007). Other 

studies describe a greater inclusion of exon 10 in the MAPT transcript (4R TAU isoform) from H1 alleles 

(Caffrey et al., 2006; Majounie et al., 2013; Myers et al., 2007). So far, only one group investigated the 

MAPT risk factor with an iPSC model and evaluated the allele-specific expression of the MAPT gene in 

heterozygous H1/H2 cells (Beevers et al., 2017). They reported a higher level of MAPT transcripts from 

the H1 allele, while the exon 10+ transcripts were not differentially expressed between the two alleles. 

Most studies so far have concentrated on MAPT expression on the mRNA level. Therefore, it remains 

uncertain what consequences differential mRNA expression has on TAU protein levels in the brain. The 

work presented here is the first systematic comparison of eight homozygous iPSC lines, four H1/H1 

and four H2/H2, evaluating MAPT expression on a transcriptional as well as on a translational level. 
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In contrast to the findings of Beevers et al. in iPSC, significant expression differences between H1 and 

H2 cells regarding total mRNA MAPT transcript were not detected. Additionally, for the 3R and 4R TAU 

isoform, no significant differences were visible between the haplotype groups. 

On the protein level, there was more variability in TAU expression between the cell lines than on the 

mRNA level (visible by higher SEM). It did not manifest itself, however, in a statistical difference 

between the haplotype groups either for total TAU protein or the 3R and 4R TAU isoforms. For the 4R 

TAU isoform, there was a visible trend towards higher expression in the H1 haplotype cell lines. This 

observation did not reach statistical significance, but the 4R TAU protein levels were still low at day 30 

of differentiation. It might, therefore, be possible that this tendency would become significant after a 

longer differentiation period. Additionally, the inter-individual variance might limit the identification 

of haplotype-dependent differences considering the sample size of eight cell lines (four cell lines per 

haplotype). 

Comparisons of phosphorylated TAU did not reveal a significant difference between the H1/H1 and 

the H2/H2 cell lines. This is true for the p-TAU levels in the soluble as well as in the insoluble protein 

fraction. 

Interestingly, an investigation of conformationally altered TAU showed significantly higher levels of 

MC1-positive TAU in the insoluble protein fraction of the H2/H2 cells compared to H1/H1 at day 30 of 

differentiation. A study from Wider et al. supports this finding (Wider et al., 2012). Here, patients with 

AD and LBD, which are not primary tauopathies, were compared regarding their secondary TAU 

pathology like NFT. Surprisingly, H2 carriers were connected to a higher NFT burden than the H1 

carriers. This examination encourages our observation of increased conformationally altered TAU in 

the insoluble fraction in H2/H2 cells and may indicate increased aggregation in this haplotype. Two 

further studies, however, could not find differences in TAU pathology (NFT and neuritic plaques) in 

patients with PD and DLB between H1 and H2 cases (Colom-Cadena et al., 2013; Robakis et al., 2016). 

Despite that, all three studies suggest that a higher MAPT transcription level in H1 brains as described 

by other groups does not necessarily translate into more TAU pathology in the brains of patients. Since 

the mechanism and role of TAU and TAU pathology in cell toxicity and neuronal loss is still under 

debate, this is not necessarily contradictory. Recent findings suggest that NFT themselves are rather 

inert and their formation is sometimes even considered a protective mechanism (Cowan and Mudher, 

2013). 

4.3. α-SYNUCLEIN expression in homozygous H1 and H2 neurons 

The H1 haplotype has not only been connected to an increased risk for tauopathies but also for PD. 

Therefore, α-SYNUCLEIN levels were analyzed in the different cell lines in addition to the TAU 
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expression profile. Surprisingly, α-SYNUCLEIN expression levels were significantly higher in cells with 

the H1 haplotype compared to the H2 haplotype on an mRNA as well as on a protein level, independent 

of the time point. Interestingly, even in the insoluble fraction, H1/H1 showed increased α-SYNUCLEIN 

levels at day 30 of differentiation. The mechanism by which the H1 haplotype increases the risk for 

synucleinopathies remains unknown. As described in Chapter 1.3, TAU pathology can appear in 

synucleinopathies like PD and DLB as secondary pathology. 

Two studies support the finding of higher α-SYNUCLEIN levels without a difference in TAU levels 

between H1 and H2 on a pathophysiological level (Colom-Cadena et al., 2013; Robakis et al., 2016). 

α-SYNUCLEIN pathology like LB count in the brain was significantly higher in patients with DLB or PD 

that were carriers of the H1/H1 genotype. TAU pathology like NFT, however, was not significantly 

different between H1 and H2 carriers. Wider et al. (already mentioned in Chapter 4.2.2) also identified 

an increased LB count in H1 carriers (here in patients with AD and DLB) but additionally reported a 

higher TAU pathology (NFT count) in the H2 haplotype (Wider et al., 2012). These results endorse the 

observation of a higher level of conformationally altered TAU in the insoluble fraction in H2/H2 group 

and increased α-SYNUCLEIN expression levels in H1/H1 cell lines in the model used in this study. 

Since expression of α-SYNUCLEIN is elevated on the mRNA level, it is unclear how the H1 haplotype 

might affect the transcription. Considering the variation in α-SYNUCLEIN expression between cell lines 

within one haplotype group and the sample size of four cell lines per haplotype, another genetic factor 

independent of the MAPT haplotype could be responsible for the difference in α-SYNUCLEIN 

expression. Therefore, SNPs in the SNCA gene that are reportedly associated with increased risk for 

synucleinopathies and the microsatellite Rep1 (Campêlo and Silva, 2017) were selected and cell lines 

were genotyped accordingly. The genotypes of the chosen variants, however, did not explain the 

described α-SYNUCLEIN expression pattern. 

Next to MAPT, several other genes lie within the 2 Mb region of the MAPT haplotype. It is therefore 

possible that another gene from the haplotype is influencing α-SYNUCLEIN expression. de Jong et al. 

have reported that the expression of other genes apart from MAPT are affected by the H2 inversion 

polymorphism (de Jong et al., 2012). Although little is known about these other genes, none of them 

have so far been reported to regulate transcription of the SNCA gene. 

4.4. Vulnerability of homozygous H1 and H2 neurons to external stressors 

The risk of developing a neurodegenerative disease is not solely defined by the genetics of the 

individual but is rather an interplay between genetic and environmental factors. Because of the high 

energy demand and the high degree of mitochondrial energy production, neurons are especially 

exposed to oxidative stress (Moreira et al., 2005). Therefore, neuronal culture media is usually 
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supplemented with antioxidants to reduce the levels of ROS (Perry et al., 2004). One study proposed 

a differential antioxidant response in cells with different MAPT haplotypes: Wang et al. identified an 

antioxidant response element (ARE) in the intron 1 of the MAPT gene as a binding platform for the 

transcription factor NRF2 which is a key regulator of the cellular antioxidant response (Wang et al., 

2016). The study linked a SNP in the ARE on the H2 haplotype to a stronger binding of NRF2 and a 

higher transcription level of MAPT. Higher transcription levels from the H2 allele have been detected 

by several groups for MAPT transcripts containing exon 3 (2N TAU isoforms) (Beevers et al., 2017; 

Caffrey et al., 2008; Trabzuni et al., 2012). Wang et al. proposed an upregulation of the more 

aggregation resistant 2N TAU isoforms up on oxidative stress in H2 haplotype (Wang et al., 2016). To 

test whether cells with a different MAPT haplotype background would differ in their vulnerability to 

oxidative stress, cells were cultured and differentiated in medium without antioxidants in this thesis. 

In contrast to a toxin treatment, the omission of antioxidants and thus the slow increase in oxidative 

stress mimics the influence of environmental factors in a more physiological way. This method has, 

however, the disadvantage that the exact time point of measurable cell toxicity or cell death can vary 

between experiments. Additionally, cell survival showed high variability between cell lines. Therefore, 

a significant difference in susceptibility to oxidative stress was not detected between haplotype 

groups. Furthermore, the proposed protection during oxidative stress by upregulation of the 2N TAU 

isoform in H2 cells, might not be applicable in this cell model, as here the 0N3R TAU isoform is 

predominantly expressed. 

Treatment with the mitochondrial inhibitor annonacin is a more direct method to investigate 

vulnerability to external stressors. After its identification as a toxin that causes atypical parkinsonism 

(Caparros-Lefebvre and Elbaz, 1999; Höglinger et al., 2005), annonacin was shown to induce TAU 

pathology in cell culture models (Bruch et al., 2017; Escobar-Khondiker et al., 2007). Next to a general 

reduced viability until cell death, treated cells exhibited increased TAU protein expression, especially 

the 4R TAU isoform. 

When cell lines were exposed to annonacin, all cells showed reduced viability and metabolism, as 

measured by calcein and MTT, after 4 days of treatment. The variation between cell lines independent 

of the MAPT haplotype was, however, high. Although a trend was visible, indicating slightly higher cell 

survival in the H2/H2 group, this did not reach statistical significance. For the treatment with annonacin 

and the readout, the maximum differentiation time of 30 days was chosen displaying the highest 

expression levels of total TAU and 4R TAU. A toxin treatment at an earlier point during differentiation 

might reduce the variability between cell lines as cells are more homogenous in the early 

differentiation phase. Less variability in the experimental set up might lead to the identification of 

significant differences in cell survival after annonacin treatment between MAPT haplotype groups. 
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5. Conclusion 

This work presents a valuable tool of eight iPSC lines with either the H1 or the H2 MAPT haplotype, 

which can be differentiated into neurons in a fast and reproducible manner. This cell model can be 

used to identify MAPT-dependent phenotypes to elucidate the mechanisms of the H1 haplotype as a 

risk factor for tauopathies and other neurodegenerative diseases. The presented data demonstrate 

that all cell lines were efficiently differentiated into enriched neuronal cell populations within a 

considerably short differentiation period with the expression of 4R TAU protein after only 15 days. 

Systematic comparison showed a significant difference in the expression profile of disease relevant 

proteins between the two haplotype groups. Increased levels of conformationally-changed TAU are 

detectable in the insoluble fraction of H2 cells at day 30 of differentiation compared to H1 cells. The 

expression of α-SYNUCLEIN, however, was higher on the mRNA and protein levels independent of the 

differentiation time point in the H1/H1 group as compared to H2/H2. 

There is variability between cell lines within the haplotype groups, especially on the protein level. To 

verify the presented results, it would therefore be desirable to acquire additional cell lines for each 

haplotype to increase the sample size and reduce inconsistencies within the haplotype groups. 

Additionally, if a co-culture with non-neuronal cells, like glial cells, were to be utilized, the 

differentiation period could potentially be extended without a massive reduction in cell viability. A 

longer differentiation period would increase the expression of 4R TAU and might reveal a haplotype-

dependent difference for this TAU isoform. 

So far, there are no approved therapies available to halt or slow down neurodegenerative disease 

progression. Therefore, there is an urgent need for the discovery of new therapeutic compounds 

(Rösler et al., 2020). The iPSC resource presented here could be a helpful tool for the identification of 

molecular targets for therapeutic drugs and candidates for therapeutic drug repositioning. The cell 

model is applicable for high-throughput approaches due to its ability to be used for fast and robust 

neuronal differentiation. The detection of MAPT-dependent phenotypes could be used in a high-

throughput screen to identify possible drug candidates. Furthermore, after the first characterization 

and analysis of disease-relevant proteins, these cells can be used to investigate other disease relevant 

mechanism such as microtubule-associated organelle transport, mitochondrial function, or TAU 

uptake, seeding and aggregation processes. All in all, the established resource of eight cell lines is a 

valuable tool for future studies to elucidate the underlying mechanisms of the H1 risk factor.
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