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Figure 4-15: qPCRs of neuronal markers in Cas13a TSC1 neurons. Loss of TSC1 via 

doxycycline induced Cas13a system occurred for 24 or 48h. Samples were collected at 

Day 50 of the 50 Day neuronal protocol; cells were at a mature neuronal state upon 

collection. A+D: In 24h treated Cas13 TSC1 cells, OTX2 expression was increased in 

all conditions with significance for Day8 and Day15, while the 48h treated cells display 

expression increases in all conditions with significance for Day30. B+E: βIII-Tub 

expression was significantly decreased in all conditions in 24h treated cells while the 

48h treated cells display no significant expression changes. F: Both treatment lengths 

display a reduction of FOXG1 expression for all treatment time points with significant 

expression changes for the majority. Values are expressed as mean ± SD (N=3). Data 

was analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** 

= p-value: ≤ 0.001, **** = p-value ≤ 0.0001. ............................................................... 107 

Figure 4-16: Expression of neuronal markers during development of Cas13 TSC1 cells. 

A: In the 24h treated Cas13 TSC1 cells, OTX2 expression is non-significantly 

decreased at Day10 and non-significantly increased at Day50, no change at Day20 

while the 48h treated cells display a OTX2 expression with a non-significantly decrease 

at Day 10 and a non-significantly increase at Day50, while being significantly increased 

at Day 20.  B+E: βIII-Tub expression was slightly but non-significantly reduced in the 

24h Cas13 TSC1 cells at the early time points and significantly reduced in the neurons. 

βIII-Tub expression in the 48h treated cells was non-significantly reduced in the Cas13 

TSC1 cells at Day 10 and aligning to control at later time points. C+F: Expression of 

FOXG1 is non-significantly reduced in the 24h treated Cas13 TSC1 cells during early 

development, levels at Day50 were significantly lower in Cas13 TSC1 in comparison to 

control with the 48h treated cells displaying a similar expression except a non-

significant reduction at Day 50. Values are expressed as mean ± SD (N=3). Mixed-

effect analysis with Sidaks-Test was performed for data analysis. * = p-value of ≤ 0.05, 

** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. .................. 108 
Figure 4-17: Gene expression of autophagy markers in Cas13 TSC1 neuronal stem cells 

during neuronal development. A: The expression of ULK1 was increased in the Cas13 

TSC1 cells (significance for 48h treatment). B: TFEB expression in Cas13 TSC1 cells 

showed no significant changes. C: GSK3a expression showed a significant increase 

after 24h treatment and a significant reduction after 48h loss of TSC1 (N=3). Values are 

expressed as mean ± SD. Data was analysed via One-Way ANOVA. * = p-value of ≤ 

0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. ......... 109 
Figure 4-18: Gene expression of autophagy markers in Cas13 TSC1 NPCs during 

neuronal development. A: The expression of ULK1 was decreased in the Cas13 TSC1 

cells (significance for 48h treatment). B: TFEB expression in the Cas13 TSC1 cells 

displays a significant increase for the 24h treated cells. C: Cas13 TSC1 cells display a 

significant increase after 24h treatment and a non-significant increase after 48h loss of 

TSC1 (N=3). Values are expressed as mean ± SD. Data was analysed via One-Way 

ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = 

p-value ≤ 0.0001............................................................................................................ 110 

Figure 4-19: Gene expression of autophagy markers in Cas13a TSC1 neurons. TSC1 

heterozygous loss was induced via doxycycline at day 8, 15 or 30 for 24h or 48h. A+D: 

A non-significant decrease in expression was found for the Day8 and Day15 cells, while 

TSC1 loss at Day 30 led to significant reduction in ULK1 expression in the 24h treated 

cells while the 48h cells show a significant increase in expression was found for the 

Day8 cells, while TSC1 loss at Day 30 led to significant reduction in ULK1 expression. 

B+E: All conditions led to a significantly reduced expression of TFEB in comparison to 

control in the 24h treated cells while the 48h treatment led to a significant increase in 

expression at Day8, with Day15 displayed no expression change while Day30 

demonstrated a non-significant reduction. C+F: GSK3a expression in Cas13 TSC1 cells 
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was significantly decreased in all conditions for the 24h treated cells while the 48h 

treatment showed a significant decrease in cells treated at Day15 or Day30 while 

treatment at Day8 had no consequences on expression levels. Values are expressed as 

mean ± SD (N=3). Data was analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** 

= p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. ....................... 111 

Figure 4-20: Expression of autophagy markers during development of Cas13 TSC1 

cells. A-C: No significance was found for ULK1 and GSK3a between 254h treated 

Cas13 TSC1 and control throughout development while TFEB expression was 

significantly reduced in the 24h treated Cas13 TSC1 cells at Day50. D-F: No 

significance was found for either of the autophagy markers between the 48h treated 

Cas13 TSC1 and control throughout development. Values are expressed as mean ± SD 

(N=3). Mixed-effect analysis with Sidaks-Test was performed for data analysis. * = p-

value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. ........................................................................................................................... 112 
Figure 4-21: Analysis of calcium base level and signalling in Cas13 TSC1 astrocytes 

after 48 h of induced TSC1 loss. 340/380 mark the different channels of the Leica 

microscope for the calcium detection. A: Example of calcium wave in control and TSC1 

50% cells. A continuous increase in calcium release is seen in the TSC150% cells, 

unlike the control cells where the level remains lower and levelled. B: Base level of 

intracellular calcium in astrocytes prior calcium waves. Cells with induced TSC1 50% 

loss showed a significantly elevated base level of intracellular calcium. Mann-Whitney 

Test (N=40). C: Calcium peaks stand for the size of the calcium wave e.g., the amount 

of calcium which is released during the wave. Calcium peaks of TSC1 50% cells is 

significantly higher than in control and shows a higher standard deviation. Values are 

expressed as mean ± SD. For the analysis, Mann-Whitney-U Test was used (N=40). * = 

p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. ........................................................................................................................... 113 
Figure 4-22: Calcium waves of a cluster of ten astrocytes. 340/380 mark the different 

channels of the Leica microscope for the calcium detection. A: Calcium wave of Cas13 

control cells. Recording was performed over 21 min. Black arrows mark the time point 

of adding glutamate (10nM) to the cell media to induce a calcium wave. B: Calcium 

wave of Cas13 TSC1 50% cells. Recording was performed over 21 min. Black arrows 

mark the time point of adding glutamate (10nM) to the cell media to induce a calcium 

wave. ............................................................................................................................. 114 
Figure 4-23: Fura2am (Calcium stain) stained control Cas13 TSC1 astrocytes with no 

doxycycline induced TSC1 loss (CN). Each circle us the labelling on an astrocyte 

marked for calcium measurements. A: Astrocytes at the beginning of the recording. B: 

Astrocytes briefly after the glutamate treatment, astrocytes start losing their connections 

and shrink. C: Astrocytes at the end of the recording, cell shrinkage is clearly visible. D: 

Overlay of A and C to showcase cell movement during recording .............................. 114 
Figure 4-24: Fura2am (Calcium stain) stained Cas13 TSC1 astrocytes with 50% TSC1 

loss induced for 48 h. Each circle us the labelling on an astrocyte marked for calcium 

measurements. A: Astrocytes at the beginning of the recording. B: Astrocytes briefly 

after the glutamate treatment, astrocytes start losing their connections and shrink. C: 

Astrocytes at the end of the recording, cell shrinkage is clearly visible. D: Overlay of A 

and C to showcase cell movement during recording .................................................... 115 

Figure 4-25: Fura2am (Calcium stain) stained Cas13 TSC1 astrocytes with ~80% TSC1 

loss induced for 48 h. Each circle us the labelling on an astrocyte marked for calcium 

measurements. A: Astrocytes at the beginning of the recording. B: Astrocytes briefly 

after the glutamate treatment, astrocytes start losing their connections and shrink. C: 

Astrocytes at the end of the recording, cell shrinkage is clearly visible. D: Overlay of A 
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Figure 4-26: Calcium Staining of Cas13 control cells with Hoechst (blue), Fura2am 

(cyan) and ANXA5 (green). ANXA5 staining marks cell death via apoptosis (and 

marked with white arrows), while Fura2am stains intracellular calcium. Few cells in A, 

C and D show ANXA5 stained cell membrane indicating dying or dead cells. ........... 116 
Figure 4-27: Calcium Staining of Cas13 TSC1 50% cells with Hoechst (blue), Fura2am 

(cyan) and ANXA5 (green). ANXA5 staining marks cell death via apoptosis (and 

marked with white arrows), while Fura2am stains intracellular calcium. Several cells in 

show ANXA5 stained cell membrane indicating dying or dead cells. ......................... 116 
Figure 5-1: Volcano plot representation of differential expression gene (DEG) analysis 

for Inflammation correlating genes in the Prof. MacKeigan TSC Database. Analysed 

tissues were from TSC patient’s vs healthy controls. Green and blue points mark the 

genes with significantly increased or decreased expression respectively, while black 

marks the inflammation correlating genes in TSC patient’s vs healthy control. The x-

axis shows log2fold-changes in expression and the y-axis the log odds of a gene being 

differentially expressed. The TSC tumour renal angiomyolipoma (RA) samples were 

compared to healthy brain tissue and showed a significant upregulation of inflammation 

correlating genes. .......................................................................................................... 133 
Figure 5-2: Volcano plot representation of differential expression gene (DEG) analysis 

for Alzheimer's Disease (AD) correlating genes in the Prof. MacKeigan TSC Database. 

Analysed tissues were from TSC patient’s vs healthy controls. Green and blue points 

mark the genes with significantly increased or decreased expression respectively, while 

black marks the AD related genes in TSC patient’s vs healthy control. The x-axis shows 

log2fold-changes in expression and the y-axis the log odds of a gene being differentially 

expressed. The SEN/SEGA samples were compared to healthy brain tissue and showed 

a significant upregulation of the AD genes. .................................................................. 134 
Figure 5-3: Volcano plot representation of differential expression gene (DEG) analysis 

for Alzheimer's Disease (AD) correlating genes in the Prof. MacKeigan TSC Database. 

Analysed tissues were from TSC patient’s vs healthy controls. Green and blue points 

mark the genes with significantly increased or decreased expression respectively, while 

black marks the AD related genes in TSC patient’s vs healthy control. The x-axis shows 

log2fold-changes in expression and the y-axis the log odds of a gene being differentially 

expressed. The Tuber samples were compared to healthy brain tissue and showed a 

significant upregulation of the AD genes. .................................................................... 135 

Figure 5-4: Volcano plot representation of differential expression gene (DEG) analysis 

for Alzheimer's Disease (AD) correlating genes in the Prof. MacKeigan TSC Database. 

Analysed tissues were from TSC patient’s vs healthy controls. Green and blue points 

mark the genes with significantly increased or decreased expression respectively, while 

black marks the AD related genes in TSC patient’s vs healthy control. The x-axis shows 

log2fold-changes in expression and the y-axis the log odds of a gene being differentially 

expressed. The TSC tumour renal angiomyolipoma (RA) samples were compared to 

healthy brain tissue and showed a significant upregulation of the AD genes. .............. 136 
Figure 5-5: Scheme of neuronal differentiation of Cas13 TSC1 cells, time points of 

doxycycline treatment indicated with red arrows, treatment were for either 24 or 48h.
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Figure 5-6: Gene expression of urokinase markers in TSC1 neuronal stem cells during 

neuronal differentiation. A+D: uPA expression is non-significantly reduced in TSC1 -/- 

cells while the Cas13 TSC1 display a significant reduction of uPA expression after 

TSC1 induction for both conditions with the reduction was more severe in the 24h 

treatment. B+E: uPAR expression was significantly reduced in the TSC1 -/- cells while 

the Cas13 TSC1 cells show a reduction of uPAR expression in both conditions with 

significance for the 24h treatment.  C+F: tPA was non-significantly increased in the 

TSC1 -/- cells in comparison to control while the 24h treatment led to a non-significant 
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increase of tPA expression while the 48h treatment caused a significant decrease in the 

Cas13 TSC1 cells (N=3). Values are expressed as mean ± SD. Unpaired t-test were used 

for the data analysis of the homozygous cells, Shapiro-Wilk normality test was passed, 

while the Cas13 samples were analysed with a One-Way ANOVA. * = p-value of ≤ 

0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. ......... 146 

Figure 5-7: Gene expression of urokinase markers in TSC1 NPCs during neuronal 

differentiation. A+D: uPA expression is non-significantly increased in the TSC1 -/- 

cells, while the Cas13 TSC1 cells show a reduction of uPA expression for both 

conditions with significance for the 48-h treatment. B+E: The TSC1 -/- cells displays a 

significant expression increase of uPAR while the Cas13 TSC1 cells show a statistically 

non-significant reduction for both conditions (N=3). Values are expressed as mean ± 

SD. Unpaired t-test were used for the data analysis of the homozygous cells, Shapiro-

Wilk normality test was passed, while the Cas13 samples were analysed with a One-

Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, 

**** = p-value ≤ 0.0001. .............................................................................................. 147 
Figure 5-8: Gene expression of urokinase markers in TSC1 homozygous neurons. A+B: 

uPA and uPAR expression is increased in TSC1 -/- cells, with a significant increase for 

uPAR. E: tPA expression was significantly increased in the TSC1 cells (N=3). Values 

are expressed as mean ± SD. Unpaired t-tests were performed for the statistical analysis. 

* = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 
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Figure 5-9: Gene expression of urokinase markers in Cas13a TSC1 neurons. 

Heterozygous loss of TSC1 was induced at Day 8, 15 and 30 for either 24 or 48h. A+D: 

All conditions show a significant reduction of uPA expression for cells treated for 24h, 

the 48h treatment led to reductions in all conditions with significance at Day30. B+E: 

All conditions show a reduction of uPAR expression after TSC1 induction for both time 

lengths with significance for the cells treated at Day8 and Day15 (24h) or Day8 and 

Day30 (48h). C+F: All conditions show a significant decrease of SERPINE1 expression 

after TSC1 induction independent of treatment length. Values are expressed as mean ± 

SD. Data was analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 

0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. ............................................... 149 

Figure 5-10: Expression of urokinase markers during development of TSC1 -/- cells. A: 

uPA expression in TSC1 cells is non-significantly increased throughout the 

development. B: uPAR expression in the TSC1-/- cells is lower at Day 10 than in 

control and then increases while uPAR in control decreases during development. No 

significant difference between both cell lines.  C: tPA expression at Day 10 aligned 

between both cell line. While tPA levels decreased in control towards Day 20 and then 

increased again to Day 50, TSC1 cells show an increase of tPA towards Day 20 and 

then a slight decrease towards Day 20. Therefore, tPA levels were significantly 

increased in the TSC1 cells at Day 20 and Day 50 in comparison to control. Values are 

expressed as mean ± SD (N=3). Mixed-effect analysis with Sidaks-Test was performed 

for data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, 

**** = p-value ≤ 0.0001. .............................................................................................. 150 
Figure 5-11: Expression of urokinase markers during development of Cas13 TSC1 cells. 

A+D: uPA expression in Cas13 TSC1 cells is non-significantly decreased throughout 

the development for the 24h treated cells while the 48h treatment led to a significant 

reduction at Day 20. B+E: uPAR expression in the Cas13 TSC1 cells is continuously 

non-significantly lower than in control for both treatment lengths. C+F: tPA expression 

displayed no significant changes in the Cas13 TSC1 cells with exception of D10 for the 

48h treatment. Values are expressed as mean ± SD. Mixed-effect analysis with Sidaks-

Test was performed for data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** 
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Figure 5-12: Gene expression of urokinase regulators in TSC1 neuronal stem cells. 

A+C: Expression of SERPINE1 is non-significantly reduced in TSC1 -/- cells, while the 

Cas13 TSC1 cells display a significant reduction of SERPINE1 levels in both 

conditions. B+D: SERPING1 is significantly reduced in TSC1 -/- cells while the Cas13 

TSc1 cells display a non-significant reduction (N=3). Values are expressed as mean ± 

SD. Unpaired t-test were used for the data analysis of the homozygous cells, while the 

Cas13 samples were analysed with a One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-

value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001............................... 152 
Figure 5-13: Gene expression of urokinase regulators in TSC1 NPCs. A+C: The TSC1 -

/- cells displayed a non-significant increase of SERPINE1 levels, while the Cas13 cells 

showed a reduction of SERPINE1 expression in both conditions with significance for 

the 48h treatment. B+D: SERPING1 in the TSC1 -/- cells was non-significantly 

increased while the Cas13 TSC1 cells showed no expression change for the 24h 

treatment and a non-significant increase in expression for the 48h treatment. Values are 

expressed as mean ± SD. Unpaired t-test were used for the data analysis of the 

homozygous cells, while the Cas13 samples were analysed with a One-Way ANOVA. * 

= p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. ........................................................................................................................... 153 

Figure 5-14: Gene expression of urokinase regulators in TSC1 neurons. A: The TSC1 -

/- cells displayed a non-significant decrease of SERPINE1 levels. B: SERPING1 in the 

TSC1 -/- cells was non-significantly increased. Values are expressed as mean ± SD. 

Data was analysed via t-test. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-

value: ≤ 0.001, **** = p-value ≤ 0.0001. ..................................................................... 154 

Figure 5-15: Gene expression of urokinase regulators in the Cas13a TSC1 neurons. 

Heterozygous loss of TSC1 was induced at Day 8, 15 and 30 for either 24 or 48h. A+C: 

All conditions show a decrease of SERPINE1 expression after TSC1 induction with 

significance for the 24h treatments. B+D: All conditions of the 24h treatment led to a 

significant increase of SERPING1 expression while the 48h treatment led to significant 

reductions of SERPING1 levels. Values are expressed as mean ± SD. Data was 

analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-

value: ≤ 0.001, **** = p-value ≤ 0.0001. ..................................................................... 154 

Figure 5-16: Expression of urokinase regulators during development in TSC1 -/- cells. 

A: SERPINE1 expression is non-significantly decreased in the TSC1 cell line at Day 

10, while its expression at Day 20 and Day 50 aligns to control. B: SERPING1 

expression is significantly decreased at Day 10 in the TSC1 cells and then aligns 

towards the control at later time points. Values are expressed as mean ± SD. Mixed-

effect analysis with Sidaks-Test was performed for data analysis. * = p-value of ≤ 0.05, 

** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. .................. 155 
Figure 5-17: Expression of urokinase regulators during development of Cas13 TSC1 

cells. A+C: SERPINE1 expression is non-significantly decreased in the Cas13 TSC1 

cell line throughout the differentiation in comparison to control for both conditions. 

B+D: SERPING1 expression is non-significantly decreased at Day 10 in the 24h TSC1 

cells, aligns at the NPC stage to the control and is then significantly increased at Day 50 

while the 48h cells display a significant decrease at Day 50 and non-significant increase 

at Day 20 in the TSC1 cells to the control.  Values are expressed as mean ± SD (N=3). 

Mixed-effect analysis with Sidaks-Test was performed for data analysis. * = p-value of 

≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. ...... 156 
Figure 6-1: Scheme of the FOXG1-Urokinase Pathway-Interaction with TSC1 being 

one of the essential players. .......................................................................................... 178 
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Abstract 

Tuberous sclerosis complex (TSC) is caused by mutations in the genes TSC1 or TSC2 and is a 

rare genetic disorder. These mutations result in loss of function of the respective gene, thus 

leading mammalian target of rapamycin complex 1 (mTORC1) overactivity. TSC is a multi-

organ disorder with known comorbidities such as glia tumours, epilepsy, autism spectrum 

disorder (ASD) or psychiatric disorders. Despite this, it is still unknown what molecular and 

developmental changes are occurring in the patient brain. Alzheimer’s Disease (AD) is 

neurodegenerative disease and the most common form of dementia. Literature research suggests 

that similar molecular pathways are dysregulated in both AD and TSC and this project is aiming 

to identify commonalities in the developmental, autophagy and inflammation related markers. 

Human induced pluripotent cells (iPSCs) enable human astrocytes and neurons to be cultured 

in vitro, thereby circumventing developmental and genetic differences of an animal model 

compared to humans, and they allow the generation of neurons and astrocytes; cell types which 

are otherwise inaccessible from humans due to major ethical concerns unless post-mortem. By 

using two CRISPR-based techniques CRISPR-Cas9 and CRISPR-Cas13a systems, both 

knockout and knockdown models for TSC1 were generated. These cell lines underwent 

neuronal differentiation to identify changes in developmental and autophagy markers similar to 

AD and a database analysis of TSC patients identified further target genes/pathways which were 

common between both disorders. The TSC1 cell models were used to generate neurons to 

investigate the effect of TSC1 loss on neuronal development. While the knockout model creates 

a chronic loss of TSC1, the knockdown model enabled controlled reduction of TSC1 mRNA at 

different timepoints of development for brief periods. Expression of developmental, 

inflammation, autophagy and urokinase pathway marker genes were tested at different 

timepoints of the neuronal development. Astrocytes generated from Cas13 cells, where the 

TSC1 knockdown was induced at different levels, demonstrated excitotoxicity as well as 

dysregulated calcium signalling. The dysregulation of the analysed marker genes seen in both 

TSC1 models is consistent to that previously reported in both TSC and AD, strengthening the 

overlap between both disorders. Overall, both TSC1 cell models displayed significant 

dysregulation of markers throughout the development, demonstrating the importance of TSC1 

expression for neuronal differentiation as acute loss caused significant dysregulation for weeks 

after the treatment. As these dysregulated markers align with observed AD pathology, this 

strengthens the hypothesis of that the TSC pathway will be an interesting target for future AD 

research and potential treatment.  
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1. General Introduction 
 

1.1. Overview 

TSC is a genetic disorder derived from heterozygous and dominant mutations in the 

causative TSC genes (TSC1 and TSC2). The birth incidence is around 1:6000-1:10000, 

leading to an estimated number of 1 million affected individuals worldwide, involving all 

racial and ethnic groups (Franz et al. 2010). Characteristically, TSC affects several organs 

throughout the body, causing abnormalities of the skin, brain, kidney, heart, and lungs 

(Northrup et al. 2018). Since several organs are affected by TSC, the disease has several 

comorbidities; especially neurological ones. Studies have shown that impaired autophagy 

is part of the TSC phenotype, a consequence of mTORC1 overactivity (Rosset et al. 2021), 

thus leading to the suggestion to count TSC as a neurodegenerative disease (Di Nardo et 

al. 2014). AD, a common neurodegenerative disease, was found to display altered 

expression of TSC and mTORC1 overactivity (Caccamo et al. 2013; Wang et al. 2013; Cai 

et al. 2015), thus identifying TSC1 and TSC2 as potential treatment targets for AD 

(Ferrando-Miguel et al. 2005). Studies have shown abnormal neuronal development of 

TSC cells, highlighted by the dysregulation of NPC and neuronal markers, several of which 

are also known to be dysregulated in AD. Therefore, the gene expression of these markers 

was analysed in both TSC1 CRISPR- Cas9 and CRISPR-Cas13a cells in an attempt to 

identify both sensitive timepoints in neuronal development as well as the effect TSC1 loss 

has as the majority of studies focuses on TSC2, since its mutations are more common in 

patients (Jones et al. 1999). Consistent with literature, a database analysis of TSC patients 

demonstrated a significant upregulation of inflammation related genes, several of which 

also align with AD. Upregulation of several AD-related genes in the TSC patients was 

found. The database analysis highlighted two targets, which were then analysed in both 

TSC1 cell lines during this project: inflammation related genes and SERPING1, a member 

of the urokinase pathway. The latter was investigated under a collaboration with Prof. 

Maija Castren from the University of Helsinki. 

Furthermore, as glutamate excitotoxicity has been established in both TSC and AD, the 

aim was to identify if acute TSC1 loss in astrocytes would also demonstrate that phenotype 

or if TSC loss needs to occur during the development of the cells (Wong et al. 2003; Zeng 

et al. 2007; González-Reyes et al. 2017). 
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1.2. Genetic background of Tuberous Sclerosis Complex (TSC) 

TSC occurs due to a dominant inactivating mutation in either the TSC1 gene (coding for the 

protein Hamartin, identified in 1997) (Van Slegtenhorst et al. 1997) or the TSC2 gene (coding 

for Tuberin, identified in 1993) (Consortium 1993). Both the Hamartin and Tuberin protein 

were renamed to TSC1 and TSC2, respectively. Both TSC1 and TSC2 protein interact to form 

a complex responsible for inhibiting the small GTPase protein, Ras homologue enriched in 

brain (Rheb), to control the activity of mTORC1 (Zhang et al. 2003). mTOR is a highly 

conserved protein kinase regulating protein synthesis, cellular metabolism, cell differentiation 

and growth as well as cell migration. There are two different mTOR complexes which differ in 

function. mTORC1 has a cofactor known as regulatory-associated protein of mTOR  (Raptor) 

which activates the protein kinase domain of mTOR leading to an increased mRNA 

transcription and protein synthesis (Franz et al. 2010). The other mTOR complex is called 

mTORC2 and its cofactor rapamycin-insensitive companion of mTOR (Rictor). The activity of 

the mTORC2 kinase complex is unaffected by Rheb, and regulates protein synthesis separately 

from mTORC1 (Zhang et al. 2003).  TSC1/TSC2 functions as a GTPase activating protein 

(GAP) towards Rheb to convert active GTP-bound Rheb to an inactive GDP-bound Rheb. 

Rheb-GTP is necessary for activation of mTORC1. Therefore, in the absence of TSC1/TSC2, 

Rheb becomes GTP-bound, driving mTORC1 hyper-activation, thus causing abnormal cellular 

proliferation and differentiation, thereby producing the hamartomatous lesions of TSC. 

Absence of TSC complex  causes hyperactivation of mTORC1 which when turns insensitive to 

growth factor stimulation while remaining responsive to changes in amino acids (AA) levels 

(Menon et al. 2014). 
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1.3. Comorbidities of Tuberous Sclerosis Complex 

Since several organs throughout the body are affected by TSC, the disease has several 

comorbidities; especially neurological ones. The first, most frequent comorbidity is epilepsy 

(in over 80% of the affected TSC individuals), a common chronic neurological disorder 

characterized by recurrent unpredictable seizures (Chong et al. 2010). The mTOR signalling 

pathway is implicated in TSC epilepsy. Mutations of TSC1 and TSC2 that act upstream of the 

mTOR lead to a high incidence of the neurological disorder (Waltereit et al. 2006). Rapamycin 

treatment that inhibits the mTOR pathway alleviates structural abnormalities and reduces 

seizures in TSC mouse models (Zeng et al. 2008), suggesting that the overactive mTOR 

expression interferes with normal brain development and leads to epilepsy. Another 

comorbidity of TSC is ASD, affecting up to 25% of patients (Gipson et al. 2013). However, the 

risk factors for ASD in the TSC population are still controversial. Epilepsy is considered as a 

potential risk factor for ASD in TSC patients, especially when epilepsy starts early and with 

infantile spasms (Gipson et al. 2013). Several reports have indicated infantile spasms as 

indicators for developing autism in children with TSC (Gutierrez et al. 1998; Kaczorowska et 

al. 2011). The localization of cortical tubers was identified as another risk factor for developing 

ASD in TSC patients, as tubers in the frontal and temporal cortex were associated with ASD 

(Numis et al. 2011). Finally, intellectual disability (ID) is considered a comorbidity for ASD in 

patients with TSC (Gutierrez et al. 1998; Van Eeghen et al. 2013). Noteworthy, studies about 

potential ASD genes have shown that TSC2 mutations seem to be frequently associated with 

ASD, regardless the mutation type (Numis et al. 2011). Other psychiatric disorders like Anxiety 

Disorders (PTSD, panic disorder or Anxiety), ADHD or behavioural disorders (like self-harm 

or obsessive-compulsive behaviour) are also common among TSC patients (Chung et al. 2011). 

Furthermore, there have been reports that patients with TSC have a phenotypic overlay with 

frontotemporal dementia (Liu et al. 2020) while a cohort study of TSC patients in Taiwan found 

dementia as a reoccurring comorbidity (Hong et al. 2016). Thus, an increased risk for 

neurodegenerative diseases in TSC patients could be assumed. 
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1.4.  Effect of TSC on neurons and their development 

As described previously, TSC demonstrates a variability of neuronal and cognitive deficits in 

patients. Patients with mutations in either TSC1 or TSC2 experience neurological comorbidities 

such as epilepsy, autism spectrum disorder, intellectual disability, or psychiatric disorders such 

as ADHD or behavioural disorders like obsessive-compulsive behaviour. Tubers (TUBs) are 

detectable in ~80–90% of TSC patients and  their pathology seems to correlate with 

neurocognitive deficits and autistic symptomatology (Ruppe et al. 2014). TUBs are 

malformations and are classified as a major feature for TSC diagnosis and most frequently 

found within the cerebral cortex (Feliciano 2020). They are regions of cortical dysplasia with 

abnormal neurons that have either adapted the wrong identity, are enlarged, and can be 

dysmorphic. Abnormal neurons are intermixed with seemingly normal-looking neurons and 

there can also be the occurrence of giant-cells (Feliciano 2020). The dysplastic neurons in the 

TUBs still express exclusively neuronal markers, form functional synaptic contacts, and can 

generate action potentials. In contrast, giant cells have an undifferentiated neural progenitor 

phenotype, expressing both neuronal and glial markers, do not form synaptic contacts, and are 

unable to generate action potentials (Cepeda et al. 2003; Ruppe et al. 2014). Other types of 

TSC brain lesions are subependymal giant cell astrocytoma (SEN/SEGAs), the occurrence of 

SEN/SEGAs and TUBs as well as epilepsy among other factors are significantly associated 

with mental retardation in the patient (Gül Mert et al. 2019). The histopathology of SEGAs 

consists of spindle cells, gemistocytic-like cells, and giant cells and they belong to the astrocytic 

neoplasms, despite showing both glial and neuronal expression patterns (Bongaarts et al. 2017). 

SEGAs develop from SENs (Hulshof et al. 2022), and there are still many questions about the 

molecular mechanisms underlying their progressive growth (Bongaarts et al. 2017).  

The loss of either TSC1 or TSC2 leads to overactivation of mTORC1 which downstream effects 

include activation of the translational apparatus through inactivation of 4E-BP1 and activation 

of p70S6K and its downstream target S6K1. Additionally, mTORC1 signalling is required for 

normal neuronal development and function, and dysregulation of this pathway impairs the 

development of neural circuits at multiple levels. Animal models demonstrated that upregulated 

mTORC1 signalling due to loss of TSC1/TSC2 activity leads to changes in the neuronal 

phenotype including increased neuronal size, altered dendritic arborizations and spine 

formation, enhanced glutamatergic neurotransmission (Goto et al. 2011), altered axonal 

pathfinding and growth (Choi et al. 2008), as well as impaired synaptic plasticity (Bateup et al. 

2011; Ruppe et al. 2014).  
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The degree of mTORC1 pathway hyperactivation seems to correlate with the severity of 

neurologic dysfunction especially regarding epilepsy and the behavioural abnormalities. 

Studies have shown that the use of the mTORC1 inhibitor rapamycin improves seizures and 

cognitive deficits in TSC mouse models (Ehninger et al. 2008; Goto et al. 2011). While 

mTORC1 activity increases in TSC, mTORC2 activity decreases though there are still 

uncertainties about its specific role in the disease pathogenesis. Inactivation of mTORC2 

signalling occurs via the deletion of Rictor (rapamycin insensitive component of mTOR), and 

the group of Carson et al. demonstrated that a loss of mTORC2 via conditional Rictor deletion 

results in significant hypomyelination in their TSC mouse model as well as TSC reminiscent 

behavioural abnormalities, despite the lack of brain abnormalities or altered cortical layering 

(Carson et al. 2013). The mice demonstrated disorganized axonal projections and an overall 

increase in axonal connectivity in the TSC brain, especially within cortical tubers. Additionally, 

the mice presented an excitatory phenotype and the capability to form abundant synaptic 

contacts, suggesting an increased local excitatory innervation similar to the studies reporting 

increased synaptic excitation in human TSC (Cepeda et al. 2010; Ruppe et al. 2014).  
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1.5. Alzheimer´s Disease (AD) 

Dementia is a chronic neurodegenerative disease leading to a constant decline of cognitive 

function and memory, interfering with the ability to perform activities of daily living (Merck et 

al. 1899). Dementia mainly affects elderly people above 60 years. Dementia is diagnosed when 

a cognitive decline occurs unexplainable by delirium or major psychiatric disorder. The 

cognitive or behavioural impairment involves at least two of the following criteria: impaired 

ability to acquire and remember new information. In addition, impaired reasoning and handling 

of complex tasks and poor judgment of, for example, safety risks or finances are also major 

symptoms of dementia. Further symptoms are impaired language functions (speaking, reading, 

writing) and changes in personality and behaviour (agitation, apathy; loss of empathy and 

compulsive or obsessive behaviours) (McKhann et al. 2011).  

AD is a progressive, incurable disease leading to the loss of cognitive function and memory. 

Hallmarks of AD are extracellular senile plaques and intracellular neurofibrillary tangles 

(NFTs) (Merck et al. 1899). AD is the most common form of dementia (80% of all dementia 

cases), affecting more than 50 million people (Date: 2019) with a continuous increase of cases 

expected in the upcoming decades (Net 2019). AD is separated into two categories: early onset 

which is often familial (mostly caused by genetic mutations of either APP, Presenilin 1 or 2 

(PSEN1/2)) (Chávez‐Gutiérrez et al. 2012) or late-onset dementia which is mostly spontaneous 

and for which apolipoprotein E (APOE) mutations are a risk factor (Rabinovici 2019). Senile 

plaques, one of the major pathological lesions in AD brains, are extracellular deposits of 

amyloid β (Aβ), making amyloid a hallmark for AD. Aβ is generated by the cleavage of amyloid 

beta precursor protein (AβPP) by β and γ-secretases, the generated monomers rapidly form 

soluble prefibrillar and fibrillar oligomers prior to further aggregation, leading to insoluble 

plaques (Zhang et al. 2010). The second hallmark of AD is hyperphosphorylated TAU which 

aggregates to neurofibrillary tangles (NFTs). TAU protein is part of the microtubule-associated 

proteins (MAPs) family, and it is thereby an essential molecule for the assembly and 

stabilization of microtubular cytoskeleton (Weingarten et al. 1975). TAU was identified as a 

component of paired helical filaments (PHFs) which comprise NFTs in AD (Guillozet et al. 

2003). NFTs in AD brains better correlate with neurodegenerative changes, cognitive decline 

and disease duration (Guillozet et al. 2003), and the tangles have long be considered toxic 

(Ballatore et al. 2007). TAU toxicity includes the phosphorylation-induced loss of function of 

TAU (i.e. impaired microtubule binding), as well as the gain of function (i.e. an increased 

tendency for oligomerization), reducing the levels of functional TAU and thus disrupts normal 

microtubule-based functions (Johnson and Stoothoff 2004).  
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Neuropathological diagnosis of AD is conventionally preformed postmortem via the 

assessment of the spatial occurrence of NFTs described by the Braak stages. Braak stage 0 

contains all pathology free cases; Braak 1-2 has mild tau pathology but are not classified as 

AD, this level of tau is currently believed to be the result of aging (see Figure 1-1). Intermediate 

cases are described in the stages 3-4, and severe degrees of AD are included in the stages 5-6 

(Braak and Braak 1995; Thal et al. 2010). Important to remark are the differences in location 

of origin and progression of tau and amyloid beta. Soluble oligomeric Aβ was found to induce 

selective neurodegeneration in the brain. In vivo and in vitro studies demonstrated that 

oligomeric soluble Aβ is toxic towards central nervous system (CNS) neuronal cells in both in 

comparison to fibrillary Aβ (Lambert et al. 1998; Walsh et al. 2002; Kim et al. 2003). Other 

studies found that soluble forms of Aβ exhibited strong neurotoxicity and that increased soluble 

Aβ can block long-term potentiation which may underlie the failure of memory in AD (Lambert 

et al. 1998; Walsh et al. 2002). Synapses, specifically the postsynaptic compartment, are the 

prime targets of Aβ toxicity (Selkoe 2002). Accordingly, acute Aβ exposure leads to synapse 

and spine loss, inducing long-term depression (LTD) and impairs long-term potentiation (LTP) 

(Shankar et al. 2008).  

 

 

 
Figure 1-1: Plaque and tangle distribution at different stages of AD progression (Braak staging) (Wolf 

2007); the yellow/orange shades describe the distribution of the proteins with darker colours indicating a 

stronger pathology in the brain regions 
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1.6. Consequence of TSC loss: mTOR overactivity  

In the absence of TSC1/TSC2, Rheb becomes GTP-bound thus driving mTORC1 hyper-

activation (Menon et al. 2014). mTOR has several functions in the cell, among them protein 

degradation. Normally, misfolded, or unnecessary proteins are degraded via two major 

pathways: (i) the ubiquitin-proteasome pathway, in which proteins bind with a ubiquitin chain 

and are rapidly degraded by a proteasome, or (ii) the lysosomal pathway, in which the protein 

is enveloped by a protease containing lysosome. Under nutrient and energy starvation 

conditions autophagy is induced, targeting cellular components to be broken down and recycled 

to regenerate the building blocks for new rounds of protein synthesis. One of the primary known 

functions of mTORC1 is the suppression of autophagy (B. Jahrling and Laberge 2015). Loss of 

function of the TSC1/2 tumour suppressor complex inhibits autophagy (see Figure 1-2) in 

neurons, due to the increased activity of mTORC1 and thus supressing the autophagy initiating 

kinase ULK1 via phosphorylation. Previous studies have indicated that loss of TSC1/2 in 

neurons results in increased stress detrimental for neuronal homeostasis: higher susceptibility 

to endoplasmic reticulum and oxidative stress as TSC1/2-dependent inhibition of mTORC1 is 

required to regulate autophagy in response to reactive oxygen species. TSC has never been 

classified as a neurodegenerative disease, though the increased stress response together with 

the accumulation of autophagic organelles could hint that uncleared protein aggregates and 

cellular debris may contribute to the altered neuronal morphology and survival (Di Nardo et al. 

2014). M. Taneike et al. indicate that autophagy via the TSC1-mTORC1 signalling pathway 

plays an important role in maintenance of cardiac function and mitochondrial quantity and size 

in the heart (Taneike et al. 2016). Indication of autophagy impairment in post-mortem brain 

tissue also occurs in various neurodegenerative diseases wherein autophagosomes are 

inadequately cleared (B Jahrling and Laberge 2015).  

 

mTOR overactivity is also found in AD. Several factors ranging from lifestyle e.g., diet and 

exercise to diseases such as diabetes or vascular disease can result in increased mTORC1 

activity (see Figure 1-1). While this would lead to increased cell survival and proliferation in 

healthy conditions and patients, the increased mTORC1 activity in AD has different 

consequences. In AD, the mTOR pathway is disrupted in lymphocytes, correlating associated 

cognitive decline and reduced responsiveness to rapamycin (Paccalin et al. 2006; Yates et al. 

2013). Additionally, mTOR activity was found to closely correlate with Aβ build-up, increased 

Aβ presence led to increased mTOR signalling, whereas decreased mTOR signalling reduced 

Aβ levels (Caccamo et al. 2010).  
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Furthermore, Caccamo et al. demonstrated that mTOR regulates TAU phosphorylation and 

degradation and mTOR overactivity in mice elevates TAU levels and phosphorylation, thus 

highlighting the importance of mTOR in AD (Caccamo et al. 2013) and other tauopathies 

among TSC is included as an infantile tauopathy (Sarnat and Flores-Sarnat 2015). Further 

studies demonstrated the up regulation of various components of the mTORC1 pathway in AD 

(An et al. 2003; Götz et al. 2004) as well as its link to disrupted removal of Aβ and 

phosphorylated TAU, leading thereby to synaptic loss and cognitive decline in AD due to a 

feedback inhibition of insulin and insulin like growth factor (IGF1) responses (Heras-Sandoval 

et al. 2014). These studies demonstrated the possible therapeutic approach of using mTOR 

inhibitors (such as rapamycin) for treating AD by reducing the tauopathies and amyloid build-

up (Caccamo et al. 2011; Caccamo et al. 2013), thus resulting in the suggestion that TSC would 

be a suitable therapeutic target for AD (Ferrando-Miguel et al. 2005). Part of AD pathology is 

cognitive decline and memory loss, both of which were found to be affected by mTORC1 

activity. Several studies demonstrated the importance of mTORC1 for late-phase long-term 

potentiation (LTP) (Swiech et al. 2008), while the mTOR inhibitor rapamycin can impair long-

term consolidation of rodent fear memory (Parsons et al. 2006). mTOR activity appears 

necessary to memory, however hyperactive mTOR is disrupting memory formation (B Jahrling 

and Laberge 2015). The investigation of a TSC mice model demonstrated that the animals 

exhibited both overactive mTORC1 and memory impairment, both were treatable by rapamycin 

(Ehninger et al. 2008); human patients with either TSC1 or TSC2 mutations exhibit similar 

symptoms. 

 

 

 

 

 

 

 

 

 

 

Figure 1-2: Model of mTOR pathway effect in the human brain in TSC and AD (marked in red) and 

under healthy conditions (marked in black). TSC loss leads to mTORC1 overactivity and consequently 

decreased autophagy and synaptic connections while inflammation, excitotoxicity, and phospho-TAU 

increase. Under healthy conditions, insulin and hypoxia are among several factors inducing mTORC1 

activity to increase cell survival and proliferation. 
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1.7. Common mechanisms between TSC and AD 

 

1.7.1. Neuroinflammation 

One mechanism through which TSC activity might affect dementia, next to autophagy, would 

be inflammation. Microglia make up 5-12% of all glia cell in the human adult CNS (Mammana 

et al. 2018). Inflammatory conditions are mainly characterized by activation of macrophages 

and monocytes leading to an increased release of pro-inflammatory markers such as IL6 or 

IL1β. In AD, it was demonstrated that microglia can support disease progression (Mammana et 

al. 2018). Aβ-40 and Aβ-42 cause neuronal damage when microglia are present (Giulian 1999). 

Microglia react to Aβ peptides and promote their clearance through the release of cytotoxic 

factors, which initiate the phagocytosis of these peptides (Koenigsknecht and Landreth 2004). 

In the early disease stages of AD, microglia activation promotes Aβ clearance via their 

scavenger receptors, though continuous microglia activation is known to lead to the release of 

pro-inflammatory cytokines, thus resulting in neuronal death (Wang et al. 2015). The inhibition 

of Aβ-induced microglial activation can reduce the inflammatory cytokines production and 

lower Aβ deposition (Liu and Bian 2010); suggesting that Aβ indirectly contribute to activation 

of inflammatory systems, leading to AD progression (Wang et al. 2015). Aβ binding to the 

microglial cells induces the expression of pro-inflammatory genes resulting in the elevation of 

pro-inflammatory cytokine levels such as of TNFa, or IL1ß which lead to TAU hyper-

phosphorylation and neuronal loss (Wang et al. 2015).  

 

Studies suggest that continuous inflammation can lead to proinflammatory cytokines in the 

CNS by crossing the blood brain barrier (BBB), thereby contributing to cognitive decline in 

AD patients (Perry et al. 2007; Holmes et al. 2009). In TSC, microglia exhibit an increased 

secretion of proinflammatory cytokines and an impaired rate of M2 polarization (Byles et al. 

2013). Evidence suggests an important role for mTORC1-mediated feedback inhibition of Akt 

signalling in TSC1 deficient bone marrow-derived macrophages because treatment with 

rapamycin and  myc-Akt expression restored the Akt activation as well as rescuing the M2 gene 

expression (Byles et al. 2013). The group of Thomas Weichhart investigated whether mTOR 

influences cytokine expression and if rapamycin would affect that pathway. They demonstrated 

that rapamycin regulates the balance of IL-12 and IL-10 after mTOR hyper-activation due to 

bacterial stimulation.  
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Also, other cytokines were affected, IL-12p40 and TNF-production were reduced; IL6 

production was partly inhibited in TSC2-silenced cells, whereas IL10 was increased. NF-kB, a 

crucial regulator of proinflammatory responses, has enhanced activation in primary human 

monocytes after treatment with rapamycin, indicating that mTOR negatively regulates NF-kB 

(Weichhart et al. 2008). Additionally, mTOR inhibition seems to prevent BBB breakdown by 

cytokines in several models of age-associated neurological disorders, suggesting an important 

role of mTOR in BBB dysfunction in age-related brain disease states (Van Skike and Galvan 

2018).  

 

 

1.7.2. Neuroinflammation and Autophagy 

Impaired autophagy can affect neuroinflammation, as impaired TAU clearance can trigger 

inflammation responses from microglia (Bellucci et al. 2004; Yoshiyama et al. 2007; Laurent 

et al. 2017), thus being another commonality between TSC and AD. In AD, reactive astrocytes 

are essential in neuroinflammation due to their release of pro-inflammatory mediators and 

cytotoxic molecules (Heneka et al. 2015). Additionally, astrocytes also play a role in 

phagocytosis, which may attenuate pathology through uptake and clearance of protein 

aggregates (Cahoy et al. 2008) as it had been shown for Aβ in several studies (Wyss-Coray et 

al. 2003; Basak et al. 2012), but there are still many open questions about the ability of 

astrocytes to modulate TAU pathology (Martini-Stoica et al. 2018). The uptake of 

hyperphosphorylated TAU by astrocytes during synapse degeneration was shown in a TAU 

model (De Calignon et al. 2012). The possibility of TAU spreading from neuron to astrocyte 

or even glia to glia has been suggested in some tauopathies such as progressive supranuclear 

palsy (PSP) and corticobasal degeneration (CBD) (Narasimhan et al. 2017). Defects in the 

lysosomal pathway can occur with aging (Wolfe et al. 2013) and lysosomal dysfunction alone 

results in the accumulation of aberrant TAU (Nixon 2004). Transcription Factor EB (TFEB) is 

a ubiquitously expressed transcription factor whose activation leads to stimulation of lysosomal 

biogenesis and autophagy, resulting in the breakdown of proteins and lipids for nutrients 

(Settembre et al. 2011; Martini-Stoica et al. 2018). Furthermore, TFEB promotes clearance of 

aberrant storage material in lysosomal storage disorders (Medina et al. 2011; Palmieri et al. 

2017). CNS expression of TFEB results in clearance of aberrant TAU species in TAU 

transgenic mice, though this was primarily attributed to an intraneuronal/cell autonomous 

mechanism (Polito et al. 2014). Martini-Stoica et al. demonstrated a functional role for 

astroglial TFEB for stimulating uptake and clearance of aberrant extracellular TAU thereby 

preventing neuronal spreading of TAU pathology in a mouse model of tauopathy.  
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They found that enhancement of the lysosomal pathway in astrocytes through TFEB 

overexpression could mitigate disease progression and reduce TAU spreading, but it had mixed 

results in TAU pathology in their mice models. TFEB activation has been linked to lysosomal 

stress and the accumulation of aberrant protein aggregates (Martini-Stoica et al. 2018). Its 

activation is a known consequence of lysosomal stress/dysfunction (Sardiello et al. 2009), 

whether due to normal aging or AD–related mutations (Wolfe et al. 2013). TFEB seems to be 

activated in tauopathies since transcriptional up-regulation of TFEB and several of its 

lysosomal target genes in astrocytes from whole brain samples has been demonstrated (Martini-

Stoica et al. 2018). Several factors such as the presence of aberrant extracellular TAU, as well 

as signals from a stressed neuron, or secreted inflammatory molecules could cause astroglial 

TFEB activation. Martini-Stoica et al. also suggested that astroglial TFEB overexpression may 

also indirectly impact disease pathogenesis via neuron-astrocyte interaction or 

neuroinflammation modulation although this hasn’t been investigated yet (Martini-Stoica et al. 

2018). Autophagy plays crucial roles during neurodevelopment and neurogenesis, as well as in 

the synaptic zone; autophagy seems to be implicated in axonal dystrophy following excitotoxic 

damage and axotomy but also in dysfunctional axons in diseases like Huntington Disease (HD) 

or AD. Neuronal autophagy plays a protective role in the CNS, by being involved in protein 

turnover and removal of damaged proteins through lysosomal degradation. Also, neuronal 

autophagy has been implicated to play a role in neuronal death as observed in several 

pathological conditions (Muller et al. 2017). 

 

 

 

 

1.7.3. Disrupted autophagy in TSC and AD  

As discussed previously, disrupted autophagy is a commonality between TSC and AD. Both 

disorders also share several altered gene expressions related to autophagy due to their 

connection to mTOR. RB1CC1 (a tumour repressor gene) is functionally connected to TSC1 

and can cause neuronal atrophy by insufficient expression through mTORC1 signalling 

alteration and there is the evidence that it is also involved in the pathology of AD (Chano et al. 

2007). RBC1CC1 is a known interactor with ULK1 (Hara et al. 2008) and it was demonstrated 

that knockdown of RBC1CC1 reduces mTORC1 activity (Chano et al. 2007). Additionally, 

researchers suggested the targeting of the TSC1/TSC2 complex signalling pathway as a 

potential future treatment for AD, since post-mortem AD patient brains had reduced levels of 

TSC resulting in mTORC1 over activity (Ferrando-Miguel et al. 2005). Activity alterations of 

mTOR influences various protein pathways next to cytokine expression or autophagy.  
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ULK1 is a serine/threonine kinase promoting autophagy signalling and it has been shown that 

mTORC1 associates with the ULK1-ATG13- RB1CC1 complex through Raptor-ULK1 

binding. Through the interaction with the ULK1-ATG13-RB1CC1 complex, phosphorylation 

of both ULK1 and ATG13 through mTORC1 occurs, which represses ULK1 kinase activity to 

inhibit autophagy. A signalling feedback-loop was demonstrated, showing that ULK1 can 

directly phosphorylate Raptor on multiple sites to inhibit mTORC1 signalling (see Figure 1-3) 

by impeding substrate binding during nutrient limitation, thereby repressing protein synthesis 

and cell growth (Dunlop et al. 2011; Wong et al. 2013).  It was further shown that 

overexpression of ULK1 increased mTORC1 catalytic activity, demonstrated by increased 

phosphorylation of mTOR Ser2481 and Raptor Ser863. This occurred simultaneously with a 

decrease in phosphorylation of mTORC1 substrates, suggesting that inhibition of substrate 

access to mTORC1 by ULK1 is preventing mTORC1 signalling, despite its heightened kinase 

activity (Dunlop et al. 2011). A study working on neurons with TSC2 knockdown thanks to 

shRNA interference has shown a surprising autophagy dysfunction associated with loss of 

TSC1/2 and the molecular mechanism underlying these defects. In contrast to the expected 

inhibition of autophagy arising from mTOR overactivity due to the loss of TSC1/2, the group 

showed evidence that TSC2-knockdown neurons display increased accumulation of 

autolysosomes and autophagic activity through AMPK-dependent activation of ULK1 (Di 

Nardo et al. 2014). 

 

Glycogen is a critical source of energy supply in cells. Glycogen homeostasis is regulated by 

opposing pathways governing glycogen synthesis and degradation, the homeostasis is disrupted 

in multiple diseases (Vilchez et al. 2007; Zois et al. 2014). Altered glycogen homeostasis in 

astrocytes is linked to several seizure disorders. Impaired glycogen metabolism is also a critical 

component of tumour formation.  Insulin triggers inhibitory phosphorylation of glycogen 

synthase kinase-3 (GSK3α/ß), leading to dephosphorylation and activation of GSK3 (Zhang et 

al. 2006; Bouskila et al. 2010). In the absence of a functional TSC complex, GSK3ß is 

phosphorylated and inactivated by S6K1, evidence of aberrant phosphorylation of GSK3ß in 

human and animal tissues with deficient TSC has been demonstrated (Pal et al. 2019). This 

leads to dysregulation of GSK3 substrates and the contribution of the continuous proliferation 

of TSC-deficient cells despite the absence of growth factors (Zhang et al. 2006). mTORC1 

hyperactivity leads to decreased autophagosome formation and autophagic impairment by 

ULK1 inhibition. Glycogen accumulates in patients and models with TSC via impaired 

clearance of glycogen by the autophagy-lysosome pathway. 

 



 15 

That aberrant glycogen storage in TSC is caused by impairment of mTORC1-GSK3ß-

dependent and -independent pathways, depending on the specific mutation in the TSC-encoding 

gene. Research suggests that GSK3 phosphorylation, performed by S6K1, is independent of 

PI3K, but a downstream target of mTORC1 in TSC-deficient cells (Zhang et al. 2006). GSK3 

activity changes have been associated with several neurodegenerative or psychiatric 

diseases, such as AD, and ASD. Therefore, GSK3 is now targeted as a potential future 

common therapeutic target for drugs (Beaulieu 2007; Beaulieu et al. 2009). Aβ oligomers in 

AD brains can bind to specific cell receptors and behave as an antagonist to insulin, preventing 

the activation of the PI3 kinase resulting in an activity increase of GSK3 (Townsend et al. 

2007). GSK3 phosphorylates TAU in the regions of the microtubule binding domain, resulting 

in a disturbance of the TAU-microtubule interaction, TAU detachment and self-aggregation 

(Hernández et al. 2010). Thus, GSK3 can be a link between Aβ and TAU. Additionally, Aβ 

formation in APP transgenic mice causes hyper-phosphorylation of TAU, while there is no 

increased amyloid-β plaque pathology in TAU transgenic mice (Götz et al. 2004).  

 

Studies demonstrated that GSK3 might be a player in Aβ pathology as its inhibition restored 

lysosomal acidification leading to clearance of Aβ burden (Cohen and Goedert 2004; Avrahami 

et al. 2013). Furthermore, GSK3α has been shown to have a regulating function on APP 

cleavage resulting in an increased production of Aβ (Hooper et al. 2008) which then enhances 

GSK3 activity in a feedback loop. Impaired mTORC1-GSK3ß signalling stimulates glycogen 

synthesis (Pal et al. 2019). Molecular mechanisms which are linked to autophagy have been 

demonstrated to be altered in AD. Presinilin-1, which is involved in the regulation of lysosome 

acidification to be impaired in AD. In the autophagosomes, which accumulate in cellular and 

animal models of AD, an excess of amyloid precursor protein converts these autophagic 

vesicles into an endogenous reservoir of this pathogenic product. Furthermore, Beclin-1 seems 

also to be impaired in AD since its mRNA and protein levels are decreased in brain regions of 

AD human and mouse models and its overexpression in AD mice was shown to reduce 

intracellular accumulation of Aβ and extracellular deposition of Aβ plaques (Muller et al. 

2017).   
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S6K1 (also known as p70 S6 kinase) is a downstream target of mTORC1, which is stimulated 

by both nutrients and growth factors (Manning 2004). S6K1 modifies accordingly the level of 

input from growth factors, such as insulin and IGF-I as a critical component of the negative 

feedback loop. When mTORC1 is chronically activated, S6K1 will constitutively shut down 

the responsiveness of certain cells to insulin (Manning 2004). Aβ deposition in plaques seems 

to activate S6K1 resulting in TAU phosphorylation and microtubule disruption (Pei et al. 2008). 

NFT staining demonstrated positive results for S6K1; the localization of S6K1-immunoreactive 

structures in involvement in TAU pathology (Sonoda et al. 2016).  

 

  

 
Figure 1-3: Pathway of TSC-mTOR-ULK1 autophagy control (O'Brien and Wong 2011)  

 

 

1.7.4. Calcium signalling in the brain. 

Calcium functions as a major trigger for neurotransmitter release in the brain and both AD and 

TSC have demonstrated an altered calcium homeostasis. Calcium is essential for neuronal 

excitability, synaptic plasticity, dendritic development and programmed cell death amongst 

other functions (Marambaud et al. 2009; Nikoletopoulou and Tavernarakis 2012). Therefore, 

calcium homeostasis is tightly regulated for normal function of the previously mentioned cell 

processes. There are two main types of calcium channels: voltage regulated channels and ligand 

binding regulated channels; the most prominent ligand of the latter type is L-glutamate which 

activates both ionotropic and metabotropic receptors, thereby mediating direct influx of 

extracellular calcium into the cells. The ER is a site of intracellular calcium storage and it is the 

source of calcium waves which have been functionally linked to synaptic plasticity 

(Nikoletopoulou and Tavernarakis 2012).  
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Aging neurons show increased calcium influx into the cell due to increased VOCCs activity 

(Voltage operated calcium channels), as well as reduced calcium export via PMCA (ATP-

driven plasma membrane pump) and increased calcium release from the ER. Additionally, 

calcium buffering and mitochondrial ability as calcium sinks also decrease with age. This 

changes overall lead to an increased calcium load in neurons, disturbing neuronal excitability. 

Calcium is also involved in memory formation, more specifically it plays a major role in LTP 

(long-term potentiation) and LTD (long-term depression). The thresholds for LTP and LTD 

rise/fall respectively with age and LTP maintenance is disrupted. Furthermore, the calcium 

source of synapses changes with age: NMDAR receptors as a source decrease while L-type 

VOCCs increase; hypothesized reasons for this change are changes in gene or protein 

expression or changes of the phosphorylation state of the channels. Consistently increased 

intracellular calcium levels in neurons can lead to phenotypes such as neuronal death and 

degeneration as calcium contributes to the activation of cell death by stimulating ROS 

production as mitochondria dysfunction and overload with calcium. Studies have shown that 

disturbed ER calcium homeostasis significantly contributes to dysfunction and degeneration in 

AD. AD models for example showed impaired calcium uptake in mitochondria 

(Nikoletopoulou and Tavernarakis 2012), especially after oxidative stress (Kumar et al. 1994) 

and AD neurons showed increased levels of mitochondrial DNA and proteins in cytoplasm and 

lysosomes (Hirai et al. 2001). Reduced expression of calcium buffers such as calmodulin or 

calbindin in AD brains has been demonstrated, disturbing calcium homeostasis.  

 

Excessive glutamate receptor activation leading to excessive calcium influx, thereby impairing 

synaptic activation, neuronal plasticity and synthesis of NO which will cause cell death, have 

been identified in AD (Sattler and Tymianski 2000; Marambaud et al. 2009). Aβ increases 

NMDAR receptor vulnerability towards excitotoxicity (Mattson et al. 1992; Mattson 2004) and 

it seems that its oligomers may induce mitochondrial calcium overload resulting in massive 

calcium influx in toxicity in neurons (Caspersen et al. 2005). Disruptions in the calcium 

homeostasis have also been found in TSC: neurons showed an increase of spontaneous calcium 

transients (Nadadhur et al. 2019), while iPSC derived TSC2 -/- neurons demonstrated elevated 

neuronal activity with highly synchronized calcium spikes, enhanced calcium influx via L-type 

calcium channels resulting in abnormal neurite extension and sustained CREB (critical 

mediator of synaptic plasticity) activation.  
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Furthermore, the expression of Cav1.3 LTCC was increased and Hisatsune et al. suggested that 

it is a downstream target of the mTOR pathway. Additionally, the paper also stated a changed 

morphology on the homozygous TSC2 cell line with abnormal morphology including a larger 

soma and longer neurites (Hisatsune et al. 2021). At last, Kimberley Raab-Graham et al. 

showed an increase of dendrites in TSC2 -/- mice, reduction of branch specific potentiation and 

increased expression of the calcium channels Kv1.1, CaV2.2 and the auxiliary subunit 21 in 

synapses with CaV2.2 being mislocalised and thereby causing the disruption of branch specific 

potentiation (Raab-Graham 2021).  
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1.7.5. Glutamate in TSC and AD 

Glutamate is essential for synaptic transmission as a major excitatory neurotransmitter in the 

mammalian CNS; however the balance of the signal is crucial (Lauderback et al. 2001). 

Overactive neuronal stimulation by glutamate (known as excitotoxicity) can induce neuronal 

damage and death (Maragakis and Rothstein 2001). Therefore, clearance of glutamate from the 

synapse is critical for neuronal health. Cellular uptake by glutamate transport is the primary 

mechanism in maintaining synaptic glutamate concentrations (Anderson and Swanson 2000), 

mediated by astrocytes (Lauderback et al. 2001). In TSC, glutamate excitotoxicity seems to 

occur. Knock-out mouse model of TSC (TSC1GFAPCKO mice) demonstrated decreased 

expression and function of the glutamate transporters (GLT) GLT-1 and GLAST, leading to an 

increase in extracellular glutamate levels and excitotoxic neuronal death (Wong et al. 2003; 

Zeng et al. 2007). Abnormal glutamate homeostasis and neuronal death could lead to 

neurological deficits and promote neuronal hyper excitability and seizures as consequence 

(Zeng et al. 2010). There is the evidence that abnormal glutamate homeostasis due to impaired 

astrocyte glutamate transport could be a contributing factor to epilepsy and other neurological 

deficits in TSC (Wu et al. 2005; Zeng et al. 2007). Modulation of astrocyte glutamate 

transporter expression improves neuronal survival and neurological deficits in animal models 

(Zeng et al. 2010). Recent studies showed glutamate receptor alterations in the tubers, common 

for TSC (Boer et al. 2008c);  alterations in ionotropic glutamate and GABA receptor subunit 

mRNA expression have been observed (White et al. 2001).  

 

Glutamate receptors are divided in different groups based on their function. Group I include 

receptors which are responsible for mediating postsynaptic excitatory effects in neurons. Group 

II and group III receptors regulate presynaptic inhibitory effects on synaptic transmission and 

neurotransmitter release. The first two receptor groups are expressed in human astrocytes (Boer 

et al. 2008c), playing an important role in regulating the extracellular levels of glutamate 

(Aronica et al. 2003). Group I metabotropic glutamate (mGlu) receptors seems to regulate 

proliferation, differentiation, and survival of neural stem/ progenitor cells, suggesting a role in 

brain development and developmental disorders (Catania et al. 2007). Recently, activation of 

the mTOR pathway has been reported after stimulation of group I mGluRs, suggesting a link 

between mGluR activation and the major pathway disrupted in TSC (Boer et al. 2008c).  
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mTORC1/2 have been shown to regulate the synthesis and turnover of glutamate receptors of 

neurons and alter the morphology of dendritic spines, thereby affecting processes of long-term 

potentiation that are crucial for epileptogenesis, learning, and memory (B Jahrling and Laberge 

2015). Cell death caused by excitotoxicity have been implicated in AD (Maragakis and 

Rothstein 2001). Glutamate transport is inhibited in AD brain by oxidation while oxidative 

damage is elevated in the AD brain (Lauderback et al. 2001). As mentioned earlier, glial GLT 

proteins are crucial for cell health.  Decreasing glial GLT proteins increases neuronal sensitivity 

to glutamate and induces neurodegeneration and death (Lauderback et al. 2001). Aβ-42 

mediates decreased GLT in vivo by generating HNE (a lipid peroxidation product); unifying 

several neurodegenerative mechanisms in AD like altered APP processing, oxidative damage, 

decreased GLT, excitotoxicity and altered calcium homeostasis (Lauderback et al. 2001). G. 

Shankar et al. demonstrated that Aβ oligomers induce progressive loss of hippocampal 

synapses by using NMDA-type glutamate receptors (NMDARs) (Shankar et al. 2007). 
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1.7.6. Urokinase Pathway 

Another altered pathway found in both TSC, and AD is the urokinase pathway. The urokinase-

type plasminogen activator (uPA), a serine protease with an implicated role in tumour growth, 

migration, and tissue invasion, is expressed in overall low levels in non-dividing cells but shows 

significant expression increases in most malignant tumours (Stepanova et al. 2017). Upon 

binding to its receptor uPAR, uPA catalyses plasminogen activation and plasmin generation as 

initiation of the proteolysis cascade (Peteri et al. 2021). uPA also is involved in the activation 

of cell signalling pathways regulating differentiation, cellular adhesion, migration, and 

proliferation through non-plasminogenic mechanisms (Peteri et al. 2021). Sumi et al. 

demonstrated high levels of uPA expression as well as its proteolytic regulation of axonal 

growth in rat neuronal tissue. They hypothesised that intracellular proteolytic degradation is 

regulating axoplasmic traffic and suggested a role of uPA in neuronal plasticity (Sumi et al. 

1992).  

 

uPA activity is regulated by plasminogen activator inhibitors PAI-1 (Plasminogen activator 

inhibitor 1), PAI-2, and PN-1, belonging to the SERPIN (serine protease inhibitors) family and 

therefore also called SERPINE1/2 (Stepanova et al. 2017). Stepanova et al. investigated 

Lymphangioleiomyomatosis (LAM), a fatal lung disease associated with TSC1 or TSC2 

inactivating mutations, which occurs in 30% of adult women with TSC. They have shown that 

loss of TSC induces overexpression of uPA in homozygous TSC1 LAM cells. TSC1 -/- and 

TSC2 -/- MEFs expressed higher levels of uPA than their WT counterparts and silencing of 

TSC2 in WT MEFs resulted in an increase of uPA expression. Additionally, rapamycin 

enhanced up-regulated expression of uPA in human TSC1 and TSC2 -/- cells. Several other 

genes implicated in the progression of LAM such as PARP1 and members of Wnt signalling 

cascade, were upregulated upon the loss of TSC function, but none are negatively regulated by 

rapamycin. Inhibition of AMPK was able to partially inhibit the rapamycin-induced increase in 

uPA expression in TSC2-null cells, suggesting a contribution of AMPK to the uPA expression 

upregulation in TSC2-negative cells. Parallel to the uPA expression, FOXO3 was also 

upregulated in the TSC2 cells which is consistent with previously reported observations that 

FOXO3 expression is upregulated upon mTORC1 inactivation. Dexamethasone, a FOXO1/3 

inhibitor, and an inhibitor of uPA catalytic activity by UK122 prevented the acceleration of 

TSC1-null cell migration and invasion by rapamycin (Stepanova et al. 2017). Research 

identified a role of uPA in dendritic spine recovery as it induces the expression of ezrin in 

dendritic spines.  
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Ezrin, radixin and moesin (ERM) belong to a conserved protein group regulating the 

reorganization of the actin cytoskeleton in different cell systems (Merino and Yepes 2018).  

Merino et al. revealed that uPA/uPAR binding induces the synthesis of ezrin as well as its 

recruitment to the post-synaptic density and its subsequent activation by phosphorylation.  

uPA- induced synthesis and activation of ezrin promotes the reorganization of the actin 

cytoskeleton in the injured dendritic spine, leading to recovery and to the formation of proximal 

dendritic branches (Merino and Yepes 2018). uPA-uPAR interactions can result in increased 

cleavage of cell-associated plasminogen with the production of the protease processing 

plasmin, the latter’s production aids in the process of inflammatory and neoplastic cell invasion 

through its ability to degrade extracellular matrix proteins (Walker et al. 2002). Studies have 

demonstrated increased uPAR expression in macrophage/ microglia cells in the brains of cases 

with acute multiple sclerosis lesions and in cases with traumatic brain injury. The plasminogen 

activation system seems to play a significant role in phagocytic cell migration to sites of 

inflammation. A prominent feature of AD pathology is the accumulation of microglia around 

aggregated A plaques and neurofibrillary tangles in brain tissue, a process where both 

microglial proliferation or microglial chemotaxis and adhesion to these structures can be 

involved. uPAR is a central coordinator in these processes through its interactions with uPA 

and CD11b, the latter is expressed by human brain microglia, and is upregulated in AD brains. 

Studies have furthermore observed that uPA is localized to a subset of plaques in AD brains. In 

addition, an important regulator of uPA, SERPINE2 demonstrated increased expression 

microglia in AD brains and Vitronectin, an alternative high-affinity ligand of uPAR, has also 

been localized to AD plaques and tangles (Walker et al. 2002). Additionally, uPAR has been 

shown to be involved in physiological events such as inflammation (Bruneau and Szepetowski 

2011).  

It has been established that uPAR is involved in the interneuron development via HGF 

(hepatocyte growth factor) which is a target of uPAR activity, promoting migration of 

interneurons during cortical development (Powell et al. 2001). A study has demonstrated 

increased expression of the different components of the urokinase pathway in cortical tubers of 

TSC patients (Iyer et al. 2010). Enhanced HGF expression was demonstrated in a TSC1 mice 

model. It must be remarked that recent studies suggest that HGF and other growth factors 

influence mTOR activity (Parker et al. 2011). Additionally, increased HGF expression has been 

found in AD  (Yamada et al. 1994; Fenton et al. 1998; Zhu et al. 2018); HGF has been found 

to be involved in axon outgrowth, neuronal survival, synaptic function and plasticity (Ebens et 

al. 1996; Nakamura and Mizuno 2010; Wright and Harding 2015). 
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SERPINE1 function is the inhibition of tissue plasminogen activator (tPA) and uPA (see Figure 

1-3) to maintain clot formation and thus plays a significant role in non-neoplastic disorders, 

such as deep vein thrombosis, myocardial infarction, atherosclerosis, and stroke (Furuya et al. 

2020). SERPINE1 expression is regulated by intrinsic factors such as cytokines and growth 

factors and extrinsic factors like cellular stress. A study focusing on bladder cancer identified 

SERPING1 as a potential missing factor that regulate SERPINE2 overexpression. SERPING1 

is a protease inhibitor belonging to the serpin superfamily (Furuya et al. 2020). Analysis of a 

TSC database has demonstrated a significant expression change of SERPING1 in TSC patients 

and literature has identified an involvement of SERPING1 in AD and TSC.  

 

 
Figure 1-4: Scheme of TSC-urokinase-SERPINE1-SERPING1 Interaction, the interaction between 

SERPING1 and SERPINE1 is currently unknown despite the indication that SERPING1 has some 

effect on SERPINE1 activity. 
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1.8. Astrocytes 

TSC expression changes have an effect on all cell types in the human brain which consists of 

neurons, astrocytes, microglia and oligodendrocytes, each with their distinct origins and 

turnover dynamics (Frisén 2016). The hippocampal dentate gyrus and the subventricular zone 

in adult mammal brains continuously generate new neurons from neural stem or progenitor 

cells. While the neurogenic cells of the adult brain cells display the stem cell properties of 

multipotency and self-renewal in vitro, they often act as unipotent cells in vivo, giving rise to 

only one distinct subset of neurons (Lledo et al. 2008). During CNS development, neurogenesis 

precedes gliogenesis, where radial glial support both migration and the neural stem cell 

substrate for both astrocytes and neurons (Chaboub and Deneen 2013). During early 

development, morphogens such as Shh, BMPs and Wnts design patterns throughout the dorso-

ventral axis of the neural tube, regulating the expression of transcription factors that further 

form domains from which different sub-types of neurons will appear. This domain pattern is 

conserved during gliogenesis and regulates the generation of astrocyte sub-types. Astrocytes 

populate all areas of the CNS and they must therefore migrate to colonise their final destination 

(Chaboub and Deneen 2013). 

 

There is little generation of new astrocytes in the brain parenchyma as new astrocytes seem to 

derive from proliferating mature astrocytes. Astrocytes are well known to have an important 

influence on neural transmission (Frisén 2016). Microglia derive from a hematopoietic lineage 

in the yolk sac and populate the nervous system in early fetal life, after which they are a self-

sustaining population (Frisén 2016). Markers such as GFAP, S100B1, Aldh1L1, AldoC, 

Ascgb1, Glt1, and aquaporin 4 label mature astrocytes. However, none of these markers labels 

all astrocyte populations; for example, GFAP preferentially labels white matter astrocytes, 

whereas S100 marks grey matter astrocytes and some oligodendrocyte populations (Chaboub 

and Deneen 2013).The function of astrocytes is quite diverse and differs among their 

population. One major role of astrocytes is among the blood brain barrier (BBB). The BBB is 

a highly specialized brain microvascular structure made up of endothelial cells coupled to 

astrocytes (Wang and Bordey 2008; Zlokovic 2008). The main function of the BBB is 

preventing harmful or toxic substances circulating in the blood stream from entering the brain. 

Additionally, the BBB maintains ion gradients, which are essential for neurotransmission. 

Astrocytes contribute to BBB formation and function by making physical contact with 

endothelial cells and secreting diffusible molecules (bFGF, GDNF and TGFβ) that regulate 

formation of tight junctions (Hayashi et al. 1997; Sobue et al. 1999; Abbott et al. 2006). 

Furthermore, astrocytes are required for synaptogenesis.  
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It had been demonstrated that astrocyte-free cultures of retinal ganglion cells form synapses but 

fail to generate spontaneous synaptic activity and demonstrated impaired neurotransmission but 

in the presence of astrocytes, the normal synaptic functions were restored as well as number of 

synapses of those neurons were being increased. This is the basis of the “tripartite synapse” 

model, stating that pre- and post-synaptic connections are surrounded by astrocytes that 

participate in neurotransmission. (Chaboub and Deneen 2013).  

 

Another role of astrocytes lies in communication, while astrocytes are not equipped with 

adequate ion channels to fire action potentials like neurons, calcium (Ca2+) concentration of 

astrocytes undergo changes in response to the release of neurotransmitters. Also, one of earliest 

known functional role for astrocytes is the regulation of ionic concentration in extracellular 

space. The firing of action potentials by neurons results in the accumulation of K+ 

extracellularly and astrocytes that enwrap the synapse take up excess amount of K+ then dilute 

it by passing it to other astrocytes. Failure of removing excess amount of K+ would result in 

neuronal hyperexcitability and seizures, which is why this role is important in regional and 

global networking (Chaboub and Deneen 2013). Glutamate is the major neurotransmitter in the 

nervous system and maintenance of its concentration in the extracellular space is crucial for 

neuronal homeostasis and physiology. Astrocytes are essential in glutamate uptake and 

metabolism in the brain, and thus are essential for neuronal function. The up-take of glutamate 

in astrocytes is mainly accomplished by glutamate transporters GLAST or/and GLT-1, which 

are specifically expressed on astrocytes and their precursors. Glutamate is then converted into 

glutamine before transporting it back to neurons for re-synthesis of glutamate. In addition to 

glutamate metabolism, astrocytes also function as reservoir of energy substrates such as lactate 

for neurons (Chaboub and Deneen 2013). 
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1.8.1. TSC in astrocytes 

Pathologic examination of brains from TSC patients has demonstrated various abnormalities 

based on dysregulated cell growth, differentiation, and migration processes. The brain tissue 

demonstrated abnormal cortical lamination associated with dysplastic astrocytes and giant cells 

which have been shown to express both astroglia and neuronal markers. Abnormal expression 

of neuronal differentiation and proliferation makers have been identified in tubers and 

subependymal giant cell astrocytoma (SEGA) from TSC patients in molecular studies. 

 

During development,TSC1 and TSC2 are expressed in astrocytes and neurons (Gutmann et al. 

2000), both function as negative growth regulators through mTORC1 (Tee et al. 2002). As 

homozygous loss of either TSC1 or TSC2 is lethal in embryos, the generation of murine models 

has been proven difficult. Animals heterozygous for mutations in either the TSC1 or TSC2 gene 

e.g., several TSC animal models have a high incidence of liver and renal abnormalities, but do 

not develop the neurologic features seen in human TSC (with the exception of Eker rats which 

do display neurological abnormalities). Some of the giant cells in the tubers express proteins 

associated with astrocytes such as GFAP, Vimentin, and S-100 protein. The expression of 

neuronal and glial cell markers in TSC tubers has been supported by molecular studies. Ess et. 

al generated mice with selectively inactivated TSC1 in astrocytes using the GFAP promoter to 

express Cre recombinase. These mice developed abnormalities in hippocampal neuronal 

organisation, increased astrocyte size and growth, and epilepsy. They stated that much of the 

CNS pathology in TSC can be modelled in mice by astroglial cell TSC1 inactivation (Ess et al. 

2004).  

 

Sosunov et al. pointed out significant differences between subpopulations of astrocytes based 

on morphology in tubers (Sosunov et al. 2008).  They hypothesized that the development of 

astrogliosis in tubers related to loss TSC1 or TSC2 and involved in lesion formation. Their 

investigation showed that astrogliosis in tubers was consist of several astrocyte subpopulations 

that were similar to ‘‘reactive’’ astrocytes that were Vimentin positive and exhibited mTOR 

activation. Their research also supported the hypothesis that astrocytosis could reflect the 

effects of mTOR pathway activation as phosphorylated S6 protein has been detected in tuber 

astrocytes (Sosunov et al. 2008). Additionally, expression of proinflammatory cytokines in 

tuber astrocytes has been demonstrated suggesting that their expression increase might be a 

response to regional changes in the tuber tissue arising as consequences from seizures or 

alteration in the BBB (Maldonado et al. 2003).  
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Examples of increasingly expressed proinflammatory cytokines are TNFa, NFkB and IL1B 

(Boer et al. 2008a; Boer et al. 2008b). It is suggested that the occurrence of proinflammatory 

cytokines may further activate astrocytes within tubers and may even contribute to 

neurobehavioral abnormalities in TSC as SENs are present in about 80% of TSC patients and 

are seen as not related to cognitive deficits or epilepsy in TSC. On the other hand, SEGAs occur 

in only about 10%–15% of TSC patients and can be associated with rapid neurological decline 

and death (Wong and Crino 2012). Homozygous mutations for TSC2 in a human embryonic 

stem cell line show a hyperactive mTORC1 pathway, increased soma size, neuronal 

hyperactivity, and increased dendritic branching (Costa et al. 2016), while a heterozygous loss 

causes mild neuronal phenotypic defects. iPSC studies of TSC patients cells demonstrated 

increased astrocyte proliferation, soma size and decreased neurite length in iPSC derived 

neuronal cultures (Li et al. 2017) as well as delayed neuronal differentiation (Zucco et al. 2018). 

Additionally, an increase in neural stem cell and astrocyte proliferation, hypertrophy, and 

neurite abnormalities in patient cultures had been found by Li et al. (Li et al. 2017), another 

research group (Nadadhur et al. 2019) found no increase in soma size in neuron cultures of TSC 

derived iPS cells but could confirm the increase in the number of basal dendrites. 

 

 

1.8.2. AD in astrocytes 

The presence of Aβ results in an immune response by glia cells due to its interaction with glia 

cell receptors. Therefore, components of the innate immunity cascade are seen as risk factors 

for AD and have been associated with abnormal Aβ clearing or deposition. Furthermore, Aβ 

species, like Aβ 1-42, can induce the expression of proinflammatory cytokines like IL1B, IL6, 

and TNFa (Minter et al. 2016). The precise mechanism behind the proinflammatory response 

in neurons and glia cells is still unknown, although it has been demonstrated that the NFkB 

pathway is involved (Shi et al. 2016). As the role of astrocytes is essential in the CNS, 

interruptions of their function and therefore of glia transmission may result in different 

neuropsychiatric disorders as well as neurodegenerative diseases like AD (González-Reyes et 

al. 2017). One example of a functional change in glia cells after a pathological increase of Aβ 

is calcium dysregulation. Microglia and astrocytes close to senile plaques are activated in order 

to break down Aβ, this response may result in an inflammatory response, thereby showing both 

detrimental and neuroprotective results in AD pathophysiology (González-Reyes et al. 2017).  
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It has been demonstrated that Aβ binds to calcium receptors in astrocytes, thereby activating 

intracellular signalling,  inducing the generation of phosphorylated TAU (Chiarini et al. 2017), 

as well as disrupting gliotransmission by enhancing calcium signalling in astrocytes resulting 

in abnormal calcium levels in AD models (González-Reyes et al. 2017). Additionally, studies 

have found that Aβ can interrupt glutamate uptake capacity (Matos et al. 2012), and that 

expression increase of astrocytic TAU leads to a decline in GLT activity. Also, amyloid species 

like Aβ 1-42 decrease the expression of GLT-1 and GLAST, two major GLTs in astroglia (De 

Vivo et al. 2010; Matos et al. 2012). Therefore, it is predicted that the disruption in the clearance 

of excitatory neurotransmitters and increased levels of Aβ and TAU from astrocytes are 

involved in the neuronal excitotoxicity seen in AD (González-Reyes et al. 2017). Next to the 

calcium receptors, the involvement of glutamate NMDA and AMPA receptors in AD 

physiopathology has been identified (Parameshwaran et al. 2008). Several studies have 

identified the involvement of functional astrocyte NMDA receptor expression in synaptic 

transmission, and neuronal–glial signalling (Verkhratsky and Kirchhoff 2007; Palygin et al. 

2010; Parfenova et al. 2012). Hence, the Aβ -induced dysfunction of glutamate receptors in 

astrocytic NMDA receptors, can interfere with neuronal–glial communication (Mota et al. 

2014) and cause cellular excitotoxicity (Lee et al. 2010).  

 

Astrocytes are capable of degrading Aβ enzymatically, and Aβ-containing astrocytes were 

observed in AD cases. The accumulation of Aβ in astrocytes suggests a failure in the clearance 

of Aβ in AD and that astrocytes play an important role for the clearance of Aβ. Alterations 

induced by AD impair the function of the astrocytes, for example by the cells entering their 

reactive stage to clear Aβ or phosphorylated TAU instead of providing metabolic support of 

neurons, recycling transmitters, or clearing proteins including Aβ from extra cellular space. 

Therefore, it is predicted that the Aβ clearance competes with the normal function of astrocytes 

such as neuronal support (Thal 2012). Research by Mulder et al. strengthens the hypothesis that 

Aβ clearance by astrocytes is not entirely beneficial as well as that fibrillar Aβ influences 

astrocytic NEP and SCARB1 gene expression and its binding to amyloid-associated proteins 

such as ApoE and SAP–C1q are required for these effects (Mulder et al. 2012). Astrocytes from 

AD cases did not respond to Aβ–ApoE complexes with an increased NEP and SCARB1 gene 

expression, as did astrocytes from non-AD subjects. These findings confirm other studies 

showing that ApoE is required for Aβ uptake by astrocytes (Koistinaho et al. 2004) and that 

astroglial expression of EAAT-2 can be reduced in AD (Thal et al. 2010). Therefore, it can be 

proposed that astrocytes are functionally altered in AD cases.  
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The initial reduction of Aβ by astrocytes may be beneficial but a chronically increased Aβ 

clearance will compete with supporting functions of astrocytes, and reduced numbers of 

physiologically active astrocytes might lead to the decreased metabolic supply of neurons, 

reduced protein clearance and, thereby, support Aβ-related neurodegeneration. Research has 

demonstrated the reduced morphological appearance of astrocytes in animal AD models by 

using antibodies against GFAP, GS and S100B, but the total number of astrocytes did not 

change with AD progression (Rodríguez-Arellano et al. 2016). The morphological atrophy of 

astroglial cells likely indicates a reduction in the astroglial coverage of neurons and synapses. 

Astroglial atrophy might be directly linked to a reduction of astroglial homeostatic support, 

resulting in severe consequences for performance and survival of neurons as well as functional 

activity of synapses (Rodríguez-Arellano et al. 2016).  
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1.9. iPSC models 

Induced pluripotent stem cells (iPSCs) arise from reprogrammed differentiated somatic cells 

by expressing four transcription factors (Oct3/4, Sox2, Myc and Klf4), as demonstrated by 

Takahashi et al. (Takahashi et al. 2007). iPSCs as pluripotent cells can be differentiated into 

several cell types by adding the necessary growth/differentiation proteins and co-factors to the 

cell culture medium. For example, fibroblasts or peripheral blood mononuclear cells (PBMC) 

from patients with neurodegenerative diseases are reprogrammed and differentiated into 

neurons to study disease pathology (McKinney 2017). iPSC models have several advantages 

over animal models such as murine models. Despite being a useful model for research, mouse 

models have some considerable limitations, especially concerning the genome as around 1% of 

human genes have no identifiable mouse homologs. Although most of the genes play conserved 

roles in mice and humans, obvious species-specific differences exist in morphology for example 

or regulation of gene expression during embryonic development. Consequently, mouse models 

do not always fully replicate the features of human diseases (Zhu and Huangfu 2013). iPSC 

derived cell models are extremely useful when no appropriate animal model is available, and 

they offer the chance to model neuron subtypes like glia and astrocytes (McKinney 2017). Two 

characteristics of iPSCs make them well suited for studies of human development. First, their 

pluripotency offers the possibility to examine human development. The in vitro culture system 

also provides a rapid, cost-effective way to interrogate the function of a gene during a specific 

developmental process. Secondly, iPSCs have unlimited self-renewal capacity, providing 

abundant material for high-throughput screening (Zhu and Huangfu 2013).  

The development of iPSC-based disease models allows the examination of the roles of a 

specific gene in cell development and the physiological functions of disease-relevant cells (Zhu 

and Huangfu 2013). The field in which iPSCs have had a major impact was neurobiology/ 

neurodevelopmental research. Neurodevelopmental and psychiatric disorders are challenging 

to study, caused by the lack of suitable models due to the essential differences between humans 

and animal models such as rodents (Dolmetsch and Geschwind 2011). The lack of preclinical 

models for investigating the pathophysiology of diseases or identifying their therapeutic targets 

as well as testing potential therapies makes the development of treatments a challenge. 

Although post-mortem tissue allows to investigate changes in brain structure at cellular and 

molecular level, the study of neurodevelopmental or neurodegenerative diseases is difficult 

with this model. With the iPSC pluripotency and therefore the possibility to generate neurons 

and glial cells from patient cells, it is possible to study cell types with genetic information from 

patients with, for example, a neuropsychiatric disease.  
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With the genetic diversity of iPSC from the patient population, the model allows to study how 

mutations lead to disease, which can be difficult to replicate in genetically modified animals 

(Dolmetsch and Geschwind 2011). Numerous studies have examined iPSC-derived neurons 

from patients, including those with schizophrenia, autism, and AD. These cells express 

characteristics of a fully functional neuron, including cytoskeletal and synaptic proteins, the 

ability to generate action potentials, and calcium transients. So far, studies have used iPSC-

derived neurons to investigate changes in morphology, protein expression, and developmental 

alterations in disease compared to healthy controls. Additionally, neuronal models can be used 

for studying mechanisms of psychotropic drug action (Kim et al. 2018).  

 

 

1.10. CRISPR-Cas9 systems 

CRISPR-Cas systems have been identified as bacterial adaptive immune systems (Barrangou 

et al. 2007). Bacteria use various CRISPR systems that can be classified into different classes 

and types based on their characteristics. RNA-guided CRISPR-Cas nuclease system are counted 

among the genome editing technologies like zinc-finger nucleases (ZFNs), transcription 

activator–like effector nucleases (TALENs) (Beumer et al. 2013). ZFNs and TALENs use 

endonuclease catalytic domains to induce targeted DNA double-stranded breaks (DSBs) at 

specific genomic loci. In CRISPR-Cas9 systems, the nuclease Cas9 is guided by small RNAs 

to bind to the target DNA, simplifying the process of designing the system and improving its 

efficiency and specificity. Cas9 edits the genome by stimulating DSB at the target genomic 

locus. During the cleavage by Cas9, the target area follows one of two major pathways for DNA 

damage repair: non-homologous end joining (NHEJ), or Homology directed repair (HDR) 

pathway. In the absence of a repair template, DSBs are repaired through the NHEJ pathway, an 

error-prone process that can induce insertion/deletion (indel) mutations. Indels occurring within 

a coding exon, can lead to frameshift mutations and loss of function (Bibikova et al. 2002). The 

HDR process on the other hand occurs at more variable frequencies than NHEJ; it generates 

precise modifications at a target locus in the presence of a repair template. Multiple DSBs can 

additionally be used to initiate larger deletions in the genome (Rudin et al. 1989; Rouet et al. 

1994). There are three types (I–III) of CRISPR systems that have been identified, each system 

includes Cas genes, noncoding RNAs and an array of repetitive elements (direct repeats). These 

repeats have intervals of short variable sequences known as protospacers, and together they 

generate the CRISPR RNA array. Within the DNA target, each protospacer is associated with 

a protospacer adjacent motif (PAM); variation of the PAMs exists between the CRISPR systems 

(Bae et al. 2019). 
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Different organisms have different CRISPR systems, the CRISPR type II system 

in Streptococcus pyogenes is the simplest. Cas9 in this system is critical for CRISPR RNA 

(crRNA) maturation, the Cas9 DNA cleavage is triggered by the presence of transactivating 

crRNA (tracrRNA). The two essential functions of the tracrRNA are the initiation of pre-

crRNA processing by RNase III enzymes and the activation of crRNA-guided DNA cleavage 

by Cas9 (Quiroz and Ryan 2019) (See Figure 1-5). Our group uses the Type II CRISPR system, 

one of the best characterized systems consisting of Cas9, the guide RNAs and a required 

auxiliary trans-activating crRNA (tracrRNA) (Cho et al. 2014). Analyses show that CRISPR-

Cas9–mediated editing can reach efficiency levels up to 80% or more depending on the target 

(Doudna and Charpentier 2014). 

 

 
 

 

 

 

 

 

 

 

 

 

 

  

Figure 1-5: Scheme of CRISPR/CAs 9 System of Genome Editing; Type 2 CRISPR System. 

Cas9 is active when it binds with sgRNA, a complex of Cas9 and sgRNA forms which binds 

to the target DNA sequence as its sequence is complementary to the sgRNA sequence and 

PAM sequence. When sgRNA binds with the target sequence, the target sequence strands 

are cleaved and DSBs are formed (Razzaq and Masood 2018). 
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1.11. CRISPR-Cas13a system 

CRISPR-Cas systems have been identified as bacterial adaptive immune systems (Barrangou 

et al. 2007) and are classified into different classes and types based on their characteristics. 

Shmakov et al. identified a group of bacterial species that contain CRISPR systems called C2c2 

(or CRISPR-Cas13), that target RNA instead of DNA (Abudayyeh et al. 2016). Cas13 enzymes 

have two nucleotide-binding (HEPN) endoRNase domains that control precise RNA cleavage 

(Cox et al. 2017) (see Figure 1-6). Abudayyeh et al. showed that CRISPR-Cas13 from 

Leptotrichia wadei (LwaCas13a) can induce knockdown effect by targeting and degrading the 

mRNA in human and plant cells. They demonstrated programmable RNA cleavage with a 

crRNA encoding a 28-nucleotide spacer in in vitro cleavage reactions with LwaCas13a. They 

monitored the Cas13a-mediated cleavage of the ß-lactamase (ampicillin resistance) transcript 

by quantifying the number of surviving bacteria colonies (Abudayyeh et al. 2017).  Unlike the 

CRISPR Cas 9 system where off target changes (such as deletions, inversions or translocations) 

are common (Cho et al. 2014), tests in mammalian and plant cells have shown no off-target 

knockdown. Thereby, the Cas 13 system has a lower variability as shRNA libraries due to their 

significant off-targets (Abudayyeh et al. 2017; Cox et al. 2017). The Cas 13 system has several 

advantages over the traditional DNA editing systems such as CRISPR/Cas 9. For example, 

RNA editing is independent from the HDR machinery which is why it can be used in non-

dividing cells such as neurons. Furthermore, Cas13 enzymes are also independent from a PAM 

sequence at the target locus, making them more flexible than Cas9/Cpf1. Cas13 enzymes do 

not contain the RuvC and HNH domains responsible for DNA cleavage, so they cannot directly 

edit the genome and therefore, genomic off-targets or indels introduced through NHEJ are 

avoided (Cox et al. 2017).  
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Figure 1-6: Scheme of CRISPR-Cas13a RNA editing (Liu et al. 2017): Cas13a consists of REC 

(recognition lobe) (cyan) and a NUC (nuclease lobe) (magenta). Cas13a cleaves the pre-crRNA, thus 

generating an inactive crRNA-guided complex. Cas13a undergoes conformational changes upon target 

RNA (blue) binding, and the formation of guide-target RNA duplex activates the HEPN catalytic site. 

The activated Cas13a cleave any single-stranded (ssRNAs) (green). The free RNAs in solution and the 

bound target RNA beyond the guide complementary region can be the RNA substrate of activated 

Cas13a. 
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1.12. Currently available AD models 

 

Although the understanding of AD genetics and pathology has progressed over the last decades, 

these advances have not yet resulted in the development of therapeutics that either slow or 

reverse cognitive decline (Scearce-Levie et al. 2020). Several AD models, mostly murine, had 

been developed to define disease related mechanisms and to test potential treatments. Most AD 

cases are sporadic, and their causes remain unknown as of now. As their cause is still unclear, 

animal models are based on genetic mutations associated with familial AD. While these models 

have given important insights into the mechanisms underlying AD by enabling the 

identification of molecular and cellular pathways that contribute to the production of Aβ and 

the formation of amyloid plaques, these genetic models only mimic certain characteristics of 

the disease but none of them display all aspects of AD, unfortunately. For example, APP 

transgenic mice display Aβ plaques but no NFTs despite TAU hyperphosphorylation, which is 

a major difference to the human pathology. This led to the hypotheses that (a) rodent TAU has 

a different structure and therefore might be less prone to aggregation; (b) the life span of mice 

is too short to lead to enough aggregation as NFT development in humans occurs over decades; 

or (c) a combination of these (LaFerla and Green 2012). In addition to the previous 

discrepancies, APP-based models do not display the obvious neuronal atrophy observed over 

time in AD patients, despite displaying synaptic dysfunction and neuronal loss. Though this 

lack of massive neuronal death might be due to the lack of a clear TAU pathology as amyloid 

plaques correlates poorly with cognitive decline in AD unlike TAU (Scearce-Levie et al. 2020). 

As previously discussed, studies indicate that Aβ plaques induce an inflammation response 

(Koenigsknecht and Landreth 2004; Wang et al. 2015).  

In conclusion, AD models which would display a closer likeness to the human pathology are 

clearly needed to establish new treatments. While post-mortem samples from AD patients allow 

the investigation of the human pathology, they only display the late stages of the disease 

development and are limited in showcasing the disease progression. In the recent years, iPSC 

models entered the focus of AD research, especially iPS cells derived from AD patients as they 

might capture the early disease stage (Julia 2019). Also, large scale genomic studies helped 

identify risk genes of spontaneous AD, which would allow AD iPSC models designed by 

genome editing such as CRISPR. Unfortunately, iPSC models have the same disadvantage as 

murine models: time. iPSC -derived neurons can be easily developed and kept for a few months, 

but this would still represent a foetal developmental stage and not the neurons of a senior AD 

patients (Julia 2019).  
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While some studies attempted to artificially age the cells by inducing telomere shortening for 

example (Vera et al. 2016), they do not mimic the decades an AD patient lived before displaying 

the disease. Additionally, variations among iPSC lines can easily occur (Volpato et al. 2018) 

from their treatment and care, next to the expected differences between the patients derived- 

iPSCs due to different genetic backgrounds and lifestyles. Bassil et al. designed an AD co-

culture model consisting of neurons, astrocytes and microglia derived from iPSCs and exposed 

to soluble Aβ (Bassil et al. 2021). They observed synaptic loss, initiation of an inflammation 

response, positive staining for phospho-TAU and subsequent neuronal loss. All these 

characteristics align with the human pathology observed in AD patients, demonstrating the 

suitability of iPSC -derived models for AD research. Despite utilizing mature neurons for their 

study (Bassil et al. 2021), these neurons will not resemble several decades old neurons from 

AD patients but their alignment to many AD characteristics still make them a useful model. 
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1.13. General Aims and Objectives 
 

This project has 4 aims, each with several objectives: 

 

1. Aim 1: The effect complete loss of TSC1 has on brain development is still unclear.  The aim of 

this thesis was to gain an understanding how TSC1 loss in iPS cells affect their neuronal 

development. The influence of TSC1 loss on a range of developmental and autophagy markers 

during neuronal development was investigated to ascertain if the genetic mutation would inhibit 

or alter the neuronal development as homozygous mutations do not occur in patients except in 

cases of double hit mutation during life.  

i. Design of a TSC1 iPSC line utilising CRISPR-Cas9 systems for genome 

editing 

ii. Neuronal development of the TSC1 iPSC line and sample collection 

throughout development 

iii. RT-PCRs for gene expression analysis of developmental and autophagy 

markers 

 

2. Aim 2: There is uncertainty of the effect on brief and acute TSC1 loss on neuronal development.  

This thesis aimed to gain an understanding how acute TSC1 loss in iPS cells affects neuronal 

development and which time points of the development are the most sensitive to acute TSC1 

loss. The influence of TSC1 loss on a range of developmental and autophagy markers during 

neuronal development was investigated to ascertain if the acute loss would alter the neuronal 

development and if it would mimic the TSC1 knockout cell line. Additionally, the effect of 

acute TSC1 loss was also tested in astrocytes with focus on their calcium signalling and their 

reaction to glutamate as previous studies suggested an increased rate of glutamate toxicity in 

TSC models. 

i. Design of a TSC1 iPSC line utilising CRISPR-Cas13a systems for genome 

editing 

ii. Neuronal development of the TSC1 iPSC line and sample collection 

throughout development 

iii. RT-PCRs for gene expression analysis of developmental and autophagy 

markers 

iv. Astrocytic differentiation of the TSC1 iPSC line and acute induction of 

TSC1 loss for 48 h 
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v. Calcium imaging of the TSC1 astrocytes with glutamate induced calcium 

waves. 

vi. Staining for apoptosis after brief glutamate treatment of the astrocytes 

 

3. Aim 3: To gain a better understanding about the effect of TSC1 loss has on cells, this project 

aimed to find additional potentially altered pathways in TSC to test their expression in the 

previously designed TSC1 cell lines. As studies have shown a strong involvement of 

inflammation in TSC, the expression of inflammation markers during the neuronal development 

was also investigated.  

i. Performing a database analysis of TSC patients with focus on inflammation 

and AD 

ii. RT-PCRs for gene expression of inflammation and urokinase markers  

 

4. Aim 4: Comparing the expression pattern of the tested markers in TSC with AD studies to 

establish any potential commonalities.  
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2. General Material and Methods 

 

2.1. Cell line and Maintenance 

The Cas9 (generated by Dr. Mouhamed Alsaqati and Dr. Ian Tully) (Tully 2020) and Cas13 

(generated by Dr. Gemma Wilkinson) cell lines that were used in this project to generate TSC1 

cell lines were designed from the IBJ4 IPs cell line, originally gifted from Josh Chenoweth 

from the Lieber Institute for Brain Development, MD, USA. The cell lines insert either the Cas9 

or the Cas13 gene into the AAVS1 locus under a tetracycline inducible promoter. This locus 

allows stable, long-term gene expression for the Cas systems in the cells (Oceguera-Yanez et 

al. 2016) and enables therefore an easier application of CRISPR. All iPS cells were maintained 

as feeder-free cultures in Essential 8𝑇𝑀 Medium (Thermo Fisher, #A1517001; prepared 

according to the manufactures instructions) and on a matrix layer of Matrigel (Corning, 

#354234) or Cultrex (Biotechne, #3434-010-02). To prepare plates for the iPS cells, frozen 

100% Matrigel or Cultrex aliquots were slowly thawed and diluted 1:85 in DMEM/F12 1:1 

(Thermo Fisher, #12634-010) and plated onto the plastic ware at 1 mL/9.6 cm2. Coated plates 

were incubated for at least 1 h at 37˚C, after which plates were washed with Gibco DPBS 

without Magnesium and Calcium (Thermo Fisher, #12559069) and maintained with DPBS until 

use. Used diluted Matrigel was reused once on a further plate for coating before being 

discarded, while Cultrex can only be used once. 

 

2.2. Defrosting iPS cells 

Frozen 1 mL vials of iPS cells were rapidly thawed at 37˚C, before being added into 5 mL of 

E8 medium and centrifuged at 200rcf for 3 mins. After aspirating all the medium, cells were 

re-suspended in 3 mL of E8 with Rock/Rho pathway inhibitor Y27632 (1:500, referred to herein 

as Y27; Stem Cell technologies, #72302) and plated into 2 wells of a 6 well plate pre-coated 

with Matrigel or Cultrex as described. Y27 has been shown to improve the survival of human 

pluripotent stem cells after thawing and single cell dissociation (Watanabe et al. 2007; Li et al. 

2008). After 24 h, the medium was aspirated; cells were washed with DPBS to remove dead 

cells and 2 mL of fresh E8 without Y27 were added to each well. iPS cells were maintained in 

E8 with media changes every day until 70-80% confluency, at which point cells were passaged 

using Gentle Cell Dissociation Reagent (Stem Cell Technologies, #07174). 
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2.3. iPSC growth and maintenance 

For standard passaging, following aspiration of medium and washing with DPBS, 1 mL Gentle 

cell dissociation reagent was added per well of cells (for 6 well plate, for plates with a higher 

well number a lower volume of Gentle cell was used respectively) and incubated at 37˚C for 3 

mins. The reagent was then carefully aspirated, and the cells were covered with 1 mL E8. Cells 

were then lifted from the culture surface by scratching with a 1000 µL pipette and were 

collected into a 15 mL universal centrifuge tube. For routine maintenance of the line, cells were 

passaged and diluted with E8 based on the number of wells being passaged and the number of 

wells required (usually a 1:6 dilution in case of the six well plate).  

 

2.4. iPSC freezing 

For freezing iPS cells for storage, Y27 (1:500) or RevitaCell (1:100, Thermo Fisher, 

#A2644501) was first added to the cells for at least 1 h before freezing (cells needed at least 

70% confluence prior freezing). Cells were frozen in a cryoprotection medium of E8 containing 

a concentration of 10% dimethyl sulfoxide (v/v) (DMSO; Sigma-Aldrich, #D2650). Cells were 

dissociated for freezing following the same protocol as that described for standard cell 

passaging with gentle cell dissociation reagent. Once collected, cells were then centrifuged at 

200rcf for 3 mins. After aspiration of medium, cells were gently re-suspended in cryoprotection 

medium (1 ml for each well of a 6-well plate). In this way, pooled wells of cells were frozen 

according to the number of wells being frozen. 1 mL of re-suspended cells were added per 

cryovial, and vials were placed in a CoolCell freezing box “Mr. Frosty” (freezing box needed 

to be at RT (room temperature) prior use) (Biocision) and transferred to a -80 °C freezer for at 

least 3 h. Cells were transferred to liquid nitrogen for long terms storage within 48 h. As the 

generation of the Cas13 TSC1 cell line required first the generation of the Cas13 cell line itself 

(performed by Dr. Gemma Wilkinson) and then the electroporation of the cell line with the 

TSC1 plasmid, the result is a higher passage number of around 60. Similarly, the generation of 

the TSC1 -/- cell line required intense time and genome testing and resulted in a high passage 

number of around 60. This was partly due to using a currently in use IBJ4 Cas9 line which had 

accumulated a few passages since defrost.   
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2.5. CRISPR Lipofection and Sub-cloning 

The nuclease transfection of the stem cells was performed according to the protocol from 

Thermo Fisher (Lipofectamine CRISPRMAX Cas9 Transfection Reagent Protocol, Thermo 

Fisher, CMAX00008). Prior that protocol, the gRNA (guide sequences were a gift from Prof. 

Bateup from the US and were successfully used in their lab (Blair et al. 2018) needed to be 

added to the tracer RNA and duplexed via PCR. The cells were treated for 48 h altogether with 

doxycycline (when cells reached ~70% confluency), starting with 24h prior the transfection for 

the induction of Cas 9 expression in the cells. The Lipofection took place one day after 

passaging the stem cells, leading to the Lipofection of many smaller colonies and therefore an 

increased surface of cells. The transfection was repeated the next day to increase the chance of 

a successful Lipofection. As soon as the colonies reached 80-90% confluency, they were treated 

for one hour with Y27 and then single celled by incubating them with Accutase (Thermo Fisher, 

#A1110501) for 10 min at 37˚C. The cells suspended in the Accutase were collected in a 15mL 

Tube and 5 mL of E8 were added for neutralizing the Accutase. Once collected, cells were then 

centrifuged at 200rcf for 3 mins. After aspiration of medium, cells were gently re-suspended in 

E8 (1 mL for each well of a 6-well plate). The cells were then added in the dilution of 1:500 

and 1:1000 into a previously coated petri dish containing E8 and Y27. After 5-7 days, when the 

single cells reached a bigger colony size, the petri dishes were treated for 1h with Y27 and the 

cell colonies were picked under the Evos XL core microscope and added into separate wells of 

a 96 well plate (precoated with Matrigel and filled with 100uL of E8 with Y27). These colonies 

are kept until they reach confluency before being passaged into either a 24- or 48- well plate.   

 

2.6. Sequencing Preparation 

For sequencing the cell cultures to identify which have the desired mutation, DNA was 

extracted from cells using QuickExtract DNA Extraction Solution (Lucigen). The cells were 

dissociated from plates using Gentle cell as described previously when they reached >70% 

confluency. While half the cells were passaged into a new plate, the second half of the cells 

was added to 30-100mL of QuickExtract solution. This solution was vortexed for 30 seconds 

and then incubated at 65°C for 6 minutes. After another mix via vortex, the solution was 

incubated at 98°C for 2 minutes. Samples were then placed on ice or stored at -20°C until 

required for PCR. 
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2.7. PCR amplification for Sequencing 

Genomic DNA was amplified by PCR using the GoTaq G2 Mastermix (Promega). The PCR 

Protocol of the lab was designed to contain the Mastermix at 1X concentration (12.5mL), 

10mM forward primer, 10mM reverse primer (1mL for each Primer), <100ng genomic DNA 

(4mL) and nuclease-free water (5.5mL) resulting in a total volume of 25mL. 

The PCR reaction was then amplified in a thermocycler using the following programme:  

Initial Denaturation 98°C 30 s,  

Initial Denaturation 98°C 30 s 

30 Cycles of:  98°C 10 s 

    30 s (Annealing temperature was primer dependent) 

   72°C 30 s/kb 

Final Extension 72°C 2 min 

Hold   4°C  

PCR reactions were then run on a 2% (w/v) agarose gel with TBE Buffer to verify specific 

amplification of the DNA. 

The Primers were designed on Benchling (an online platform for biotech research) to amplify 

Exon 17 of TSC1, including the guide cut sites. Primers used for sequencing had M13 tags 

added to the 5’-end. The annealing temperature for both these sets which allow the attachment 

of the barcode primers in the second PCR was 58°C. DNA that was amplified using M13 tag 

primers for sequencing was then diluted 1:100 before being reamplified by PCR using barcoded 

primers (see Table 1). These primers allowed the PCR product of up to 96 samples from 

subcloned cells to be pooled together for sequencing, as the barcodes were used to identify 

individual samples. 

  



 43 

Table 1: Primers for amplification of TSC1 Exon 17 and sequencing barcodes 

Primer Sequence (5’ to 3’) 

TSC1 Exon17 Fwd AGACTTCCTGCCAGGCTTCCCT 

TSC1 Exon 17 Rev CTGACTGGCTTCACACCCGCTG 

M13 TSC1 Exon 17 Fwd GTAAAACGACGGCCAAGACTTCCTGCCAGGCTTCCCT 

M13 TSC1 Exon 17 Rev GGAAACAGCTATGACCATGCTGACTGGCTTCACACCCGCTG 

Barcode Fwd 1 AAGAAAGTTGTCGGTGTCTTTGTGGTAAAACGACGGCCA 

Barcode Fwd 2 TCGATTCCGTTTGTAGTCGTCTGTGTAAAACGACGGCCA 

Barcode Fwd 3 GAGTCTTGTGTCCCAGTTACCAGGGTAAAACGACGGCCA 

Barcode Fwd 4 TTCGGATTCTATCGTGTTTCCCTAGTAAAACGACGGCCA 

Barcode Fwd 5 CTTGTCCAGGGTTTGTGTAACCTTGTAAAACGACGGCCA 

Barcode Fwd 6 TTCTCGCAAAGGCAGAAAGTAGTCGTAAAACGACGGCCA 

Barcode Fwd 7 GTGTTACCGTGGGAATGAATCCTTGTAAAACGACGGCCA 

Barcode Fwd 8 TTCAGGGAACAAACCAAGTTACGTGTAAAACGACGGCCA 

Barcode Fwd 9 AACTAGGCACAGCGAGTCTTGGTTGTAAAACGACGGCCA 

Barcode Fwd 10 AAGCGTTGAAACCTTTGTCCTCTCGTAAAACGACGGCCA 

Barcode Fwd 11 GTTTCATCTATCGGAGGGAATGGAGTAAAACGACGGCCA 

Barcode Fwd 12 CAGGTAGAAAGAAGCAGAATCGGAGTAAAACGACGGCCA 

Barcode Rev A AGAACGACTTCCATACTCGTGTGAGGAAACAGCTATGACCATG 

Barcode Rev B AACGAGTCTCTTGGGACCCATAGAGGAAACAGCTATGACCATG 

Barcode Rev C AGGTCTACCTCGCTAACACCACTGGGAAACAGCTATGACCATG 

Barcode Rev D CGTCAACTGACAGTGGTTCGTACTGGAAACAGCTATGACCATG 

Barcode Rev E ACCCTCCAGGAAAGTACCTCTGATGGAAACAGCTATGACCATG 

Barcode Rev F CCAAACCCAACAACCTAGATAGGCGGAAACAGCTATGACCATG 

Barcode Rev G GTTCCTCGTGCAGTGTCAAGAGATGGAAACAGCTATGACCATG 

Barcode Rev H TTGCGTCCTGTTACGAGAACTCATGGAAACAGCTATGACCATG 
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2.8. MinION sequencing 

 

2.8.1. Library preparation 

Barcoded PCR products were pooled together and purified using the Wizard® SV Gel and PCR 

Clean-Up System and its protocol (Promega, #A9281). Membrane binding solution was added 

to the PCR products in an SV Minicolumn. After incubation for one min the mixture was 

centrifuged at 16,000 RCF for 1 min. The flow through was discarded and the Minicolumn was 

washed twice with Membrane Wash Solution (flow-through discarded after each spin) and the 

membrane dried by centrifugation at 16,000 RCF for 1 min. The DNA bound to the membrane 

was eluted in 50µL of nuclease-free water after one min of incubation before centrifugation at 

16,000 RCF for 1 min. The DNA concentration was measured using NanoDrop. 1µg of purified 

DNA was used for sequencing using the 1D2 sequencing kit (Oxford Nanopore, #SQK-

LSK308). The DNA was incubated with Ultra II End-prep reaction buffer, nuclease-free water 

and enzyme mix for 5 mins at 20°C and 5 mins at 65°C. AMPure XP beads (Beckman, 

#A63880) where then added to the mixture and incubated for 5 mins at room temperature under 

continuous tube flicking. The sample was pelleted on a magnet and washed with 70% (v/v) 

ethanol, before being resuspended in nuclease free water.  The sample was incubated for two 

mins and then pelleted on a magnet. The eluate was removed and incubated with 1D2 Adapter 

and Blunt/TA Ligase Master Mix (NEB, #M0367S) for 10 mins at room temperature. AMPure 

XP beads were added to the sample and incubated for 10 mins with continuous tube flicking. 

The magnet is used to pellet the sample and 70% (v/v) ethanol is used for washing prior sample 

resuspension in nuclease-free water.  

 

The eluate was removed and incubated in a fresh tube with Barcode Adapter Mix and Blunt/TA 

Ligase Master Mix for 10 mins at room temperature before another AMPure XP beads 

incubation for 10 mins under constant tube flicking. The sample was pelleted on a magnet and 

washed twice with ABB buffer before being resuspended in Elution buffer. The sample was 

incubated for 10 mins before the beads were pelleted on a magnet and the eluate was transferred 

into a clean 1.5mL tube. The next step was the preparation of the flow cell. The flow cell was 

inserted into the MinION. A small amount of buffer was drawn back from the priming port of 

the flow cell to remove any bubbles. 800µL priming mix (576µL Running buffer with Fuel Mix 

624µL of nuclease-free water) was loaded into the flow cell via the priming port and incubated 

for 5 mins. After the incubation, the remaining 200µL of priming mix was added to the flow 

cell via the priming port. The prepared DNA sample was mixed with Running buffer with Fuel 

Mix and Library Loading Beads and loaded onto the flow cell via the sample port.  
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The MinION was then connected to a computer with the MinKNOW programme. The 

sequencing run was then started via this programme after selecting the flow cell type. The 

sequencing was run until around 400,000 reads were acquired. 

 

2.8.2. Sequencing Analysis 

The reads were base called using Albacore to generate FASTQ files and sorted according to 

their barcodes. The read sequences were then aligned to the reference genome for TSC1 Exon 

17. A script, written by Dr. Ian Tully, was used to identify if deletions were present in the 

barcoded samples (Tully 2020). To confirm the presence of deletions, the barcoded reads were 

checked on Integrative Genomics Viewer. 
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2.9. Differentiation Protocols 

 

2.9.1. Differentiation of glutamatergic neurons from iPS cells 

The neuronal differentiation protocol used in this project is the basic protocol used within the 

research group to produce forebrain glutamatergic projection neurons. This is a well 

characterised protocol based upon the dual-SMAD inhibition methods described in publications 

(Chambers et al. 2009; Shi et al. 2012). Two days before the start of neural induction (D0), 

confluent wells of iPS cells were passaged with Gentle Cell (as described previously) and plated 

onto 12 well plates pre-coated with reduced growth factor Matrigel (Corning, #354230) or 

Cultrex (Biotechne, #3434-010-02); the standard passage ratio was 1:6. Cells were maintained 

with E8 until 80-90% confluency after which cells were washed once with DPBS. N2B27-RA 

(for 150mL: 100mL DMEM/F12 (Thermo Fisher, #12634-010), 50 mL Neurobasal (Thermo 

Fisher, #21103049), 1mL N2 (Thermo Fisher, #17502001), 1mL B27- (Thermo Fisher, 

#12587010), 1.5mL PSG (Thermo Fisher, #10378016), 150µl beta-mercaptoethanol (Sigma 

Aldrich, #M3148)) was used as a media containing LDN193189 (LDN; Sigma-Aldrich, 

#SML0559, concentration 1:10000) and SB431542 (SB; Sigma-Aldrich #S4317, concentration 

1:1000).   

iPS cells were maintained in this neural induction medium, with half medium changes every 2 

days, for around 8-12 days after which point multi-layered colonies of cells could be seen. After 

10 days, the media is switched to N2B27- without LDN and SB. For the first passage, cells 

were initially pre-treated for 2 hours with 10 μM Y27, after which the medium was removed 

from cells and DPBS was used for washing the cells. After the DPBS removal, 500 μL of 

Versene (Thermo Fisher, #15040066) was added to each well and cells were incubated for 3 

mins at 37 °C. After Versene aspiration, 500 μL of fresh N2B27-RA with 10 μM Y27 was 

added to each well and cells were detached from the plate by scratching using a 1 mL pipette 

tip. The collected cells were then split into a passage ratio of 2:3 and plated onto a pre-coated 

plate with fibronectin (Millipore; #FC010) with 1.5mL of fresh N2B27 media with 10 μM Y27. 

Cells were maintained with half medium changes every two days for around 9-10 days, after 

which multilayer colonies comprising neural rosettes were visible. At this point (D18-22), cells 

were deemed to be neural precursor cells (NPCs) and differentiations were either continued to 

produce neurons or NPCs were frozen for storage and later use. If the differentiation is 

continued, the cells will be passaged around day 18-20, the required coating is PDL (Sigma 

Aldrich, #P6407-5MG) for 2h, following a DPBS wash and a 2h incubation with Laminin 

(Sigma Aldrich, #L2020-1MG). Cells are then passaged at a 1:3 ratio (1:2 for TSC1 -/- cell 

line) with Y27.   
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After day 26, N2B27 +RA media was continuously used for the cells exchanging B27- with 

B27 with Vitamin A (Thermo Fisher, #17504001)). Cells required an additional passage around 

Day 30 due to the continuous proliferation of the remaining NPCs, the ratio was 1:3 (1:2 for 

TSC1 -/- cell line). 

 

2.9.2. Astrocyte Differentiation protocol 

The astrocyte differentiation protocol utilizes the neuronal differentiation protocol for the first 

21 days. The cells are deemed to be neural precursors (NPCs) around Day 18-22, and around 

that time point the cells will have been passaged onto a PDL/Laminin coated plate. Starting on 

Day 22, the media was changed completely to Astrocyte Media (CalTag Medsystems, #SC-

1801) with 2% FBS and then exchanged every 2-3 days based on cell confluency. The cells 

were kept on the plate for 10 days prior passage using Accutase for 10 min onto a Geltrex 

coated plate (1h coating incubation required; Thermo Fisher, #15180617). The cells were 

collected with the accutase in a 15mL flacon with 5mL of media to deactivate the Accutase, 

prior a 5min spin at 200rcf. The media is then aspirated, the cells are diluted in fresh media and 

split 1:6 onto the new plate; parts of the old media was kept and then added to the new plate as 

the expressed factors from the cells in it are required for the cell development. The cells will be 

passaged according to need with Accutase, as the cell should stay single cells and not develop 

colonies. When high confluency is reached the cell morphology will resemble neurons. The 2% 

FBS media is used for 2 weeks, after that a 1% (v/v) FBS astrocyte media will be needed for 

the cells for another week. During that time, the Geltrex coating will not be necessary anymore 

as the cell should start resembling early astrocytes which are able to attach to non-coated plates. 

After the 3 weeks, the Serio media is required for the astrocytes, it includes: 50mL advanced 

DMEM/F12 (Thermo Fisher, #11540446), 0.5mL Glutamax (Thermo Fisher, #35050038), 

0.5mL NEAA (Thermo Fisher, #11140050), 0.5mL N2 (Thermo Fisher, # 17502001) and 

0.5mL FBS (Thermo Fisher 16000036). Additionally, 20ng/mL of both BMP4 (Peprotech, 

#120-05ET) and CNTF (Peprotech, #450-13) will be added to the media for 5 weeks. With the 

introduction of BMP4 the proliferation rate will drastically decline until it will stop completely, 

therefore a smaller passage split is recommended to avoid cell loss (2:3 or 1:2).   

  



 48 

2.10. Bacterial cloning for Cas13a system 
 

2.10.1. Guides Design for cloning 
 

Cas13 guides (see Table 2) were designed using the RNAxs siRNA design algorithm from the 

RNAxs Webserver designed by the University of Vienna (Tafer 2018) as this had previously 

been successfully used in the Harwood group previously to design guides for Cas13. They were 

lengthened to 28 nucleotides, which is required for Cas13 gRNA efficacy. Guides were ordered 

as DNA oligonucleotides from IDT with the addition of 4nt overhangs on the 5’ end of the 

guide and reverse complement sequence for cloning into the gRNA plasmid. Each guide and 

reverse complement were combined and left for 1h at room temperature to anneal together 

before being cloned into the gRNA plasmid. Guides for TSC1 were designed to target early 

constitutive exons of TSC1 (Exons 1, 12 and 17). 

  

Table 2: Cas13a Guide Sequences 

Cas13a Guide Sequence 

TSC1 Exon 1 Guide 

Rev  

AAA AGA ATG GCC CAA CAA GCAAAT GTC GGG GA 

TSC1 Exon 1 Guide 

Fwd 

AAA CTC CCC GAC ATT TGC TTG TTGGGC CAT TC 

TSC1 Exon 12 Guide 

Rev 

AAA ACA CTC CCA GTC CTT GTA AAATTC CAC CT 

TSC1 Exon 12 Guide 

Fwd 

AAA CAG GTG GAA TTT TAC AAGGAC TGG GAG TG 

TSC1 Exon 17 Guide 

Rev 

AAA ACG CAC CCT CCG AGA CCAGTT GCT TTT AC 

TSC1 Exon 17 Guide 

Fwd 

AAA CGT AAA AGC AAC TGG TCTCGG AGG GTG CG 
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2.10.2. Cloning and Bacteria transformation 
 

TSC1 guides were inserted into the plasmid Ca13pgRNA-CKB (Addgene #73501) (see Figure 

2-1) via enzyme digest. For that, 6 μL of PGRNA (Cas13-msfGFP), 1μL of the Restriction 

Enzyme Esp3I (New England Biolabs, #R0734S) as well as 3,3μL of the Cutsmart Buffer are 

mixed into a 1.5ml tube (final concentration of vector is 30ng/μL) and incubated for 1h at 37 

°C. The following step is the ligation of the linearized and purified vector with small DNA 

inserts; 30ng of the vector is mixed with the designed guides (1:100 dilution of guides; 1.5 μL 

of guide), 0.5 μL of Ligase, 1 μL of 10x Buffer and 6 μL of nuclease-free Water and incubated 

for 1h at room temperature. For a clean ligation product, a 10min incubation of the Ligase 

product with 0,5μL of Esp3I at 37 °C is recommended.  

The first step is to prepare agar plates for the bacteria. Agar is melted by microwaving at 30% 

power for approx. 30-40 minutes and it is allowed to cool down to approximately 55°C before 

adding Ampicillin (final concentration of 100mg/ml). Stripettes are then used to add the agar 

into Petri dishes under a hood, the lids should rest lids half-covering the agar plates until the 

agar solidifies and cools down so there will be no more condensation on the lids. Plates are the 

either stored at 4 °C for later use or placed lid down in 37°C oven to warm for immediate use. 

The next step is to transform the plasmid into bacteria by using the Heat shock protocol. Single 

tubes of 5-alpha E. coli (NEB; #C2987I) is thawed on ice for 10 minutes. 25ml per 

transformation is used and 3ml of plasmid DNA is added to the cell mixture and carefully 

flicked 4-5 times to mix cells and DNA. The mixture is then placed on ice for 30 minutes before 

being heat shocked at 42°C for 30 seconds. The cells are them placed on ice for 5 minutes 

before 950ml of SOC medium is added into mixture (at RT). The cells then rest at 37°C in a 

shaker (220rpm) for 1 hour while the agar plates are warmed to 37°C. After removing the cells 

from the shaker, the cells are thoroughly mixed by flicking tube and inverting, before being 

diluted (about 1:4) in SOC. 100m of each dilution (one for each guide) is then spread onto an 

agar plate and incubate overnight at 37°C. Since the plasmid includes an Ampicillin resistance 

gene, only cultures which have the plasmid inside can grow on the agar plate. The next day, 

colonies are picked and added into liquid culture tubes with 4-5 ml LB broth and 100mg/ml 

Ampicillin before being incubated in a rotary shaker overnight at 37°C 180-220rpm. 

  



 50 

 

 

Figure 2-1:Scheme of the Cas13 plasmid (Addgene), TSC1 gRNA was inserted at the BsmBI cut site 
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2.11. MINI-Prep of plasmid DNA 
 

Aliquots of 1ml are taken from the liquid bacteria into 1.5ml Eppendorf’s, the tubes then spin 

in a centrifuge at 16 000 rpm for 1 min and the supernatant is removed from the cell pellet. 

Bacterial pellets are resuspended in 100ml P1 resuspension buffer (25mM Tris-HCl, pH 8.0, 

10mM EDTA); 2.5ml RNAse A is added per 1ml P1. Then, 100ml of P2 lysis buffer (200nM 

NaOh, 1% SDS) is added and the Suspension is gently mixed prior a 4 min incubation. 

120ml of P3 neutralisation buffer (5M potassium acetate, pH 5.5) is added and gently mixed 

before incubating it for 3 min. After the incubation spin in the centrifuge at 16 000 rpm for 2 

min before the supernatant is taken and transferred into a new tube. For precipitation of the 

plasmid DNA from the supernatant, 200ml of isopropanol is added and mixed by inverting; 

mixture incubates for 1 min before a Centrifuge spin 14,000 rpm for 1 min. Supernatant is 

poured off, and 200ml of 70% ethanol (v/v) is added to the Eppendorf which is then centrifuged 

at 14,000 rpm for 1 min.  

After the spin, the ethanol is poured off immediately and the tubes spin down again at 14,000 

rpm for 1 min to get rid of the leftover ethanol. Remaining ethanol is removed with a pipette 

and the tubes are allowed to air dry for 10 mins with caps open on bench. The DNA is the 

dissolved in 30ml nuclease-free water and its concentration is measured by using the 

NanoDrop. To test which bacterial cultures may have the guide inserted, a Digest of the Mini-

Prep samples (see Digestion Protocol in 2.10.2) as well as a positive control (plasmid without 

guide) was performed. Gel electrophoresis with a 1% Agarose Gel with TAE buffer was 

performed. 
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2.12. MAXI-Prep of plasmid DNA 
 

For the Maxi-Prep, the PureYield™ Plasmid Maxiprep System kit is used, and the attached 

protocol was followed. 100–250 ml of transformed E. coli cells are grown overnight. The 

bacteria culture is poured into 50 ml falcons and the cells were pellet at 5,000 × g for 10 minutes. 

The supernatant is discarded while the cell pellets are resuspended thoroughly in 12ml of Cell 

Resuspension Solution by vortexing or pipetting. 12 ml of Cell Lysis Solution is added, mixed, 

and incubated for 3 minutes at room temperature. Then 12 ml of Neutralization Solution is 

added, and the falcons are gently inverted 10–15 times to mix. The lysate is centrifuged at 

14,000 × g for 20 minutes at room temperature using a fixed angle rotor. For plasmid DNA 

purification the columns of the kit are assembled and placed on a vacuum manifold.  

The lysate is poured into the column and vacuum is applied until the lysate has passed through 

both the clearing and binding columns. The blue PureYield™ Clearing Column is discarded 

and the PureYield™ Maxi Binding Column is left on the vacuum manifold. 5 ml of Endotoxin 

Removal Wash is added to the PureYield™ Maxi Binding Column, and a vacuum is applied to 

allow the solution to be pulled through the column. 20 ml of Column Wash is added, and the 

vacuum is applied to pull the solution through the column. The membrane is allowed to dry for 

5 min by applying a vacuum. The Pure Yield™ Maxi Binding Column is removed from the 

vacuum manifold and placed into a new 50 ml centrifuge tube. A 1.5 ml microcentrifuge tube 

is placed into the base of the Eluator™ Vacuum Elution Device (Promega, #A1071), securing 

the tube cap in the open position. The Eluator™ Vacuum Elution Device is assembled and the 

DNA binding column is inserted into the device. The elution device assembly is placed onto a 

vacuum manifold and 1ml of Nuclease-Free Water is added to the DNA binding membrane in 

the binding column and incubated for 1 minute. Vacuum is applied until all liquid has passed 

through the column and the DNA quantified. To verify that the product has the guide inserted, 

test which bacterial cultures may have the guide in them, the Maxi-Prep sample is digested and 

gel electrophoresis with a 1% Agarose Gel with TAE buffer is performed.  
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2.13. Nucleofection of Plasmid 
 

The plasmid was inserted via electroporation into the cells. For that, the Cas13 iPSCs were 

grown in a 6-well plate until they reached high confluency. Additional plates coated with 

Cultrex or Matrigel were prepared as each electroporated well will be split 1:4 after the 

treatment. Prior the nucleofection, the cells were treated with Y27 for at least an hour while the 

new plates were prepared with E8 media and Y27 (10 µl/ml). P3 solution consisting of 18µl of 

supplement + 82µl of P3 + plasmid (2.5µg) or GFP (1 µl as control) was prepared, resulting in 

little of 100ul for each treated well (Amaxa P3 Primary Cell 4D-Nucleofector X Kit L, Lonza, 

#V4XP-3024). Cells are washed with PBS prior 9 min accutase incubation at 37° C. During the 

incubation, the Lonza nucleofector machine is set up using the custom programme iP1 with the 

pulse code CA-137 for iPSCs. After the accutase incubation, the cells are transferred into a 15 

ml Eppendorf tube and centrifuged at 150 g for 3 minutes before accutase aspiration and PBS 

cell wash through gentle pipetting. Cells are then centrifuged again for 3 min at 150 g before 

being resuspended in the P3-plasmid solution. The cell solution is added to appropriately 

labelled cuvettes and electroporated in the nucleofector machine. Using a Pasteur pipette, the 

cells are collected from the cuvettes and split 1:4 into the freshly prepared plates with E8 and 

Y27. Media is then changed for E8 the following day, 48 h post transfection Blasticidin is a 

1:1000 dilution of 5 mg/ml to a final concentration of 5 µg/ml. As the plasmid contains 

Blasticidin resistance, cells with a successful transfection will survive the treatment while non-

transfected cells will die throughout the antibiotic treatment. The treatment continues for 5-7 

days or until all GFP control cells have died. As the plasmid contains the fluorescence marker 

mKATE2 and GFP (the latter is doxycycline induced), the cells can be checked underneath a 

fluorescence microscope. 
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2.14. RNA Isolation 
 

For isolating RNA from cell samples, the Qiagen RNeasy Plus Mini Kit (Qiagen, #74136) was 

used and its protocol followed. The RLT Buffer of the kit was prepared with β-mercaptoethanol 

according to the protocol, as well as the RPE Buffer. 600 µl of the RLT Buffer was added to 

the samples prior adding vortexing and adding them to the gDNA tubes for a 30s spin down in 

the centrifuge at 8000 x g or more. The flowthrough is collected and mixed well with 600 μl of 

freshly made 70% Ethanol. Then, 700 µl of the sample mix is transferred to a RNeasy Mini 

spin column placed in a collection tube, the lids are closed and centrifuged for 15 s at 8000 x g 

or more. The flow-through is discarded and the precious step is repeated with the rest of the 

sample. After the flowthrough is discarded again, 700 µl of the RW1 Buffer is added to the 

column prior another centrifugation (15 s). Flowthrough is then discarded and 500µl of RPE 

Buffer is added and the column is centrifuged (for 15 s) and the flowthrough discarded, before 

repeating the RPE Buffer step once more (2 min for the second spin). The RNeasy column is 

then added to a new collection tube and spin empty in order to remove any residual wash buffers 

for 1 min before putting the RNeasy Mini column into a fresh 1.5 ml tubes and 40 µl of nuclease 

free water is added directly to the spin column membrane, incubates for 1 min at RT and the 

column is then centrifuged for 1 min at 8000 x g.   

 

  

2.15. cDNA-Synthesis 
  

For transforming RNA into cDNA, a final RNA concentration of 0.75 μg/μl is needed, so the 

samples are diluted accordingly. The High-Capacity cDNA Reverse Transcription Kit (Thermo 

Fisher, # 4368814) is used for this protocol. For each sample, a Master Mix consisting of 2 µl 

of 10xRT Buffer, 0,8 µl of 25xdnTP, 1 µl of Transcriptase, 4.2 ul of nuclease free water and 

2µl of Random Primers (part of the Kit) are mixed and added to 10 µl of RNA with a 0.75 µg/µl 

concentration. The samples then undergo a heating protocol in a PCR machine with 10 min at 

25° C, 2h at 37° C and 5 min at 85° C. The cDNA is then diluted 1:10 with nuclease free Water 

prior Nanodrop for concentration measurements. For qPCRs, the cDNA will be diluted to a 75 

ng per 2 µl concentration prior the experiment.   
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2.16. qPCR Protocol 
 

For the qPCR reaction, 2 µl of sample (concentration 75 ng) is used. The sample is topped up 

by 18 μl of a Mastermix consisting of 6.4 µl nuclease free Water, 0.8µl for both forward and 

return primer and 10µl of qPCRBIO Blue SyGreen (PCR Biosystems PB20.16). Each sample 

is tested in a Triplicate. The qPCR plates are run on the StepOne qPCR machines from Thermo 

Fisher, the qPCR run consists of the Holding stage which is 2 min at 95° C, and the Cycling 

Stage consisting of 40 cycles (each cycle has 5 seconds at 95° C and 20 seconds at 60° C).  Data 

was exported to Microsoft Excel and analysed using the ∆Ct method for relative quantification 

of the mRNA abundance (Heckmann et al. 2011).  Beta-Actin was chosen as the house keeping 

gene. The primer sequences for the qPCRs utilised in this project can be found in Table 3.  

 

Table 3: qPCR Primer Sequences 

Gene Name Primer Forward 5'-->3' Primer Reverse 5'-->3' 

Beta-Actin TCACCACCACGGCCGAGCG TCTCCTTCTGCATCCTGTCG 

S100B1 ACAAGGAAGAGGATGTCTGAGCTG TGTCCACCTCCTGCTCTT 

Nestin AGCAGGAGAAACAGGGCCTAC CTCTGGGGTCCTAGGGAATTG 

Pax6 GTGTCCAACGGATGTGTGAG CTAGCCAGGTTGCGAAGAAC 

FOXG1 AGGAGGGCGAGAAGAAGAAC TCACGAAGCACTTGTTGAGG 

ßIII-Tub ATGAGGGAGATCGTGCACAT GCCCCTGAGCGGACACTGT 

OTX2 CATGCAGTCCTATCCCAT AAGCTGGGGACTGATTGAGAT 

uPA GCCTTGCTGAAGATCCGTTC GGATCGTTATACATCGAGGGGCA 

uPAR TGTAAGACCAACGGGGATTGC AGCCAGTCCGATAGCTCAGG 

SERPINE1 GCACCACAGACGCGATCTT ACCTCTGAAAAGTCCACTTGC 

SERPING1 GCACTGGAGCTGCCTGGTGA TGTTGCGACCTTCCCTTCGC 

tPA AGCGAGCCAAGGTGTTTCAA CTTCCCAGCAAATCCTTCGGG 

Vimentin TGGACCAGCTAACCAACGAC GCCAGAGACGCATTGTCAAC 

CD44 AGCATCGGATTTGAGACCTG GTTGTTTGCTGCACAGATGG 

ULK1 AGCACGATTTGGAGGTCGC GCCACGATGTTTTCATGTTTCA 

TFEB GGAGAATCCCACATCCTA CAGCAAACTTGTTCCCATA 

GSK3 CCCGTCCTCACAAGCTTTAAC GCAGGAGCTTGATGGGCTAT 

TNFa GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC 

IL6 GGTACATCCTCGACGGCATCT GTGCCTCCTTGCTGCTTTCAC 

IL10 AAGGCAGTGGAGCAGGTGAA CCAGCATCAATACACAC 

TSC1 GGTACAACTGCAGGTGGAAAA TGTGCACGTAGTCATCCGAA 
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2.17. Calcium Imaging protocol 

Astrocytes with the conditional Cas13 TSC1 knockout were generated and plated in μ-Slide 

8 well imaging dishes (Sigma). Two days prior Imaging, the cells were treated under three 

conditions with doxycycline for 48 h: No doxycycline (Control), 2 µl Doxycycline pro 1 ml 

Media (leads to ~50% loss of TSC1) and 4 µl Doxycycline per 1 ml Media (leads to ~ 80% 

loss of TSC1). On the day of the Imaging, the cells were treated with 5 μM Fura2-AM 

(Teflabs) in DMEM with 1% BSA and 0.025% Pluronic acid F127 for 1 h at RT, before 

being washed in imaging buffer (HBSS, 1 mM HEPES and 1 mM MgCl2) and left at RT for 

10 min. The Imaging of the intracellular Ca2+ concentrations and responses were recorded 

with a Colibri LED microscope system, using an Axiocam Mrm CCD camera and 

Axiovision software with an additional physiology module for live cell Ca2+ imaging (Zeiss). 

Recordings of the Ca2+ probe baselines were taken prior to agonist addition in order to 

provide basal Ca2+ measurements of the cell, and all agonist-induced responses were 

compared at peak height. Release of endoplasmic reticulum (ER) Ca2+ was measured after 

addition of 10 μM of Glutamate. 

 

 

 

2.18. Apoptosis Staining of astrocytes with ANXA5. 

At day 40, the neurons were passaged to low density on a 24 well plate with coverslips with 

PDL-Laminin coating. At Day 53, the media of the neurons was aspirated and new media 

with 10uM Glutamate/Glycine was added for 30 min at 37°C in the tissue culture incubator. 

After the 30 min, the neurons were washed once with HBSS (1x), then 250 µl staining media 

consisting of 250 µl HBSS (1x; #14175095, Thermo Fisher), Annexin5 protein (2 µl per 1 

ml), propidium iodide (0.5 µl per 1 ml), Hoechst (1 µl per 1 ml), as well as 1 µM of MgCl2, 

1.8 µM CaCl2 and nonessential amino acids (1x; #11140050, Thermo Fisher). The cells 

were then kept at <16°C for another 30min as higher temperatures would cause the 

metabolization of the AXA5 protein by the neurons, prior double wash with HBSS (1x) and 

fixed with 3.7% PFA for 5min. PFA is then removed, and the cells are washed once with 

neuronal media in order to reduce potential background staining, and then washed twice with 

PBS. The coverslips carrying the neurons are then fixed onto glass slides and let to dry for 

24 h prior imaging.  
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2.19. Study Design and Statistics 

For the analysis of the gene expression qPCR data for both Cas13 TSC1 and TSC1 homozygous 

cell lines, different statistical tests were utilized based on needs. For the differentiations, three 

wells were used per condition and time point (N=3) and a single mutant line was used for both 

the Cas13 TSC1 cells and the TSC1 -/-. IBJ4 Cas9 cells were used as a control against the IBJ4 

Cas9 TSC1 -/- cells while Cas13 TSC1 without any doxycycline was used as a control against 

the doxycycline treated Cas13 TSC1 cells (2 µl Doxycycline pro 1 ml). As it is impossible to 

select the location of the plasmid insertion when using electroporation, the Cas13 TSC1 cells 

without any doxycycline were used as control in order to eliminate any potential of an inserted 

mutation by the plasmid leading to gene expression alteration and thus impacting the data. 

GraphPad Prism was utilized for both figure generation and statistical analysis of the data. 

A p-value of ≤0.05 was chosen as the significance threshold. For the analysis of gene 

expression between CN and TSC1 -/-, an unpaired t-test was chosen while for the gene 

expression analysis between CN and Cas13 TSC1 treated with doxycycline (24h or 48h) a 

One-Way ANOVA was performed. For the comparisons of gene expression levels over the 

differentiation duration, a mixed-effect analysis with Sidak’s-test for tighter significance 

levels were performed. For analysing the calcium base lines and peaks in the Cas 13 TSC1, 

Mann-Withey U tests were performed due to the nonparametric nature of the data 

distribution. For the labelling of the statistics in the figure, the following standards were 

chosen:  * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-

value ≤ 0.0001. 

Concerning the database analysis, the acquired data file already underwent analysis from the 

MacKeigan group. For the TSC1/TSC2 expression analysis, the group used pair-wise 

Welch’s t-tests in GraphPad Prism, followed by false discovery rate (FDR) correction (in R) 

to generate corrected p-values as the samples had failed Bartlett’s test for homogeneity of 

variances, thus ruling out ANOVA as an option. The data was preorganized into the Top 

300-fold changes of mRNA expressions between tumours and matched healthy tissue of the 

TSC patients for the respective sample categories: SEN/SEGAs, TUB, and renal 

angiomyolipoma (RA). While the MacKeigan group had already organized the identified 

genes based on specific cell processes or involvement in certain diseases, the data files were 

again organized with focus to the Top 100 up- and downregulated genes which were then 

personally categorized into two groups: involved with AD or involved with inflammation 

(pro- or anti-inflammatory genes alike). 
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3. Chapter 3: Generation of a TSC1 -/- cell line and the effect total TSC1 

loss has on neuronal development. 

 

3.1. Introduction 
 

As homozygous loss of TSC is lethal in embryos, there is still some uncertainty about the 

effect complete loss of TSC1 has on brain development. Therefore, this thesis aimed to gain 

an understanding how TSC1 loss in iPSCs affects their neuronal development. Using iPS 

cells as a model for TSC allows the generation and investigation of human neurons and 

astrocytes, cell types which are otherwise non-accessible. Animal models allow an insight 

into the disease structure but are, due to significant genetic and developmental differences 

to humans, quite limited in their translatability (Zhu and Huangfu 2013). TSC patients are 

born with a heterozygous loss of TSC1 or TSC2 (Franz et al. 2010) as a homozygous loss is 

lethal in-utero (Ehninger et al. 2009), though second hit mutations can occur at later stages 

in life (Lam et al. 2017; Goswami and Hsieh 2019), as found in tumour growths. This project 

aimed to generate a CRISPR Cas9 knockout model, as the utilization of CRISPR on iPSCs 

has been well established in recent years, involving iPSC lines containing the Cas9 gene 

under a doxycycline inducible promoter. Kabadi et al.  showed high success rates of using a 

cell line with doxycycline inducible Cas9 promoter instead of Cas9 protein, which also 

reduced the number of off-target hits (Kabadi et al. 2014). The CRISPR method therefore 

only requires transfection with gRNA after induction of Cas9 via doxycycline. Therefore, 

this method will be used to generate TSC1 knockout mutant lines. As mentioned previously, 

TSC demonstrates a variability of neuronal and cognitive deficits in patients. The loss of 

either TSC1 or TSC2 leads to overactivation of mTORC1, whose signalling is required for 

normal neuronal development and function, and dysregulation of this pathway impairs the 

development of neural circuits at multiple levels. Animal models of TSC demonstrated that 

upregulated mTORC1 signalling leads to changes in the neuronal phenotype including 

increased neuronal size, altered dendritic arborizations and spine formation, enhanced 

glutamatergic neurotransmission (Goto et al. 2011), altered axonal pathfinding and growth 

(Choi et al. 2008), as well as impaired synaptic plasticity (Bateup et al. 2011; Ruppe et al. 

2014). The degree of mTORC1 pathway hyperactivation seems to correlate with the severity 

of neurologic dysfunction especially regarding the epilepsy and the behavioural 

abnormalities. Mice with conditional Rictor deletion demonstrated disorganized axonal 

projections and an overall increase in axonal connectivity in the TSC brain, especially within 

cortical tubers, while presenting an excitatory phenotype and the capability to form abundant 

synaptic contacts (Carson et al. 2013).  
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Additionally, iPSC studies of TSC patients demonstrated increased astrocyte proliferation in 

iPSC derived neuronal cultures (Li et al. 2017) as well as delayed neuronal differentiation 

(Zucco et al. 2018), thus making the analysis of developmental markers during the neuronal 

differentiation an interesting target. As discussed previously, TSC models display significant 

autophagy disruption due to mTORC1 overactivity. Autophagy itself is an essential function 

in cells and impaired activity was found to trigger inflammation responses as shown with 

impaired TAU clearance (Bellucci et al. 2004; Yoshiyama et al. 2007; Laurent et al. 2017). 

Autophagy related genes such as ULK1 (Di Nardo et al. 2014; Abd-Elrahman et al. 2018; 

Wang et al. 2019a) and GSK3a (Cohen and Goedert 2004; Avrahami et al. 2013) were found 

to be disrupted in both TSC and AD, while studies established a significant role of TFEB in 

TAU clearance (Martini-Stoica et al. 2018). Thus, these genes were deemed as suitable 

targets for gene expression analysis. 

 

 

3.2. Chapter 3: Aims and Objectives 
 

There is still some uncertainty about the effect complete loss of TSC1 has on brain 

development.  The aim of this thesis was to gain an understanding how TSC1 loss in iPS 

cells affect their neuronal development. The influence of TSC1 loss on a range of 

developmental and autophagy markers during neuronal development was investigated to 

ascertain if the genetic mutation would inhibit or alter the neuronal development as 

homozygous mutations do not occur in patients except in cases of double hit mutation during 

life.  

i. Design of a TSC1 iPSC line utilising CRISPR-Cas9 systems for genome 

editing 

ii. Neuronal development of the TSC1 iPSC line and sample collection 

throughout development 

iii. RT-PCRs for gene expression analysis of developmental and autophagy 

markers 
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3.3. Chapter 3: Results 

3.3.1. Cas 9 CRISPR for TSC1 knockout 

The TSC1 knockout line was generated from a Cas9 cell line. This cell line is a IBJ4 iPS cell 

line which has been genetically modified to contain the Cas9 gene under a doxycycline 

inducible promoter. The Cas9 cells were treated with doxycycline for 24h to induce Cas9 

nuclease expression and transfected with the TSC1 guide RNA (see Figure 3-1 A). Both 

guides, which sequence was generously gifted by Prof Bateup from the university of 

Berkely, were used at the time to increase the chance of a successful nucleofection. The 

Bateup group had chosen Exon 17 of TSC1 for the targeted deletion based on the small size 

and an expected introduction of a frameshift and premature stop codon (Blair et al. 2018). 

After the nucleofection, the cells were subcloned by single- celling into 1:500 and 1:1000 

dilutions and DNA was collected from the grown colonies. The DNA was then subsequently 

amplified using PCR and the amplified product prepared for MinION sequencing to check 

for the presence of deletions. Using Integrative Genomics Viewer to check for deletions, 

three colonies demonstrated a successful knockout for TSC1 with a homozygous loss in Exon 

17 (see Figure 3-1 B). Heterozygous knockout was not identified in this CRISPR attempt. 

The homozygous knockout colonies were expanded, and a stock was frozen down in liquid 

nitrogen for future use. From the 92 subcloned colonies, around 60-70 survived until the 

Sequencing, from the tested colonies four were 100% pure homozygous colonies, around 

10-15 colonies showed homozygous knockout with some WT DNA contamination. Three 

colonies showed a nearly 50/50 ratio of WT and knockdown DNA, but further testing 

showed that these colonies were not heterozygous but mixed homozygous and WT cells. 

The other cells showed no knockout of TSC1 and were therefore seen as WT cells.   
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Figure 3-1: A: Scheme of Exon 17 sequence targeted by the guide sequences (visible in bright orange 

and blue). B: MinION Sequencing Analysis from TSC1 Lipofection, Integrative Genomics Viewer 

was used. Analysis of the clone A6 shows a clean cut of around 511bp (shown by the white area in 

the sequencing reads). Guide sequences are marked in blue at the bottom below the sequence. 

 

Analysing the protein expression of TSC1 in the TSC1 -/- cell line via Western Blot 

(performed by Darius McPhail), demonstrated a clear loss of TSC1 protein in the cell line in 

comparison to the IBJ4 control. 

 

Figure 3-2: Western Blot for TSC1 protein expression in the TSC1 -/- cell line (performed by Darius 

McPhail). A clear reduction of TSC1 protein levels in comparison to the IBJ4 control can be 

observed. Beta-Actin was utilised as the control gene for the Western Blot. 

 

One of the TSC1 -/- iPS cell line and the IBJ4 Cas9 line underwent neuronal differentiation 

and samples were taken at Day 10, Day 20, and Day 50 to capture the developmental 

timepoints of neuronal stem cells, neural progenitor cells and mature neurons. RNA was 

isolated from these samples and qPCRs were performed after cDNA synthesis from the 

RNA. The qPCRs focused on markers of astrocytes, NPCs, neurons, and autophagy. 
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3.3.2.  Expression of astrocytic markers in TSC1 homozygous neurons during neuronal 

development 

 

Gene expression analysis of TSC1 neuronal stem cells (NSCs) showed significant changes 

in the expression of several astrocytic markers. S100B1 was increased in TSC1 -/- cells 

(statistically non-significant) (p-value: 0.2792) (see Figure 3-3). 
 

 
Figure 3-3: Gene expression of astrocytic markers of TSC1 -/- neuronal stem cells during neuronal 

differentiation. S100B1 is elevated in the TSC1 homozygous cells (statistically non-significant) 

(N=3). Values are expressed as mean ± SD. Unpaired t-test were used for the data analysis of the 

homozygous cells. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-

value ≤ 0.0001. 
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Gene expression analysis of TSC1 neural progenitor cells (NPCs) showed significant 

changes in the expression of several astrocytic markers. S100B1 was non-significantly 

increased in TSC1 -/- cells (p-value: 0.4364), while CD44 and Vimentin were significantly 

increased in the TSC1 -/- cells (p-values: 0.0072 and 0.177) (see Figure 3-4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4: Gene expression of astrocytic markers of TSC1 -/- NPCs during neuronal differentiation. 

A: S100B1 is elevated in the TSC1 homozygous cells (statistically non-significant). B +C: CD44 and 

Vimentin are significantly increased in the TSC1 -/- cells (N=3). Values are expressed as mean ± SD. 

Unpaired t-test were used for the data analysis of the homozygous cells. * = p-value of ≤ 0.05, ** = 

p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 

 

Gene expression analysis of TSC1 neurons against IBJ4 Cas9 control neurons showed 

significant changes in the expression of several astrocytic markers. S100B1 was significantly 

increased in TSC1 -/- cells (p-value: 0.012), as was CD44 while Vimentin was non-

significantly increased (p-values: 0.0178 and 0.0513 respectively) (see Figure 3-5). 

 

Figure 3-5: Gene expression of astrocytic markers in homozygous TSC1 neurons during neuronal 

differentiation. A:CD44 was significantly elevated in the TSC1 NPCs in comparison to Control. B: 

CD44 expression was significantly increased in TSC1 -/- neurons. C: Vimentin expression in TSC1 

NPCs was non-significantly increased (N=3). Values are expressed as mean ± SD. Unpaired t-test 

were used for the data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 

0.001, **** = p-value ≤ 0.0001. 
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Analysing the expression changes over the neuronal development shows the increase of 

astrocytic markers over time. S100B1 expression increased during the development for both 

control and TSC1 -/- cells and while the expression aligned between both cell lines at the 

earlier parts of development, the level of S100B1 at Day 50 was significantly higher than in 

the control (p-values for each time points: 0.9920, >0,9999, 0.0206). CD44 expression 

increased in both control and TSC1 -/- cells over time but the CD44 expression in the TSC1 

-/- cells was continuously significantly higher than in control (D20 p-value: 0.0002, D50: p-

value: <0.0001). Vimentin expression was significantly increased at the NPC stage for the 

TSC1 -/- cells (p- value: 0.0086) and the discrepancy between both cell lines decreased for 

the neurons and was non-significantly increased in the TSC1 -/- cells (p-value: 0.1536) (see 

Figure 3-6). 

 

 

 
 

Figure 3-6: Expression of astrocytic markers during development of TSC1 -/- cells. A: S100B1 shows 

a significant increase in the TSC1-/- cells at Day 50 and no expression changes during the earlier 

time points. B: CD44 shows a continuous significant increase in the TSC1-/- cells in comparison to 

control. B: Vimentin expression in the TSC1-/- cells is significantly increased at Day20 and non-

significantly increased at Day 50 in comparison to control. Values are expressed as mean ± SD. 

Mixed-effect analysis with Sidak’s-Test was performed for data analysis. * = p-value of ≤ 0.05, ** 

= p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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3.3.4.  Expression of NPC markers in TSC1 homozygous neurons during neuronal 

development 

Gene expression analysis of TSC1 NSCs showed significant changes in the expression of 

several NPC markers. The NPC markers Nestin and Pax6 were both significantly reduced in 

TSC1 -/-cells in comparison to control (p-value: 0.0316 and 0.0495 respectively) (see Figure 

3-7). 

 

 

 

 

 

 

 

 

Figure 3-7: Gene expression of NPC markers of TSC1 -/- neuronal stem cells during neuronal 

differentiation. A+B: Nestin and Pax6 are significantly downregulated in TSC1 -/- cells (N=3). 

Values are expressed as mean ± SD. Unpaired t-test were used for the data analysis of the 

homozygous cells. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-

value ≤ 0.0001. 
 

 

The NPC markers Nestin and Pax6 were either non-significantly reduced or increased in 

TSC1-/- NPCs in comparison to control (p-value: 0.1336 and 0.2295 respectively) (see 

Figure 3-8). 
 
 

Figure 3-8: Gene expression of NPC markers of TSC1-/- NPCs during neuronal differentiation. A+B: 

Nestin is non-significantly reduced in the TSC1 -/- cells while Pax6 was non-significantly increased 

(N=3). Unpaired t-test were used for the data analysis of the homozygous cells. Values are expressed 

as mean ± SD. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value 

≤ 0.0001.
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Expression analysis of the TSC1-/- neurons shows significant alterations for NPC markers. 

Nestin was non-significantly reduced (p-value: 0.0942), while Pax6 expression was 

significantly increased (p-value: 0.0019) (see Figure 3-9). 

 

 

Figure 3-9: Gene expression of NPC markers in homozygous TSC1 neurons during neuronal 

differentiation. A +B: Nestin expression in TSC1 NPCs was non-significantly reduced while PAX6 

expression was increased significantly (N=3). Values are expressed as mean ± SD. Unpaired t-tests 

were performed for the statistical analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-

value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Analysing the expression changes over the neuronal development shows the increase of NPC 

markers over time. Expression of Nestin in the TSC1-/- cells was continuously lower than 

in control with the biggest discrepancy at Day 50, though no statistical significance was 

established (p-values for each time points: 0.1075, 0.5657, 0.4720). Pax6 levels were lower 

during the early developmental points (no significance) and significantly higher at Day 50 

(p- values for each time points: 0.3719, 0.9530, 0.0474) (see Figure 3-10). 

 

Figure 3-10: Expression of NPC markers during development of TSC1 -/- cells. A: Nestin expression 

in the TSC1-/- cells is continuously and non-significantly lower in the TSC1-/- cells in comparison to 

control. B: Pax6 expression during early development is lower in the TSC1 -/- cell line (statistically 

non-significant) and significantly increased at Day 50. Values are expressed as mean ± SD. Mixed 

effect analysis was used for the data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-

value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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3.3.5. Expression of neuronal markers in TSC1 homozygous neurons during neuronal 

development 

Gene expression analysis of TSC1 NSCs showed significant changes in the expression of 

several neuronal markers. In TSC1 homozygous cells, the neuronal midbrain marker OTX2 

and the neuronal marker ßIII-Tub showed significant expression reduction (p-values: 0.0018 

and 0.0305) while the neuronal forebrain marker FOXG1 showed a significant increase in 

expression in the TSC1 -/- (p-value: 0.0395) (see Figure 3-11). 

 

Figure 3-11: Gene expression of neuronal markers of TSC1 -/- neuronal stem cells during neuronal 

differentiation. A+B: ßIII-Tub and OTX2 are significantly reduced in the TSC1 -/- cells. C: FOXG1 

shows a significant increase in expression in the TSC1 -/- cell line. Values are expressed as mean ± 

SD. Unpaired t-test were used for the data analysis of the homozygous cells. * = p-value of ≤ 0.05, 

** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001.
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In TSC1 NPCs, neuronal markers displayed significant dysregulation. In TSC1 -/- cells, 

OTX2 showed no significant expression change (p-values: 0.4141) while ßIII-Tub and 

FOXG1 showed statistically non-significant increases (p-values: 0.6075 and 0.2395 

respectively) (see Figure 3-12). 

 

Figure 3-12: Gene expression of neuronal markers in TSC1-/- NPCs during neuronal differentiation. 

A-C: The neuronal markers ßIII-Tub and FOXG1 showed no significant increases in expression 

while OTX2 showed no change in expression in TSC1 -/- cells (N=3). Values are expressed as mean 

± SD. Unpaired t-test were used for the data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, 

*** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
 

 

In TSC1 neurons, neuronal markers displayed significant dysregulation. In TSC1 -/- cells, 

OTX2 was significantly decreased (p-value: <0.0001), while ßIII-Tub and FOXG1 were 

non- significantly reduced (p-values: 0.3301 and 0.1388, respectively) (see Figure 3-13). 

 

Figure 3-13: Gene expression of neuronal markers in homozygous TSC1 neurons during neuronal 

differentiation. A-C: The glutamatergic neuronal markers ßIII-Tub and FOXG1 showed non-

significant reductions, while OTX2 showed significant expression reduction (N=3). Values are 

expressed as mean ± SD. Unpaired t-tests were performed for the statistical analysis. * = p-value of 

≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001.
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Analysing the expression changes over the neuronal development shows dysregulation 

of several neuronal markers over time. In TSC1 -/- cells, OTX2 expression was significantly 

lower at Day 10 and Day 50 while Day20 showed no expression changes (p-values for 

each time points: 0.0089, 0.9996, 0.0003). βIII-Tub expression was slightly lower in the 

TSC1-/- cells during development but showed no significance (p-values for each time points: 

0.3013, 0.6719, 0.7987). FOXG1 expression in the TSC1-/- cells aligned with the control 

cells during the early development and was lower at Day 50, but no statistical significance in 

the reduction was found (p-values for each time points: 0.1158, 0.7883, 0.5585) (see Figure 

3-14). 

 
 

Figure 3-14: Expression of neuronal markers during development of TSC1 -/- cells. A: OTX2 

expression is significantly decreased at Day10 and Day50, no change at Day 20. B: βIII-Tub 

expression was slightly but non- significantly reduced in the TSC1-/- cells. C: Expression of FOXG1 

aligns between both cell lines during early development, levels at Day 50 were lower in TSC1-/- in 

comparison to control (no significance). Values are expressed as mean ± SD. Mixed-effect analysis 

with Sidak’s-Test was performed for data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, 

*** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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3.3.6. Expression of autophagy markers in TSC1 homozygous neurons during neuronal 

development 

Gene expression analysis of the TSC1 neuronal stem cells shows significant alterations 

for autophagy related genes. ULK1 and TFEB were significantly reduced/increased in the 

TSC1 -/- cells (p-values: 0.0006 and 0.0077 respectively), while GSK3a expression was not 

changed (p-value: 0.9856) (see Figure 3-15). 

 
 

 

Figure 3-15: Gene expression of autophagy markers in TSC1-/- neuronal stem cells during neuronal 

development. A: The expression of ULK1 was significantly reduced in the TSC1-/- cells. B: TFEB 

expression in TSC1 -/- cells was significantly increased. C: GSK3a expression showed no changes in 

the TSC1 -/- cells (N=3). Values are expressed as mean ± SD. Unpaired t-test were used for the data 

analysis of the homozygous cells. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 

0.001, **** = p-value ≤ 0.0001. 
 

 

Gene expression analysis of the TSC1 NPCs shows significant alterations for autophagy 

related genes. The TSC1 -/- cells display a significant ULK1 reduction (p-value: 0.0027). 

TFEB expression was non-significantly increased in the TSC1 homozygous cells (p-value: 

0.1571), while GSK3a expression was non-significantly increased (p-value: 0.1376) 

(statistically non- significant) (see Figure 3-16). 

 

Figure 3-16: Gene expression of autophagy markers in TSC1 -/- NPCs during neuronal development. 

A: The expression of ULK1 was significantly reduced in the TSC1-/- cells. B+C: TFEB expression in 

TSC1 -/- cells was non-significantly increased while GSK3a expression showed no significant 

changes (N=3). Values are expressed as mean ± SD. Unpaired t- test were used for the data analysis 

of the homozygous cells. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** 

= p-value ≤ 0.0001. 
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Gene expression analysis of the TSC1 neurons shows significant alterations for 

autophagy related genes. While ULK1 didn´t show significant expression 

changes to control (p-value: 0.6088), TFEB displayed a non-significant increase 

(p-value: 0.0593). GSK3a expression were significantly reduced i n  the TSC1 

homozygous neurons (p-value: 0.0091) (see Figure 3-17). 

 

Figure 3-17: Gene expression of autophagy markers in TSC1 -/- neurons. A: The expression of ULK1 

displayed no change in the TSC1-/- cells. B+C: TFEB expression in TSC1 -/- cells was non- 

significantly increased while GSK3a expression showed a significant decrease (N=3). Values are 

expressed as mean ± SD. Unpaired t- test were used for the data analysis of the homozygous cells. * 

= p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Analysing the expression changes over the neuronal development shows expression changes 

of the autophagy markers in TSC1 -/- cells over time. ULK1 expression increased towards 

the NPC stage and decreased when the cells entered the neuronal stage. Expression at Day 

10 displayed a significant reduction of D10 in the TSC1 -/- cells and a non-significant 

reduction at Day 20 in comparison to control (p-values: 0.0093, 0.0828, 0.9604). TFEB 

expression decreased towards the NPC stage and then increased for neurons, the TSC1 -/- 

cells displayed a non-significant expression reduction at the neuronal level (p-values: 

0.1377, 0.9766, 0.4048). GSK3a expression in TSC1 -/- cells was continuous during 

development while in control it increases in neurons. While GSK3a expression between both 

cell lines was close during the early developmental time points, the TSC1 -/- neurons 

displayed a non-significant decrease (p- values: 0.9815, 0.3613, 0.1392) (see Figure 3-18). 

 

 

Figure 3-18: Expression of autophagy markers during development of TSC1 -/- cells. A-C: Only 

significance was found in ULK1 at D10 of development, while the other genes displayed no significance 

between TSC1 -/- and control throughout development (N=3). Values are expressed as mean ± SD. 

Mixed-effect analysis with Sidak’s-Test was performed for data analysis. * = p-value of ≤ 0.05, ** 

= p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
 

 

 
 

3.3.7. Summary of major outcomes in this chapter: 

• Generation of TSC1 -/- IBJ4 cells after CRISPR Cas9 attempt 

• Significant dysregulation of developmental and autophagy markers 

• Increased expression of astrocyte markers 

• Decreased expression of neuronal markers 
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3.4. Chapter 3: Discussion 

 

3.4.1. Cell Line design: 
 

The Cas9 IBJ4 cell line is a useful model for CRISPR attempts as it allows an easier 

nucleofection. Once the iCas9 system is induced by doxycycline treatment, only the gRNA 

and tracrRNA are needed for the transfection, thereby circumventing the need to add Cas9 

protein. Kabadi et al. had found that doxycycline induced lentiviral Cas9 plasmid 

transduction had higher success rates for cells than normal transfection, additionally this 

allows a controlled Cas9 exposure , thereby reducing the chance of off-targets (Kabadi et al. 

2014). For increasing the target specificity, cleavage efficiency and for decreasing the off 

targets, several steps can be undertaken. The gRNA is important for the first two 

characteristics, its specificity is determined by the 20bp sequence and its PAM (Protospacer 

Adjacent Motif) sequence which is recognized by Cas9. Cho et al. demonstrated that it is 

possible to increase targeting efficiency and reduce off-targets by using dual RNA, 

consisting of tracrRNA and gRNA  (Cho et al. 2014). Studies have shown that inactive Cas9 

binds to more sites with matching sequences to the gRNA while active Cas9 rarely cuts the 

DNA at off target binding sites, suggesting that for decoupled binding and cleaving, 

complimentary sequences between gRNA and target site are necessary for efficient DNA 

cleavage (Doudna and Charpentier 2014). Overall, CRISPR Cas9 shows similar success 

rates than TALENs (transcription activator like effector nucleases) or Zinc fingers, while 

allowing a cheap system as only the guide RNA sequence needs to be altered for targeting 

several DNA sites instead of the intense protein engineering required for both TALENs and 

Zinc fingers (Doudna and Charpentier 2014). Still, guide efficiency can show high 

variability which is why it is usually recommended to test multiple guides for a successful 

model generation (Hiranniramol et al. 2020) but as the iCas9 system used in this project only 

requires the purchase of different gRNAs, it is a cheap and fast system.  

For generating the homozygous TSC1 cell lines, gRNA sequences given by the Bateup group 

from UC Berkely were used as previous CRISPR attempts with self-designed gRNA 

sequences had failed. Oxford Nanopore sequencing shows clear deletions in the target sites 

of around 511bp, cutting out Exon 17 of TSC1, for the homozygous cells.  
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3.4.2. Gene Expression: 
 

3.4.2.1. Astrocyte markers: 

S100B1 is part of a calcium- binding protein family which is localised in the cytoplasm and 

the nucleus. S100B1 is involved in the regulation of multiple cellular processes including 

cell cycle progression and differentiation. It is glia- specific and secreted by astrocytes; and 

there are suggestions that is involved in neurite extension, stimulation of Ca2+ fluxes, 

inhibition of protein kinase C (PKC)-mediated phosphorylation, axonal proliferation, and 

inhibition of microtubule assembly. Furthermore, S100B1 acts as a neurotrophic factor and 

neuronal survival protein in the developing CNS (District 2019).  Low concentrations of 

S100B1 are known to promote cell proliferation and differentiation, whereas higher 

concentrations induce cell death. Elevated levels of S100B1 have been linked to brain 

damage and various psychiatric disorders like schizophrenia. For example, elevated levels 

of S100B1 have been linked to brain dysfunction (Gerlai et al. 1995) and mortality in patients 

with sepsis, or to AD and epilepsy where the gene levels correlated with brain regions of 

high neuropathology (Petrova et al. 2000). S100B1 was shown to suppress oxidative cell 

damage; whereas oxidative stress impairs the ability of S100 proteins to bind and activate 

protein phosphatase 5 (PP5), a serine/threonine phosphatase involved in oxidative stress 

responses (Yamaguchi et al. 2016). Unsurprisingly, research has demonstrated that increase 

of oxidants leads to increased levels to S100B1, seemingly via NFB activation (District 

2019). It is well established that ROS can cause severe damage to cells which may lead to 

apoptosis and cell death (Halliwell 2006; Maes et al. 2011). Liu et al. also identified the 

associations of oxidants with S100B1 protein levels (District 2019). On the other hand, 

higher levels of S100B1 might stimulate cell death via production of oxidative stress by 

stimulating the generation of NO by activation of NF-B pathway  (Petrova et al. 2000). It 

has been demonstrated that in Down-syndrome NPCs, long-term overexpression of S100B1 

leads to an increase in ROS generation and activation of stress responses (Esposito et al. 

2008). Astrocytes are the most important source of the free radicals in the CNS (Lohr 1991) 

and S100B1 is primarily expressed in astrocytes. High glucose environments have been 

shown to be neuroprotective by reducing ROS production (Takahashi 2011). Glucose levels 

themselves are regulated by GSK3, which will be further discussed later in this chapter (Lee 

and Kim 2007). The TSC1 -/- cells showed increased levels of S100B1 throughout the 

neuronal differentiation.  
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Increased levels at the neuronal stage were originally expected as TSC deficient cells, 

especially homozygous ones, are known to prefer the astrocytic fate over the neuronal one 

(Blair et al. 2018). The neuronal differentiation of the tested cells was successful as the 

expression of neuronal markers shows. As it is known that TSC commonly overexpresses 

HIF1a, a hypoxia related marker (Zhang et al. 2016) and as hypoxia is known to promote 

oxidative stress in cells, it could be hypothesized that TSC cells endure constant low levels 

of oxidative stress which would then in turn cause an increase of S100B1 expression. As 

epilepsy (Chong et al. 2010) as well as various psychiatric disorders such as anxiety, mood 

and behavioural disorders are known comorbidities of TSC (Chung et al. 2011) and overlap 

with the disorders known for elevated S100B1 expression, it can be presumed that overly 

expressed S100B1 is part of TSC pathology.  

 

Vimentin, an intermediate filament protein found in NPCs and astrocytes (Yamada et al. 

1992), is essential in neuronal development thanks to its role in neurite extension in NPCs 

(Levin et al. 2009). Pattabiraman et al. demonstrated that Vimentin seems to play a 

protective role for differentiating cells against cell stress (Pattabiraman et al. 2020) while 

Matveeva et al. demonstrated that Vimentin protects mitochondria from oxidative stress 

(Matveeva et al. 2010). Vimentin expression has been found to be increased in both TSC 

and AD. Yamada et al. demonstrated Vimentin immunoreactivity in neurons affected by 

amyloid plaques (Yamada et al. 1992), while Levin at al. validated these results, suggesting 

that vimentin expression might be a cell response to cellular or tissue damage (Levin et al. 

2009). Liang et al. showed that loss of TSC2 led to increased Vimentin levels in kidney 

tumours (Liang et al. 2014) while Hengstschläger et al. demonstrated that overexpression of 

TSC genes also led to an overexpression of Vimentin, suggesting that a balanced level of 

TSC genes is required for a stable vimentin expression (Hengstschläger et al. 2004). Wong 

et al. and Crino et al. found Vimentin positive astrocytes in TSC tubers (Crino 2004; Wong 

and Crino 2012), and the MacKeigan Database also identified a significant upregulation of 

Vimentin in SEN/SEGAs (database will be discussed in Chapter 5). The TSC1 -/- cells 

displayed a significant increase of Vimentin expression in comparison to control for both 

NPCs and neurons. The increased levels of Vimentin in the TSC1 -/- cells at the NPC stage 

might be a consequence of the potentially increased proliferation rate, a consequence of 

mTOR overactivity and found in TSC cells. While observation of the cells did show an 

increased proliferation and metabolism due to increased media usage and quicker 

confluency, no investigation on the proliferation rate was undertaken in this project.  
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Since Vimentin expression also responds to cellular stresses like oxidative stress, it could 

also be a response to cell stress, which is a known consequence of TSC loss (Yang et al. 

2018; Arena et al. 2019). Additionally, the dysregulation of several of the markers tested in 

this chapter are known to cause cell stress, especially oxidative stress, it could be predicted 

that part of the expression increase in the NPCs might be a cellular response in order to 

improve cell survival. The increased expression rate in the neurons might be both a 

consequence for a higher rate of astrocytes and NPCs in the culture, which is why several 

astrocytic markers were tested in order to differentiate this. As mentioned before, TSC 

deficient cells are known to prefer the astrocytic fate over the neuronal one, especially 

homozygous TSC cells (Blair et al. 2018). Therefore, an increased number of astrocytes in 

TSC cultures would be expected.  

 

CD44 is a transmembrane glycoprotein known to be involved in intracellular signal 

transduction (Dzwonek and Wilczynski 2015). Originally, it was assumed that only 

astrocytes were expressing CD44 (Girgrah et al. 1991; Vogel et al. 1992), research has 

identified its expression in neural stem cells and oligodendrocyte progenitors (Naruse et al. 

2013). Additionally, expression of CD44 splice variants in neurons have been identified 

(Kaaijk et al. 1997), going against the previous consensus that CD44 is purely expressed in 

glia cells. CD44 is a receptor for hyaluronan (HA), an essential player in neuronal 

development, synaptic plasticity or epileptogenesis (Kochlamazashvili et al. 2010; 

Wlodarczyk et al. 2011). Despite that, the exact role of CD44 in neuronal development is 

uncertain though it has been assumed that it might be involved in axon guidance (Sretavan 

et al. 1994; Lin and Chan 2003). Skupien at al. demonstrated that CD44 is involved in 

dendritic polarity and the Golgi apparatus morphology in neurons (Skupien et al. 2014). 

Matzke et al. demonstrated that CD44 knockout mice displayed a reduced glutamatergic 

synaptic excitation while GABAergic synaptic inhibition showed no changes (Matzke et al. 

2007). CD44 expression is known to be strongly induced in AD patient brains (Akiyama et 

al. 1993) and lymphocytes (Uberti et al. 2010). Furthermore, AD patients’ samples have 

shown increased levels of several CD44 splice variants, both neuronal and astrocytic 

variants, therefore suggesting an involvement of CD44 in the pathogenesis of AD (Pinner et 

al. 2017).  
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CD44 overexpression has been found in TSC patients as well (Arai et al. 2000; Maldonado 

et al. 2003; Crino 2004; Boer et al. 2010) and it was also included in the Top 300 upregulated 

Genes of the SEN/SEGA samples from the MacKeigan TSC Database (discussed in Chapter 

5). Gene expression analysis showed increased levels of CD44 in the TSC1 -/- cells with 

significantly increased expression at both NPC and neuronal stage. Combined with the 

significant expression increases of other astrocytic markers at the neuronal stage, the number 

of astrocytes in the TSC1 cells is expected to be increased in comparison to the control cells. 

The increased expression at the NPC stage would be unlikely due to astrocytes as the 

developmental time point would be too early for any astrocyte generation. Since CD44 is 

also involved in cell migration, differentiation, and survival (Ponta et al. 2003), it might be 

a cell response in order to increase cell survival and to enable the neuronal differentiation 

since other differentiation markers tested in this chapter were dysregulated as well. It must 

be remarked, that while CD44 itself was tested, there was no specific analysis on its splice 

variants. 

 

 

In Conclusion, all astrocytic markers were significantly increased in the TSC1 cells at the 

mature cell stage of the differentiation, thereby suggesting an increased number of astrocytes 

in the culture, which would align with previous research  (Blair et al. 2018).  
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3.4.2.2. NPC markers: 
 

The protein Nestin is involved in several cell processes including organization of the 

cytoskeleton, cell signalling, and cell metabolism (Fuchs and Weber 1994). Nestin levels are 

highly expressed at the early developmental stages and nearly absent in mature neurons 

(Lendahl et al. 1990) which is why there are proposals that Nestin might be a candidate of 

cell differentiation regulation. Despite that, Park et al. showed that the loss of Nestin had no 

impact on neuronal differentiation during development of mice (Park et al. 2010). Contrary, 

Nestin downregulation during myogenesis seems to enhance differentiation with no impact 

on proliferation (Pallari et al. 2011). Upregulation of Nestin in tumours is known to correlate 

with invasion of melanomas (Strojnik et al. 2007). Nestin is presumed to have a role in 

regulation of assembly and disassembly of other intermediate filaments such as vimentin, 

during mitosis (Chou et al. 2003). However, Nestin knockout mice showed no defects in 

microfilaments or microtubules, nor changes in proliferation despite the massive reduction 

in NSC survival and self-renewal (Park et al. 2010). There are also some suggestions that 

Nestin may protect from apoptosis by binding to cyclin-dependent kinase 5 (CDK5); thereby 

inhibiting its proapoptotic function (Park et al. 2010).  

 

Additionally, there have been reports that Nestin seems to be essential for proliferation of 

embryonic rat cortical neural progenitor cells as Nestin downregulation resulted in G1 cell 

cycle arrest and reduced numbers of new neurons. The downregulation also inhibited the 

forming capacity of cultured cortical neural progenitor cells and a suppression in the PI3K 

pathway under stimulation with growth factors; all of these effects are rescuable with PI3K 

stimulation (Xue and Yuan 2010). mTORC1 impacts Nestin expression and activity via 

upregulation of c-Myc which promotes SOX2 and thereby regulates Nestin (Orlova et al. 

2010). The investigated TSC1 -/- cells showed a stable Nestin expression with few 

significant down regulations. Nestin expression was significantly reduced at the NSCs stage, 

and the later stages (NPCs and neurons) showed a trend of non-significant reduction in the 

TSC1 -/- cells. Therefore, it is overall difficult to conclude that TSC1 loss had an impact on 

Nestin and its function in neuronal development. The significant loss of Nestin in the 

homozygous cells early in the development could have a negative effect on the development. 

As proliferation rates in TSC1 cells are usually increased due to the mTOR overactivity, the 

reduced Nestin levels might be an attempt to counteract the proliferation rate so that the 

differentiation is followed. 
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Nevertheless, a significant reduction of Nestin expression at a time point where the cells are 

preparing to enter the NPC stage, will negatively impact the neuronal development of the 

TSC1 cells.  An increased sample number might be able to discern if there is indeed a trend 

of Nestin downregulation.  

 

Pax6, a highly conserved transcription factor, is crucial for normal CNS development (Hill 

et al. 1991; Glaser et al. 1994; St-Onge et al. 1997); studies with Pax6 mutant mice 

demonstrated significant deficiencies for the neuronal development including abnormalities 

in NSC and NPC proliferation, as well as defects in neurogenesis and in the generation of 

more specialized neurons (Sansom et al. 2009). Loss of Pax6 in the neocortex leads to 

microcephaly as well as abnormal development of secondary progenitor cells in the 

subventricular zone (SVZ)  (Sansom et al. 2009). The dosage of Pax6 seems to be essential 

as heterozygous loss of Pax6 leads to aniridia and forebrain abnormalities  (Sisodiya et al. 

2001; Ellison‐Wright et al. 2004) while homozygous loss leads to a lack of eyes, 

microcephaly and absent olfactory bulbs (Hill et al. 1991; Glaser et al. 1994). Increased 

Pax6 levels on the other hand led to microphthalmia and forebrain abnormalities (Schedl et 

al. 1996; Manuel et al. 2007). Estivill-Torrus et al. demonstrated that the absence of Pax6 

results in an increase of asymmetrical neurogenetic divisions during differentiation (Estivill-

Torrus et al. 2002). Sansom et al. demonstrated that Pax6 controls the balance between NSC 

self-renewal and differentiation. Gain of Pax6 pushes the cells towards neurogenesis while 

reduced levels of Pax6 reduces the self-renewal (Sansom et al. 2009). The reduction in the 

pool size of the Pax6 mutant progenitors might explain the reduced production of cortical 

neurons and the decrease in the cortical thickness of the Pax6 mutant cortex (Georgala et al. 

2011).  

Three processes are essential for the control of generating specific neurons at the correct 

place and time during development: neural stem cell self-renewal, neurogenesis, and cell 

fate determination. Gene expression analysis for Pax6 showed significantly altered levels in 

the TSC1 -/- cells. For the TSC1 -/- cells, Pax6 expression is mostly dysregulated throughout 

neuronal differentiation. The NSCs showed significant decrease in Pax6 while the neurons 

displayed overexpression. In the NPCs, it is statistically non-significantly upregulated. As 

Pax6 as a transcription factor has an important role in neurogenesis and cell fate 

determination, it can be predicted that the significant dysregulation in the TSC1 -/- cells 

should lead to an abnormal neuronal development and impaired cell fate determination.  
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Day 50 as a time point of sample collection is a time where mature neurons should be 

expected, but it is not uncommon to find a few NPCs still at this stage. For example, neurons 

display neuronal activity after 70 days of development whereas the differentiation protocol 

ends at Day 50. Therefore, it could be suggested that the TSC1 -/- cells show a delayed 

development and that a higher rate of NPCs existed in the cell colony. Additionally, Pax6 

was shown to influence the axon growth (Sebastián-Serrano et al. 2012), therefore, the 

increased level might cause increased axon length or might be caused by double axons which 

have been identified in TSC cells (Choi et al. 2008).  

 

Overall, the NPC markers were significantly dysregulated in the TSC1 -/- cells with Pax6 

being significantly upregulated at most developmental time points and Nestin mostly 

showing no statistical significance but trends of downregulation. Dysregulation of NPC 

markers during neuronal differentiation which play important roles in the process will cause 

an abnormal or delayed neuronal development in TSC cells, results which align with 

previous findings from other groups (Zucco et al. 2018; Martin et al. 2020).  

 

3.4.2.3. Neuronal markers: 

 
 

OTX2 is a transcription factor essential for brain and sensory organ development (Acampora 

et al. 1995; Morsli et al. 1999; Martinez 2003). Research has shown that OTX2 

overexpression leads to: reduced cell proliferation and a senescent phenotype, p53 pathway 

activation (at least in MED8A cells) (Bunt et al. 2010) as well as induction of differentiation, 

blockage of G1-S cell cycle transition (Bunt et al. 2012). Loss of OTX2 in a mouse model 

was shown to be lethal while decreased OTX2 levels resulted in malformations of the brain 

(Acampora et al. 1995; Fossat et al. 2006). Vernay et al. investigated OTX2 mutant mice 

and discovered that OTX2 function does not only involve early brain patterning (Hoch et al. 

2015) but also regulation of neuronal identity and neurogenesis (Vernay et al. 2005). Target 

genes of OTX2 were also identified to be associated with diseases such as schizophrenia, 

epilepsy and AD (Sakai et al. 2017). OTX2 also plays a role in the promotion of cortical 

GABAergic interneuron maturation (Hensch et al. 1998). The study of Sakai et al. also 

demonstrated the involvement of OTX2 targets in axon guidance, and dopaminergic and 

glutamatergic synapses (Sakai et al. 2017). In addition, OTX2 was found to regulate the 

expression of OXR1, an important protein in protection against oxidative stress, especially 

stress induced neurodegeneration (Oliver et al. 2011).  
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OXR1 was found to be involved/dysregulated in both TSC and AD (Stemmer et al. 2007; 

Brownridge III 2020). Sundberg et al. demonstrated low levels of OTX2 in her TSC patient 

derived purkinje cells (Sundberg et al. 2018). Expression analysis of OTX2 in the analysed 

TSC1 -/- cells demonstrated significantly altered levels in comparison to control. The TSC1 

-/- cells displayed a mostly significantly reduced expression (except for the NPC stage at 

Day 20). The mRNA abundance level show that the expression level of OTX2 has its highest 

point in the NSCs, before falling at the NPC stage and then rising again in the neurons. As 

the expression was quite significantly reduced in the early developmental stage as well as in 

the mature neurons, abnormal development as well as abnormal neuronal function can be 

considered. TSC mutations have been shown to lead to oxidative stress due to increased 

mTOR activity (Yang et al. 2018; Arena et al. 2019) and as OTX2 is indirectly involved in 

the protection against oxidative stress, impaired protection, and consequently increased cell 

stress might follow the significant reduction. Additionally, as OTX2 is influencing 

neurogenesis, neuronal identity and axon guidance, abnormal neuronal development and 

axons can be expected. Impaired neuronal polarity (Choi et al. 2008) as well as delayed 

neuronal development (Zucco et al. 2018; Martin et al. 2020) and impaired neurogenesis in 

favour of astrogliogenesis (Blair et al. 2018) have been found in various TSC studies, thus 

the identified expression change in the analysed cell line is not surprising, especially as the 

low expression levels in the TSC1 -/- are in line with the TSC database from Prof. 

MacKeigan (discussed in chapter 5) as well as with the findings of Sundberg et al. (Sundberg 

et al. 2018). While the utilised neuronal differentiation protocol generates glutamatergic 

neurons, a small percentage of GABAergic neurons are developed as well and as OTX2 

influences neuronal identity, promotes cortical GABAergic interneuron maturation (Hensch 

et al. 1998) and the low expression in measured in TSC might be one of the causes of the 

imbalance of developed neurons in TSC brains (Alsaqati et al. 2020). As OTX2 

overexpression leads to differentiation induction and reduced cell proliferation, it can be 

presumed that the reduction of OTX2 expression would lead to abnormal/ delayed 

development and increased cell proliferation, both found in TSC due to the mTOR 

overactivity.  
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βIII-Tub, also known as III--Tubulin, is part of the tubulin/microtubule network. Under 

non-pathological conditions βIII-Tub expression is primarily restricted to neurons, and at 

low levels in other tissues (Verdier-Pinard et al. 2009; Guo et al. 2011). High levels of βIII-

Tub expression had been demonstrated in clinical studies of several cancers including lung, 

breast, prostate, gastric and melanoma cancer (Bernard-Marty et al. 2002; Mozzetti et al. 

2005; Moiseyenko et al. 2013). βIII-Tub upregulation in cancer cells has been correlated to 

decreased survival and resistance to chemotherapeutic agents (Karki et al. 2013). Functional 

studies have confirmed the importance of βIII-Tub in regulating sensitivity to 

chemotherapeutic agents in non-small cell lung cancer (NSCLC), ovarian cancer and 

prostate cancer cells (Gan et al. 2007; McCarroll et al. 2010). Guo et al. demonstrated that 

βIII-Tub doesn’t seem to have a role in cell viability of neurons unlike βI-tubulin, an isoform 

much more widespread in cells and tissues.  

Despite that, βIII-Tub is known to be involved in mitotic spindles and interphase microtubule 

networks, which might imply the potential of having a role in cell viability (Guo et al. 2011). 

Furthermore, research shows that loss of βIII-Tub diminishes neurite outgrowth and 

negatively regulates further neurite elongation (Ferreira and Caceres 1992). An important 

discovery that Guo et al. made during their study was the protective function of βIII-Tub 

towards NMDA receptor, as βIII-Tub loss reduces cell viability when treated with 

glutamate/glycine (Guo et al. 2011). Zucco et al. demonstrated not only reduced levels of 

βIII--Tub in the TSC derived neural progenitors but developmental delay as well (Zucco et 

al. 2018). III-Tub expression in the TSC1 -/- cells was reduced in the NSCs while the NPCs 

and neurons showed no significant dysregulation. As III-Tub is part of the microtubule 

network, it can be expected that it influences neurogenesis especially as it regularly used as 

a marker for the latter. Therefore, the significant reduction at the NSC stage, which is 

vulnerable state during the development might impact the further development. As the 

expression dysregulation vanished during the further development, it is unlikely that any 

changes in TSC neurite length, as seen in Martin et al. (Martin et al. 2020), can be a 

consequence of  III-Tub dysregulation.  
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FOXG1, a DNA-binding transcription factor, whose role is the repression of target genes 

during brain development. FOXG1 mutations are known to cause microcephaly, impaired 

motor development, and brain malformations. Additionally, FOXG1 is a transcriptional 

repressor targeting cell cycle inhibitors, transforming growth factors (like TGF) (Guen et al. 

2011). FOXG1 plays a crucial role in early brain development, and loss of FOXG1 leads to 

microcephaly, developmental delay, and cerebral atrophy (Hettige and Ernst 2019). FOXG1 

itself is regulated by AKT. Loss of TSC which is downstream of AKT, indirectly 

downregulates the latter via a negative homeostatic feedback loop through mTORC1-

S6K1/2, thereby increasing GSK3β activity (Nguyen and Bordey 2021) as AKT plays a role 

in regulating cell growth via TSC1/2-Rheb-mTORC1 signalling, phosphorylating and 

inhibiting of GSK3β (Bellacosa et al. 2004). During early development, its expression is 

selective in highly proliferating cell populations in the telencephalon, where it is regulating 

the neurogenesis rate by keeping cells in a proliferative state and inhibiting their 

differentiation into neurons (Dastidar et al. 2011). FOXG1 is also expressed in neurogenic 

areas of the postnatal brain such as the subventricular zone and the hippocampal dentate 

gyrus where it also regulates neurogenesis (Shen et al. 2006). Furthermore, FOXG1 was 

found to influence the balance of GABAergic/glutamatergic neurons with FOXG1 

heterozygous iPSC and mice showing an increased expression of GABAergic synaptic 

markers (Patriarchi et al. 2016). In addition to its previously mentioned functions, FOXG1 

is involved in the promotion of axonal growth in the developing retina (Dastidar et al. 2011), 

as well as in the regulation of patterning of the developing forebrain (Danesin et al. 2009).  

Furthermore, FOXG1 mutations have been reported to be associated with 

neurodevelopmental disorders in humans, like epilepsy and microcephaly (Bahi-Buisson et 

al. 2010). Dastidar et al. demonstrated that FOXG1 is also involved in protection from 

neuronal death in mature cells as FOXG1 suppression promoted apoptosis in otherwise 

healthy neuronal cultures. Their study also showed that the neuronal survival promotion is 

AKT dependent and FOXG1 is a downstream effector of IGF-1 (Dastidar et al. 2011). 

FOXG1 overexpression is known to result in increased cell viability, G2/M cell cycle arrest, 

as well as inhibit cell differentiation (Wang et al. 2018). Mariani et al. demonstrated in her 

study that FOXG1 overexpression causes dysregulated expression in ASD organoids and the 

overproduction of GABAergic neurons (Mariani et al. 2015). Gene analysis of FOXG1 

expression during the neuronal development of TSC1 -/- cells showed significant 

dysregulation.  
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While the TSC1 -/- cells showed an increase of FOXG1 during the earlier developmental 

stages, the mature neurons displayed a reduction in FOXG1. As FOXG1 is a crucial 

transcription factor in brain and neuronal development, any changes in expression would 

have severe consequences, especially as loss or mutations of FOXG1 are known to be 

associated with neurodevelopmental disorders in humans (Bahi-Buisson et al. 2010). The 

overexpression at the early developmental stages and the trend of reduced expression at the 

neuronal level might destabilise the balance of glutamatergic and GABAergic neurons, as 

previous studies demonstrated (Mariani et al. 2015; Patriarchi et al. 2016) . Overall, the 

increase in expression for the TSC1 -/- aligns with TSC pathology which also displays 

abnormal/delayed cell differentiation (Zucco et al. 2018; Martin et al. 2020), increased 

number of GABAergic neurons (Alsaqati et al. 2020) and has ASD as a known comorbidity 

(Gipson et al. 2013).  

 

Overall, all the neuronal markers displayed significant dysregulation during the neuronal 

development in TSC1 -/- cells and as several of these marker function as transcriptional 

factors with essential functions in neuron and brain development, it can be concluded that 

any dysregulation during any time point of the development could cause abnormalities in the 

cells and their function.  

 

 

3.4.2.4. Autophagy markers: 

As mentioned previously, GSK3 proteins have an important function as mediators of various 

signalling pathways, including growth factors and Wnt pathways. Therefore, continuous 

research suggests the role of GSK3s as a key regulator in multiple neuronal processes such 

as neurogenesis, neuronal polarization and axon growth and guidance (Hur and Zhou 2010). 

Among the GSK3 substrates, transcription factors like CREB are known to play important 

roles in neuronal development. GSK3s regulate these transcription factors by either 

controlling their protein levels, DNA binding activities and/or nuclear localization. 

Additionally, GSK3s regulate the activity of several microtubule-associated proteins 

(MAPs) (Zhou and Snider 2005) and may have influence on essential processes during cell 

division as well as influencing neuronal migration, axon growth and guidance, as all of which 

require coordinated control of microtubule dynamics (Kim and Snider 2011).  
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GSK3β inhibition in hippocampal neurons was shown to induce formation of multiple axons 

(Yoshimura et al. 2005; Yoshimura et al. 2006), though the specific role of GSK3s in 

neurodevelopment is still questioned due to contradictory data; as some studies demonstrated 

that GSK3 inhibition induces axonal spreading, reduces axonal elongation, and increases 

growth cone size, and causes no induction of the formation of multiple axons (Challacombe 

et al. 1997; Chen et al. 2006; Asada et al. 2007). There are suggestions that GSK3 signalling 

is essential for coordinating the proliferation and differentiation of progenitor cells during 

brain development (Hur and Zhou 2010). The importance of GSK3s in the developing 

nervous system has been shown in a study through the selective deletion of both Gsk3a and 

Gsk3b in neural progenitors of mice (Kim et al. 2009). The animal model demonstrated a 

substantially increased cortical surface area due to an over-expansion of the neural 

progenitor cells. Gene expression analysis demonstrated that deletion of GSK3 genes 

markedly enhanced the proliferation of progenitor cells while suppressing neuronal 

differentiation, resulting in a reduced number of neurons and therefore a thinner cortex of 

the mice.  This suggests that GSK3 activity is required for normal neuronal development.  

Several signalling pathways had already been identified as regulators of neural progenitor 

proliferation, including Wnt, sonic hedgehog (shh),  and the Notch signalling pathway and 

GSK3 is implicated in the regulation of each of these pathways (Hur and Zhou 2010). 

Furthermore, GSK-3s regulate via the PI3k pathway the stability of Myc family proteins 

(Kim and Snider 2011) which are key elements in neural progenitors maintenance 

differentiation inhibition (Knoepfler et al. 2002; Wey et al. 2010). It is hypothesized that the 

GSK3s mediated phosphorylation of c-Myc is essential to its stability. c-Myc  plays an 

important role in inducing cell differentiation; the inhibition of its phosphorylation maintains 

embryonic stem cell pluripotency (Cartwright et al. 2005). As c-Myc is quickly metabolized 

(Eilers and Eisenman 2008), control of c-Myc stability via phosphorylation might be critical. 

c-Myc is an important promoter of many genes including cyclins, regulating their 

transcription. This role as a transcription factor has been primarily considered in maintaining 

self- renewal and in inhibiting differentiation of stem cells (Kim and Snider 2011). 

Analysing the GSK3 gene expression during neuronal development in TSC1 -/- knockout 

showed significant changes in the expression of GSK3 in comparison to the controls. The 

TSC1 -/- cells displayed at significant reduction in GSK3a expression at the mature neuronal 

stage while the earlier timepoints demonstrated no significant expression changes.  
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As GSK3a is suggested to be involved in neurodevelopment, especially influencing axons 

(Challacombe et al. 1997; Chen et al. 2006; Asada et al. 2007), the strong reduction in the 

TSC1 -/- cells would imply that the cells might have impaired axonal function/growth. 

Consequences on Nestin expression due to a potentially impaired c-Myc stability thanks to 

the loss of GSK3a in the neurons can´t be concluded as no significant changes in Nestin 

expression have been identified at that time point.  

 

ULK1, which is another major player in autophagy, is controlled via mTOR or AMPK 

pathway (Di Nardo et al. 2014). The loss of TSC1/2 in neurons is known to cause cell stress 

as the neurons show higher susceptibility to endoplasmic reticulum and oxidative stress; the 

TSC dependent inhibition of mTOR is required for autophagy regulation in response to ROS 

and TSC mice model show increased stress responses (Di Nardo et al. 2009; Anderl et al. 

2011). Di Nardo et al. also opened the discussion if TSC could also be counted as a 

neurodegenerative disease as it shows defective autophagy, a hallmark of several 

neurodegenerative diseases (Di Nardo et al. 2014). Next to its role in autophagy, ULK1 also 

seems to be involved in additional functions in neurons. Li et al. demonstrated in their study 

that loss of ULK1 expression in mice led to neuronal loss in the CNS (Li et al. 2018). 

Furthermore, it is known that ULK1 mutations in Caenorhabditis elegans, lead to axonal 

defects, including premature termination, abnormal trajectories, extra axon branches, and 

abnormal accumulation of intracellular membranous structures (Ogura et al. 1994).  

Additionally, ULK1 directly interacts with Unc-14, which through its interactions with 

further proteins, controls axonal elongation and guidance (Li et al. 2018). Demeter et al. 

demonstrated in their mice model that ULK1/2 deficiency in the CNS results in abnormal 

axon guidance as well as impaired organization of the somatosensory cortex, strengthening 

the claim of the role of ULK1 in neuronal functions (Demeter et al. 2020). mTORC1 activity 

can be targeted via AMPK and ULK1, despite the latter being directly negatively controlled 

by mTORC1 activity. Alsaqati et al. demonstrated that the TSC phenotype of higher 

neuronal excitability and decreased synchronicity in mature iPSC derived neurons as well as 

an imbalance of excitatory/ inhibitory synaptic markers, could be rescued with 

pharmacological ULK1 activation (Alsaqati et al. 2020). Furthermore, research suggests that 

ULK1 inhibition promotes oxidative stress by promoting a metabolic shift from glycolysis 

to oxidative mitochondrial metabolism (Ianniciello et al. 2021). It is further known that TSC 

commonly overexpresses HIF1a, a hypoxia related marker (Zhang et al. 2016).  
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As hypoxia is also known to promote oxidative stress in cells, it can be hypothesized that 

TSC cells endure constant oxidative stress as the ULK1 expression loss was found during 

different time points of neuronal development in the TSC1 cells investigated in this project. 

Mahakizadeh et al. supported the hypothesis that chronic hypoxia might be a suitable model 

for AD when they exposed juvenile rats to chronic hypoxia and demonstrated signs of AD 

in their mice as well as reduced III-Tub expression which would suggest a change/delay in 

the neuronal development (Mahakizadeh et al. 2020). As this current project had identified 

reduced levels of βIII-Tub levels in TSC1 cells at different timepoints of neuronal 

development as well (discussed earlier), it could be hypothesized that the oxidative stress 

might be one of the sources of the developmental delay found in TSC neurons. Plotting the 

ULK1 expression over time in the TSC1 -/- cells showcased that the peak of its expression 

is at the NPC stage (D20). Analysis of D20 samples demonstrated significant reduction of 

ULK1 levels in comparison to control for the TSC1 cells. As it is a major player in autophagy 

and its inhibition has been demonstrated to promote oxidative stress (Ianniciello et al. 2021), 

it could be expected that the neuronal differentiation might be negatively impacted as the 

NPC stage is a fragile state where cell fate is decided and additional cell stress might cause 

increased cell death (observed in the TSC1 -/- cells during D18 passage).  

 

As previously mentioned, TFEB is a transcription factor whose activation leads to 

stimulation of lysosomal biogenesis and autophagy, resulting in the breakdown of proteins 

and lipids for nutrients (Settembre et al. 2011; Martini-Stoica et al. 2018). Furthermore, 

TFEB promotes clearance of aberrant storage material in lysosomal storage disorders 

(Medina et al. 2011; Palmieri et al. 2017). TFEB and TFE3 also bind to the promoters of 

genes associated with autophagy and lysosomal exocytosis and thereby regulate these 

processes. The activity of mouse TFEB is regulated by mTORC1-dependent 

phosphorylation, which inactivates TFEB as a nuclear transcription factor (Yuizumi et al. 

2021). Yuizumi et al. demonstrated that lysosomes are more abundant in NPCs than in 

differentiating neurons (in their mice model) and that knockdown of TFEB and TFE3 

promotes premature neurogenesis while the expression of an active form of TFEB 

suppresses neuronal differentiation in the developing brain (Yuizumi et al. 2021). mTORC1 

controls the localization of TFEB and TFE3 in cells (Raben and Puertollano 2016). With an 

abundance of nutrients, TFEB and TFE3 remain excluded from the nucleus and accumulate 

in the cytosol.  
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Following starvation, both genes translocate to the nucleus and up-regulate multiple genes, 

thus promoting autophagy and lysosomal biogenesis as a way to help cells adapt and survive 

nutrient deprivation (Martina et al. 2014). There is also some evidence that TFEB and TFE3 

are activated in response to mitochondrial and ER stress (Martina et al. 2016), which would 

suggest a more general role in cellular adaptation to stress (Raben and Puertollano 2016). 

Furthermore, TFEB seems to be involved in inflammatory processes as well as LPS 

stimulation results in extrusion of mitochondrial contents via a process requires TFEB 

activation, and this process was shown to be sufficient to induce an inflammatory response 

(Unuma et al. 2015). As mentioned previously, TFEB is an important player in the TAU 

clearance in AD. Xu et al. identified that the process depends on the calcium channel 

TRPML1 (Xu et al. 2021). This calcium channel was identified to be regulated by mTOR 

and thereby by TSC (Onyenwoke et al. 2015). Li et al. further demonstrated that TRMPL1 

is required for mTORC1 activation, therefore suggesting a feedback loop (Li et al. 2016).  

Expression analysis of TFEB in the TSC1 cells investigated in this project demonstrated 

significant changes in comparison to healthy control cells. TSC1 -/- cells displayed a trend 

of increased TFEB expression with a significant increase in neuronal stem cells. Torra et al. 

investigated the consequences of TFEB overexpression in mouse neurons of a Parkinson´s 

model and identified several protective roles of TFEB (Torra et al. 2018). Firstly, TFEB 

overexpression was found to drive a neurotrophic effect that increased cell growth. Second, 

protein synthesis inducers eukaryotic initiation factor 4E (EIF4E) and S6K1 were both 

activated and decline of protein synthesis of the model was prevented. Third, MAPK and 

AKT pro-neuronal survival pathways were activated. Lastly, atrophy was counteracted and 

neuronal integrity and function was preserved (Torra et al. 2018). TSC cells are known to 

display an increased soma size (Hisatsune et al. 2021) and while this hasn´t been investigated 

in this project, it could be considered that the TSC1 -/- cells might demonstrate it as well and 

that it could be influenced by the increased TFEB expression. The overexpression of TFEB 

in TSC might be both protective and harmful. As TFEB overexpression was found to 

counteract atrophy and preserve neuronal integrity and function, it might prevent neuronal 

death. On the other hand, its ability to prevent of the decline of protein synthesis would be a 

harmful consequence as increased protein synthesis due to mTOR overactivity is a 

consequence of TSC1 loss (Franz et al. 2010). The prevention of the decline would most 

likely cause cellular stress though its neuroprotective function might outweigh the resulting 

cell stress.  
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As TFEB can suppress neuronal differentiation and impact neuronal survival, it can be 

predicted that any expression dysregulation would be harmful for neuronal development, 

despite TFEB levels reaching their peak at the neuronal stage.  

 

Several genes which are either directly or indirectly regulating autophagy demonstrated 

significant dysregulation of their expression levels. As TSC is known for its impaired 

autophagy, these results were expected. Their disturbance likely causes cellular stress and 

impair cell survival and differentiation.  
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4. Chapter 4: Generation of a conditional TSC1 cell line and consequences of 

acute TSC1 loss on neuronal development 
 

4.1. Chapter 4: Introduction 

 

There is uncertainty of the effect of acute TSC1 loss on neuronal development. This thesis 

aimed to gain an understanding how acute TSC1 loss in iPS cells affects neuronal 

development and which time points of the development are the most sensitive to acute TSC1 

loss. As with many other diseases, there is a variability on the impact on life caused by TSC 

for the patients (Skalicky et al. 2015). While it has been established that patients with a TSC2 

mutations suffer under a bigger impact of the disease than patients with a TSC1 mutation 

(Dabora et al. 2001), there is still a variability among the patients with the same gene 

mutation. One explanation for the difference could be their genetic background, while 

another possibility would be the developmental timepoint at which the mutation occurred.  

The generation of a conditional knockdown model would allow brief induction of TSC1 loss 

during the development of neurons or astrocytes at any time point, giving the unique 

possibility to see the precise consequences of the knock downed gene as well as identifying 

sensitive time points for TSC loss. By utilizing an iPS cell model for this experiment, the 

generation and investigation of human neurons and astrocytes is possible, cell types which 

are otherwise non-accessible (Zhu and Huangfu 2013). This project aimed to generate a 

conditional knockdown Cas13 model as Abudayyeh et al. demonstrated that the knockdown 

specificity of the Cas13a system is higher than for alternative methods despite comparable 

levels of gene knockdown (Abudayyeh et al. 2017). Further studies demonstrated a high 

efficiency and specificity for the Cas13a system for mammalian cells (Kleinstiver et al. 

2015) while others claimed collateral effects by off-target RNA slicing (Wang et al. 2019b). 

As the Cas13 model has demonstrated high efficiency, low off-targeting as well as easy 

design under a doxycycline inducible promoter than comparable methods, it will be used for 

generating the conditional knockdown TSC1 cell line. Similar to the previous chapter, 

developmental and autophagy marker expression were analysed during neuronal 

differentiation as it is currently unknown if a brief and acute loss of TSC1 would have a 

prolonged impact on neuronal development. Furthermore, the conditional cell line 

underwent astrocytic differentiation.  
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As discussed previously, calcium is a an essential player in neurotransmission and essential 

for neuronal excitability, synaptic plasticity, dendritic development and programmed cell 

death amongst other functions (Marambaud et al. 2009; Nikoletopoulou and Tavernarakis 

2012). Therefore, calcium homeostasis is tightly regulated for normal function of the 

previously mentioned cell processes. Aging neurons show increased calcium influx into the 

cell due to increased VOCCs activity as well as reduced calcium export via PMCA and 

increased calcium release from the ER. These changes overall lead to an increased calcium 

load in neurons, disturbing neuronal excitability. Disruptions in the calcium homeostasis 

have been found in TSC: neurons showed an increase of spontaneous calcium transients 

(Nadadhur et al. 2019), while iPSC derived TSC2 -/- neurons demonstrated elevated 

neuronal activity with highly synchronized calcium spikes, enhanced calcium influx via L-

type calcium channels resulting in abnormal neurite extension and sustained CREB 

activation. Studies have shown that disturbed ER calcium homeostasis significantly 

contributes to dysfunction and degeneration in AD. AD models for example showed 

impaired calcium uptake in mitochondria (Nikoletopoulou and Tavernarakis 2012), 

especially after oxidative stress (Kumar et al. 1994).  

Glutamate is essential for synaptic transmission as a major excitatory neurotransmitter in the 

mammalian CNS; however the balance of the signal is crucial (Lauderback et al. 2001). 

Overactive neuronal stimulation by glutamate (known as excitotoxicity) can induce neuronal 

damage and death (Maragakis and Rothstein 2001). Clearance of glutamate from the synapse 

is critical for neuronal health and it is recycled by astrocytes (Lauderback et al. 2001). 

Excessive glutamate receptor activation leads to excessive calcium influx, thereby impairing 

synaptic activation, neuronal plasticity and synthesis of NO, all of which will cause cell 

death as identified in AD (Sattler and Tymianski 2000; Marambaud et al. 2009). Neurons 

are processing glutamine as it functions as both neurotransmitter and energy substrate and 

metabolize it into glutamate which is then released by the neurons and transported into 

astrocytes via glutamate transporters, in order to recycle it back into glutamine. In TSC, 

glutamate excitotoxicity seems to occur. Knock-out mouse model of TSC (TSC1GFAPCKO 

mice) demonstrated decreased expression and function of the glutamate transporters GLT-1 

and GLAST, leading to an increase in extracellular glutamate levels and excitotoxic neuronal 

death (Wong et al. 2003; Zeng et al. 2007). Abnormal glutamate homeostasis and neuronal 

death could lead to neurological deficits and promote neuronal hyper excitability and 

seizures as consequence (Zeng et al. 2010).  
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There is the evidence that abnormal glutamate homeostasis due to impaired astrocyte 

glutamate transport could be a contributing factor to epilepsy and other neurological deficits 

in TSC (Wu et al. 2005; Zeng et al. 2007). These glutamate transporters are also affected in 

AD as  amyloid species like Aβ 1-42 decrease the expression of GLT-1 and GLAST, two 

major GLTs in astroglia (De Vivo et al. 2010; Matos et al. 2012). Therefore, it is presumed 

that the disruption in the clearance of excitatory neurotransmitters and increased levels of 

Aβ and TAU from astrocytes are involved in the neuronal excitotoxicity seen in AD 

(González-Reyes et al. 2017). 

 

4.2. Chapter 4: Aims and Objectives 

There is uncertainty of the effect of acute TSC1 loss on neuronal development.  This thesis 

aimed to gain an understanding how acute TSC1 loss in iPS cells affects neuronal 

development and which time points of the development are the most sensitive to acute TSC1 

loss. The influence of TSC1 loss on a range of developmental and autophagy markers during 

neuronal development was investigated to ascertain if the acute loss would alter the neuronal 

development and if it would mimic the TSC1 knockout cell line. Additionally, the effect of 

acute TSC1 loss was also tested in astrocytes with focus on their calcium signalling and their 

reaction to glutamate as previous studies suggested an increased rate of glutamate toxicity 

in TSC models. 

a. Design of a TSC1 iPSC line utilising CRISPR-Cas13a systems for genome editing 

b. Neuronal development of the TSC1 iPSC line and sample collection throughout 

development 

c. RT-PCRs for gene expression analysis of developmental and autophagy markers 

d. Astrocytic differentiation of the TSC1 iPSC line and acute induction of TSC1 loss for 48 h 

e. Calcium imaging of the TSC1 astrocytes with glutamate induced calcium waves. 

f. Staining for apoptosis after brief glutamate treatment of the astrocytes 
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4.3. Chapter 4: Results 

 

4.3.1. Cell line design 
 

A Cas13 cell line was generated for TSC1 as it would allow a real-time loss of the gene 

following the activation of the guide and a more flexible knockout system without off-target 

DNA changes due to Cas9. The TSC1 guides were inserted into the vector, the latter was 

then used for the bacteria transformation with E. coli. After incubation, several bacterial 

colonies for each Exon were picked and Mini-Preps performed. To verify that the colonies 

have the vector with the guides, digests were performed, and the product was tested with gel 

electrophoresis with a positive control. Several colonies from the Exon 12 bacteria show an 

undigested product (Figure 4-1), demonstrating that the vector is included as the guide 

inclusion damages the digestion side, thus preventing the digest by the enzyme. 

 

 
Figure 4-1: Mini-Prep for TSC1 Exon 12 and 17 guides for Cas13a system. Digest of the Mini-Prep 

product shows that several bacterial colonies (A, B, C, G) with Exon 12 guide demonstrated a guide 

insertion as the plasmid was not digested as shown in comparison to the positive control which was 

digested. 
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For further verification of the inclusion of the vector in the bacteria, Maxi-Prep were 

performed for the bacteria colonies which showed an undigested product in the Mini-Prep. 

The Maxi-Prep demonstrated that the colonies had indeed the vector with the guide inserted 

(Figure 4-2) by performing gel electrophoresis on the products.  

 
Figure 4-2: Maxi-Prep for TSC1 Exon 12 bacterial cultures. Digest of the Maxi-Prep product 

shows that the positive control is digested while the bacterial colony samples are not, therefore 

demonstrating the guide insertion. 

The TSC1 plasmid of Exon 12 was transfected into Cas13a iPS cells using electroporation, 

a transfection with GFP was performed as a positive control. Following this, cells containing 

the integrated plasmid were selected with antibiotic (Blasticidin) for 7 days. The colonies 

left after antibiotic selection were checked for GFP expression. Regarding testing the 

functionality of Cas 13, a 3-day Doxycycline treatment with the following conditions 

(Control: no doxycycline but DMSO added; 4ul of doxycycline; 8ul doxycycline) was 

performed with each guide. After the third day, samples were taken for RNA extraction (2 

samples for each condition). RNA was isolated using the RNA isolation kit, their 

concentration was measured prior cDNA transformation. cDNA concentration was 

measured again before preparing the appropriate dilutions of the samples for qPCR. DMSO 

was added as the doxycycline was dissolved in DMSO at the time of the cell line generation, 

and it was aimed to identify any effect of DMSO exposure to the cells. By the time of the 

cell differentiation discussed in the following pages, doxycycline was dissolved in water 

thus making the DMSO treatment of the control unnecessary.  
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The TSC1 Cas13 guide functionality was tested by a qPCR using Beta-Actin as a 

housekeeping gene and TSC1 primers. Analyses of the data showed that the guide 12c is 

functioning as the TSC1 expression was significantly reduced after treating the nucleofected 

cells with doxycycline in comparison to no treatment (see Figure 4-3). 

 

  

Figure 4-3: qPCR for TSC1 expression after 48h 

doxycycline treatment. Both doxycycline 

treatments showed a significant reduction in the 

expression (displayed by fold change). Increasing 

the concentration of doxycycline led to a further 

reduction of TSC1 expression (N=3). Values are 

expressed as mean ± SD.   The data was analysed 

via One-Way ANOVA. * = p-value of ≤ 0.05, ** = 

p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = 

p-value ≤ 0.0001. 
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4.3.2. Expression of astrocytic marker in TSC1 neurons during neuronal 

development 

A neuronal differentiation with the Cas13 TSC1 cells was initiated and the Cas13a system 

was activated via doxycycline treatment of the cells to induce a heterozygous like loss of 

TSC1 on the RNA level. The treatment with doxycycline occurred at three different time 

points of the neuronal development (Day 8, Day 15, and Day 30) where the cells are neuronal 

stem cells, neuronal progenitor cells or early neurons respectively. The doxycycline 

treatment itself occurred for either 24 or 48 h before washing the cells with PBS and adding 

fresh media without any doxycycline (see Figure 4-4). The astrocyte differentiation protocol 

was followed in order to generate the cells and the Cas13 TSC1 astrocytes were treated 48 h 

prior the calcium analysis with doxycycline in order to induce a 50% or 80% gene expression 

reduction of TSC1. As it is impossible to select the location of the plasmid insertion when 

using electroporation, the Cas13 TSC1 cells without any doxycycline were used as control 

in order to eliminate any potential of an inserted mutation by the plasmid leading to gene 

expression alteration and thus impacting the data. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4-4: Scheme of neuronal differentiation of Cas13 TSC1 cells, time points of 

doxycycline treatment indicated with red arrows, treatment were for either 24 or 

48h. 
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The analysis of the TSC1 expression in the Cas13 TSC1 cells several days after the 

doxycycline treatment demonstrates that the TSC1 expression recovers after the acute 

induction of TSC1 loss (p-value: 0.5539) (see Figure 4-5).  

 

 

 

Gene expression analysis of TSC1 neuronal stem cells (NSCs) showed significant changes 

in the expression of several astrocytic markers.  S100B1 showed a significant increase in the 

Cas13 TSC1 cells treated for 48 h (p-value: 0.049) while the 24h treatment caused a non-

significant increase in expression (p-value: 0.134) (see Figure 4-6).  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4-5: Gene expression of astrocytic markers of Cas13 TSC1 neuronal stem cells during neuronal 

differentiation. S100B1 is significantly increased for the 48h treatment, while the 24h treatment resulted in 

a non-significant increase (N=3). Values are expressed as mean ± SD. One-Way ANOVA was used for the 

data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. 

Figure 4-5: Gene expression of TSc1 in Cas13 

TSC1 NPCs. Cells were treated on D8 for 24h 

with doxycycline and samples were taken on 

D20. No significant expression changes 

between the CN and the treated cells were 

observed (N=3). Values are expressed as mean 

± SD. Unpaired t-test was used for the data 

analysis. * = p-value of ≤ 0.05, ** = p-value of 

≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value 

≤ 0.0001. 
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Gene expression analysis of TSC1 neural progenitor cells (NPCs) showed significant 

changes in the expression of several astrocytic markers. S100B1 showed a significant 

decrease in the Cas13 TSC1 cells treated for 24 h (p-value: 0.0082). The 48h treatment 

caused a non-significant decrease in expression (p-value: 0.1798). CD44 and Vimentin were 

significantly decreased in for either treatment lengths (p-values: 0.0037, 0.0010 for CD44, 

0.0008, 0.0013 for Vimentin) (see Figure 4-7).  

 

 

 

 

 

 

 

 

 

 

  

Figure 4-6: Gene expression of astrocytic markers of Cas13 TSC1 NPCs during neuronal differentiation. A-

C: The astrocytic markers S100B1, CD44 and Vimentin were significantly reduced in the cells treated at Day 

8 for 24h, cells treated for 48h only showed significant expression reduction for CD44 and Vimentin (N=3). 

One-Way ANOVA was used for the data analysis, Shapiro-Wilk normality test was passed. * = p-value of ≤ 

0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 

A B C 
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Gene expression analysis of Cas13 TSC1 neurons showed significant changes in the 

expression of several astrocytic markers. S100B1 was significantly increased in all 

conditions of the Cas13 TSC1 cells (p-values: 0.003, 0.0291, 0.0352) treated for 24 h and 

significant increases in most condition for the 48 h treated cells (p-values: 0.0081, 0.3564, 

0.0004). CD44 was significantly increased for cells treated at Day8, while the other 

treatment time points caused non-significant increases (p-values: 0.0159, 0.439, 0.0504 for 

24 h treatment; 0.0007, 0.9597, 0.8579 for 48 h treatment). Vimentin was significantly 

increased for cells treated at Day 8, while the other treatment time points caused non-

significant increases (except for 24 h treatment at Day30) increases (p-values: 0.0369, 

>0.999, 0.0065for 24 h treatment; 0.0014, 0.1765, 0.1215 for 48 h treatment) (see Figure 4-

8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4-7: qPCRs of astrocytic markers in Cas13a TSC1 neurons. Loss of TSC1 via doxycycline induced 

Cas13a system occurred for 24h or 48h. Samples were collected at Day 50 of the 50 Day neuronal protocol; 

cells were at a mature neuronal state upon collection. A: S100B1 expression was significantly increased for 

all conditions in comparison to control. B+C: CD44 and Vimentin expression showed significant expression 

increases for cells treated at Day8. D: Significant expression increases of S100B1 for cells treated at Day8 

and Day30 for 48h. E+F: CD44 and Vimentin expression was increased in all conditions with significance 

for Day8. Values are expressed as mean ± SD (N=3). Data was analysed via One-Way ANOVA. * = p-value 

of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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In 24 h treated Cas13 TSC1 cells, S100B1 expression increased during the development of 

both control and Cas 13 TSC1 cells and while the expression aligned between both cell lines 

at the earlier parts of development, the level of S100B1 at Day 50 was non-significantly 

higher in the Cas13 TSC1 cells in comparison to the control (p-values for each time points: 

0.2601, 0.9879, 0.0963). CD44 expression increased in both control and 24 h treated Cas13 

TSC1 cells over time but the CD44 expression in the Cas13 TSC1 cells was significantly 

higher than in control for the neuronal stage (D20 p-value: 0.9943, D50: p-value: <0.0001). 

Vimentin expression was significantly decreased at the NPC stage for the Cas13 TSC1 cells 

(p-value: 0.0167) and was significantly increased in the neurons (p-value: 0.0007). In 48 h 

treated Cas13 TSC1 cells, S100B1 expression increased during the development for both 

control and Cas13 TSC1 cells and while the expression aligned between both cell lines at 

the earlier parts of development, the level of S100B1 at Day50 was significantly higher in 

the Cas13 TSC1 cells in comparison to the control (p-values for each time points: 0.5942, 

0.8588, 0.0322). CD44 expression increased in both control and Cas13 TSC1 cells over time 

but the CD44 expression in the Cas13 TSC1 cells was significantly higher than in control 

for the neuronal stage (D20 p-value: 0.3618, D50: p-value: <0.0001). Vimentin expression 

was significantly decreased at the NPC stage for the Cas13 TSC1 cells (p-value: 0.0325) and 

was significantly increased in the neurons (p-value: <0.0001) (see Figure 4-9).  

 

 

 

 

 

 

 

  

Figure 4-8: Expression of astrocytic markers during development of Cas13 TSC1 cells. A+D: S100B1 

shows a non-significant increase in the Cas13 TSC1 cells at Day 50 and no expression changes during the 

earlier time points. B+E: CD44 shows a significant increase in the Cas13 TSC1 cells in comparison to 

control. C+F: Vimentin expression in the Cas13 TSC1 cells is significantly decreased at Day20 and 

significantly increased at Day 50 in comparison to control. Values are expressed as mean ± SD (N=3). 

Mixed-effect analysis with Sidaks-Test was performed for data analysis. * = p-value of ≤ 0.05, ** = p-value 

of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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4.3.3. Expression of NPC markers in TSC1 neurons during neuronal development 

 

 In the Cas13 TSC1 cells, Nestin displayed no expression change after the 24 h treatment (p-

value: 0.9684), while the 48 h treatment caused a non-significant reduction (p-value: 

0.0726). Pax6 showed a statistically non-significant increase after 24 h treatment (p-value: 

0.272) and a significant decrease after 48 h (p-value: 0.0158) (see Figure 4-10).  

 

 

 

 

 

 

 

 

 

 

In the Cas13 TSC1 NPCs, Nestin displayed a slight, non-significant increase after the 48 h 

treatment (p-value: 0.266), while the 24 h treatment caused a significant reduction (p-value: 

0.0008). Pax6 showed a statistically non-significant decrease after 24 h treatment (p-value: 

0.3155) and a significant increase after 48 h (p-value: 0.006) (see Figure 4-11). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9: Gene expression of NPC markers of Cas13 TSC1 neuronal stem cells during neuronal 

differentiation. Cas13 TSC1 display mostly non-significant expression reductions (Pax6 is significantly reduced 

after 48h treatment) in Cas13 TSC1 cells (N=3). Values are expressed as mean ± SD. Data was analysed via 

One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. 

Figure 4-10: Gene expression of NPC markers of Cas13 TSC1 NPCs during neuronal differentiation. A+B: 

Cas13 TSC1 display mostly non-significant expression reductions (Pax6 is significantly increased after 48h 

treatment while the 24h treatment led to a significant decrease in Nestin expression) in Cas13 TSC1 cells 

(N=3). Values are expressed as mean ± SD. Data was analysed via One-Way ANOVA. * = p-value of ≤ 0.05, 

** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 

A B 

A B 



 

 103 

The 24 h treatment in Cas13 TSC1 neurons led to no obvious expression changes of Nestin 

expression for Day8 and Day30 cells while the Day15 demonstrate a non-significant drop 

(p-values: 0.9813, 0.2408, 0.7856). Meanwhile, Pax6 expression was significantly reduced 

in all 24 h treatment conditions in comparison to control (p-values: 0.0001 and <0.0001 for 

the Day15 and Day30). The 48 h treatment in Cas13 TSC1 cells led to non-significant 

expression increases of Nestin for all conditions (p-values: 0.1178, 0.5641, 0.0777), while 

Pax6 expression was non-significantly reduced for cells treated at Day8 and Day15 while 

the cells treated at Day30 displayed a significant expression increase (p-value: 0.2580, 

0.9990, 0.0173) (see Figure 4-12). 

 

 

 

 

 

  

Figure 4-11: qPCRs of NPC markers in Cas13a TSC1 neurons. Loss of TSC1 via doxycycline induced 

Cas13a system occurred for 24 or 48h. Samples were collected at Day 50 of the 50 Day neuronal protocol; 

cells were at a mature neuronal state upon collection. A: 24h treated Cas 13 TSC1 cells displayed non-

significant Nestin expression changes, though the treatment at Day15 caused a slight drop in expression. 

B: 24h treated Cas 13 TSC1 cells displayed significant decreases in Pax6 expression for all conditions. C: 

48h treated Cas 13 TSC1 cells displayed non-significant increases in Nestin expression for all conditions. 

D: 48h treated Cas 13 TSC1 cells displayed no significant changes in Pax6 expression in most conditions 

while Day30 treatment led to a significant expression increase. Values are expressed as mean ± SD (N=3). 

Data was analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 

0.001, **** = p-value ≤ 0.0001. 
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In the 24 h treated Cas13 TSC1 cells, Nestin expression was continuously lower than in 

control with the biggest discrepancy at Day 10, though no statistical significance was 

established (p-values for each time points: 0.7908, 0.4393, >0.9999). Pax6 levels were 

significantly lower at Day 50 for the Cas13 TSC1 cells and aligning to control at the earlier 

time points (p-values for each time points: 0.5668, 0.9989, 0.0024). Expression of Nestin in 

the 48 h treated Cas13 TSC1 cells was reduced at Day 10 and increased at Day 50, though 

no statistical significance was established (p-values for each time points: 0.646, 0.6758, 

0.1119). Pax6 levels were significantly reduced at Day 10 and Day 50 for the Cas13 TSC1 

cells and significantly increased at Day 20 (p-values for each time points: 0.0433, 0.0113, 

0.0327) (see Figure 4-13).  

 

 

 

  

Figure 4-12: Expression of NPC markers during development in Cas13 TSC1 cells. A: Nestin 

expression in the Cas13 TSC1 cells independent of treatment length is continuously and non-

significantly lower in the TSC1-/- cells in comparison to control.  B: Pax6 expression is significantly 

increased in the 24h treated Cas13 TSC1 cell line at Day50, while no significant changes were 

observed in the earlier developmental time points. In the 48h treated cells, Pax6 expression is 

significantly increased in the Cas13 TSC1 cell line at Day 20 and Day 50, while significantly 

decreased at Day 10. Values are expressed as mean ± SD (N=3). Mixed-effect analysis with Sidaks-

Test was performed for data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 

0.001, **** = p-value ≤ 0.0001. 
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4.3.4. Expression of neuronal markers in TSC1 during neuronal development 

Gene expression analysis of TSC1 NSCs showed significant changes in the expression of 

several neuronal markers. In the Cas13 TSC1 cells, OTX2 was decreased in both conditions 

with a significance for the 48 h treatment (p-values: 0.0605 and 0.0383), while ßIII-Tub 

showed a reduction in both conditions with significance for the 48 h treatment (p-values: 

0.2786 and 0.0391 respectively), like FOXG1 where the expression was significantly 

reduced for both conditions (p-values: 0.0005 and 0.0008) (see Figure 4-14). 

 

 

 

 

 

 

  

Figure 4-13: Gene expression of neuronal markers of Cas13 TSC1 neuronal stem cells during neuronal 

differentiation. A-C: OTX2 and ßIII-Tub expression in Cas13 TSC1 cells is reduced for both 24 and 48h 

treatment (the latter change is statistically significant). F: In the Ca13 TSC1 cells, FOXG1 expression was 

significantly reduced for both conditions (N=3). Values are expressed as mean ± SD. Data was analysed via 

One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. 

A B C 



 

 106 

In Cas13 TSC1 NPCs, OTX2 was non-significantly decreased in after 24 h induction (p-

value: 0.1808) and significantly increased after the 48 h induction (p-value: 0.0289). ßIII-

Tub in the 24h treated cells showed no statistically significant expression changes (p-value: 

0.5332) with the 48 h treated cells demonstrated a slight increase in expression (p-value: 

0.5026). FOXG1 expression was decreased after 24 h induction (statistically non-significant; 

p-value: 0.0999) while the 48 h treatment caused no change in FOXG1 levels in comparison 

to control (p-value: 0.9961) (see Figure 4-15).  

 

 

 

 

 

 

  

Figure 4-14: Gene expression of neuronal markers in Cas13 TSC1 NPCs during neuronal differentiation. A-

C: In Cas13 TSC1 cells, OTX2 and ßIII-Tub are non-significantly reduced after 24h treatment and 

significantly increased after 48h treatment in comparison to control. F: FOXG1 expression displayed a slight 

non-significant increase after 48h treatment while the 24h treatment caused a non-significant decrease in 

expression (N=3). Values are expressed as mean ± SD. Data was analysed via One-Way ANOVA. * = p-

value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 

A B C 



 

 107 

In 24 h treated Cas13 TSC1 neurons, OTX2 was increased in all conditions in comparison 

to control with significant expression increases for the Day8 and Day15 cells (p-value: 

0.0004, 0.0021, 0.1312). βIII-Tub showed reduced expression in all conditions (p-values: 

0.0029, 0.0164, 0.0014), like FOXG1, which expression was significantly decreased for all 

conditions in comparison to control (p-value: <0.0001 for all conditions). In 48 h treated 

Cas13 TSC1 cells, OTX2 was increased in all conditions in comparison to control with 

significant expression increases for cells treated at Day30 (p-values: 0.1704, 0.3201, 

0.0058). βIII-Tub showed reduced expression in cells treated at Day8 and Day15 for 48 h 

while the cells treated at Day30 had non-significantly increased III-Tub levels (p-values: 

0.9053, 0.0843, 0.8830). FOXG1 expression was decreased in all conditions of cells treated 

for 48 h with significance for cells treated at Day8 and Day30 (p-values: 0.0025, 0.3894, 

0.0001) (see Figure 4-16). 

  

Figure 4-15: qPCRs of neuronal markers in Cas13a TSC1 neurons. Loss of TSC1 via doxycycline induced 

Cas13a system occurred for 24 or 48h. Samples were collected at Day 50 of the 50 Day neuronal protocol; 

cells were at a mature neuronal state upon collection. A+D: In 24h treated Cas13 TSC1 cells, OTX2 

expression was increased in all conditions with significance for Day8 and Day15, while the 48h treated 

cells display expression increases in all conditions with significance for Day30. B+E: βIII-Tub expression 

was significantly decreased in all conditions in 24h treated cells while the 48h treated cells display no 

significant expression changes. F: Both treatment lengths display a reduction of FOXG1 expression for all 

treatment time points with significant expression changes for the majority. Values are expressed as mean 

± SD (N=3). Data was analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** 

= p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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In the 24 h treated Cas13 TSC1 cells, OTX2 expression was non-significantly lower at Day 

10 and non-significantly increased at Day 50 in the Cas13 TSC1 cells while Day 20 showed 

no obvious expression changes (p-values for each time points: 0.3928, 0.5947, 0.1176). βIII-

Tub expression was slightly lower in the Cas13 TSC1 cells during development and showed 

significant reduction in the neurons (p-values for each time points: 0.753, 0.6277, 0.0143). 

FOXG1 expression in the Cas13 TSC1 cells nearly aligned with the control cells during the 

early development and was significantly lower at Day 50 (p-values for each time points: 

0.0666, 0.07, 0.015). Meanwhile the 48 h treated cells display changes of OTX2 expression 

with a non-significant reduction at Day10 and a non-significant increase at Day 50 in the 

Cas13 TSC1 cells while Day 20 showed a significant increase (p-values for each time points: 

0.2245, 0.0442, 0.1564). βIII-Tub expression was slightly lower in the 48 h Cas13 TSC1 

cells at Day 10 and then aligned to the control at the later stages (p-values for each time 

points: 0.3866, 0.8856, 0.9714). FOXG1 expression in the Cas13 

TSC1 cells nearly aligned with the control cells during the early 

development and was non-significantly reduced at Day 50 (p-

values for each time points: 0.0595, >0.9999, 0.1009) (see Figure 

4-17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-16: Expression of neuronal 

markers during development of Cas13 

TSC1 cells. A: In the 24h treated Cas13 

TSC1 cells, OTX2 expression is non-

significantly decreased at Day10 and 

non-significantly increased at Day50, 

no change at Day20 while the 48h 

treated cells display a OTX2 

expression with a non-significantly 

decrease at Day 10 and a non-

significantly increase at Day50, while 

being significantly increased at Day 

20.  B+E: βIII-Tub expression was 

slightly but non-significantly reduced 

in the 24h Cas13 TSC1 cells at the 

early time points and significantly 

reduced in the neurons. βIII-Tub 

expression in the 48h treated cells was 

non-significantly reduced in the Cas13 

TSC1 cells at Day 10 and aligning to 

control at later time points. C+F: 

Expression of FOXG1 is non-

significantly reduced in the 24h treated 

Cas13 TSC1 cells during early 

development, levels at Day50 were 

significantly lower in Cas13 TSC1 in 

comparison to control with the 48h 

treated cells displaying a similar 

expression except a non-significant 

reduction at Day 50. Values are 

expressed as mean ± SD (N=3). Mixed-

effect analysis with Sidaks-Test was 

performed for data analysis. * = p-

value of ≤ 0.05, ** = p-value of ≤ 0.01, 

*** = p-value: ≤ 0.001, **** = p-value 

≤ 0.0001. 



 

 109 

4.3.5. Expression of autophagy markers in TSC1 during neuronal development 

Gene expression analysis of the TSC1 neuronal stem cells shows significant alterations for 

autophagy related genes. The Cas13 TSC1 cells display a ULK1 increase for all conditions 

after TSC1 heterozygous loss though the only significance was after the 48 h treatment (p-

values: 0.097 and 0.0308). TFEB was statistically non-significantly increased for the 24 h 

condition (p-value: 0.8952) and non-significantly decreased for the 48 h treatment (p-value: 

0.7258). GSK3a expression was significantly increased after 24 h TSC1 loss (p-value: 

0.0029) and significantly decreased after 48 h TSC1 loss (p-value: 0.0036) (see Figure 4-

18).  

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4-17: Gene expression of autophagy markers in Cas13 TSC1 neuronal stem cells during neuronal 

development. A: The expression of ULK1 was increased in the Cas13 TSC1 cells (significance for 48h 

treatment). B: TFEB expression in Cas13 TSC1 cells showed no significant changes. C: GSK3a 

expression showed a significant increase after 24h treatment and a significant reduction after 48h loss of 

TSC1 (N=3). Values are expressed as mean ± SD. Data was analysed via One-Way ANOVA. * = p-value 

of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 

A B C 
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In the Cas13 TSC1 cells, ULK1 was decreased for both conditions with a significant 

reduction after the 48 h treatment (p-values: 0.3134 and 0.0337). TFEB was significantly 

increased after 24 h TSC1 loss (p-value: <0.0001) and showed no expression change after 

48 h TSC1 loss (p-value: 0.6338). GSK3a expression was increased in both conditions with 

a significant increase after 24 h loss of TSC1 (p-values: 0.0381 and 0.6275) (see Figure 4-

19). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4-18: Gene expression of autophagy markers in Cas13 TSC1 NPCs during neuronal 

development. A: The expression of ULK1 was decreased in the Cas13 TSC1 cells (significance for 48h 

treatment). B: TFEB expression in the Cas13 TSC1 cells displays a significant increase for the 24h 

treated cells. C: Cas13 TSC1 cells display a significant increase after 24h treatment and a non-

significant increase after 48h loss of TSC1 (N=3). Values are expressed as mean ± SD. Data was 

analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, 

**** = p-value ≤ 0.0001. 

A B C 
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Gene expression analysis of the Cas13a TSC1 neurons shows significant alterations for 

autophagy related genes. In the 24 h treated Cas13 TSC1 cells, ULK1 was decreased in all 

conditions with a significant reduction for the Day30 cells (p-values: 0.7613, 0.2524, 0.0209) 

while the 48 h treated cells displayed a non-significant decrease in the cells treated at Day15 

or Day30 with a significant increase at Day8 (p-values: 0.0174, 0.5238, 0.0605). TFEB 

expression was significantly decreased in all conditions of the 24 h treated cells (p-values: 

0.0006 and 0.0004 for Day15 and Day30) while the 48 h treatment caused a significant 

increase in the cells treated at Day8 and non-significant decreases for the later time points 

(p-values: 0.0448, 0.9521, 0.0691). GSK3a expression significantly decreased in all 

conditions of the 24 h treated cells (p-values: 0.0105, 0.0012 and 0.0011). Meanwhile, the 

48 h treatment led to significant decreases for the cells treated at Day15 and Day30, and no 

expression changes for cells treated at Day8 in comparison to control (p-values: 0.9983, 

0.0264 and 0.0043) (see Figure 4-20).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-19: Gene expression of autophagy markers in Cas13a TSC1 neurons. TSC1 heterozygous loss was 

induced via doxycycline at day 8, 15 or 30 for 24h or 48h. A+D: A non-significant decrease in expression was 

found for the Day8 and Day15 cells, while TSC1 loss at Day 30 led to significant reduction in ULK1 expression 

in the 24h treated cells while the 48h cells show a significant increase in expression was found for the Day8 

cells, while TSC1 loss at Day 30 led to significant reduction in ULK1 expression. B+E: All conditions led to a 

significantly reduced expression of TFEB in comparison to control in the 24h treated cells while the 48h 

treatment led to a significant increase in expression at Day8, with Day15 displayed no expression change while 

Day30 demonstrated a non-significant reduction. C+F: GSK3a expression in Cas13 TSC1 cells was 

significantly decreased in all conditions for the 24h treated cells while the 48h treatment showed a significant 

decrease in cells treated at Day15 or Day30 while treatment at Day8 had no consequences on expression 

levels. Values are expressed as mean ± SD (N=3). Data was analysed via One-Way ANOVA. * = p-value of ≤ 

0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 



 

 112 

Analysis of expression changes over the neuronal development in Cas13 TSC1 cells shows 

expression changes of the autophagy markers over time. In the 24 h treated cells, ULK1 

expression decreased towards the NPC stage and increased again when the cells entered the 

neuronal stage. No significance was found between the Cas13 TSC1 cells and the control 

(p-values: 0.2408, 0.8174, 0.9516). Similarly, the 48 h treated cells display no significant 

expression changes with non-significant increases of ULK1 expression at Day 10 and Day 

50 (p-values: 0.1525, 0.0709, 0.2971). TFEB expression decreased towards the NPC stage 

and then increased for neurons. Significance was found between the 24 h treated Cas13 

TSC1 cells and the control at the neuronal stage where the expression was significantly 

reduced in the Cas13 TSC1 cells (p-values: 0.2938, 0.1110, 0.0414). Meanwhile, the 48 h 

treated cells displayed no significance to control throughout the development (p-values: 

0.8865, 0.9656, 0.4954). GSK3a decreased towards the NPC stage and increased again when 

the cells entered the neuronal stage. GSK3 expression was non significantly increased at Day 

10 and non-significantly decreased at Day 50 in the 24 h treated Cas13 TSC1 cells (p-values: 

0.4351, 0.6112, 0.2144) while the 48 h treated cells displayed a non-significant GSK3a 

decrease in the NSC stage and aligned to control at the latter stages of development (p-

values: 0.1715, 0.9524, 0.9994) (see Figure 4-21). 

 

 

 

 

 

 

 

 

 

 

Figure 4-20: Expression of autophagy markers during development of Cas13 TSC1 cells. A-C: No 

significance was found for ULK1 and GSK3a between 254h treated Cas13 TSC1 and control throughout 

development while TFEB expression was significantly reduced in the 24h treated Cas13 TSC1 cells at Day50. 

D-F: No significance was found for either of the autophagy markers between the 48h treated Cas13 TSC1 

and control throughout development. Values are expressed as mean ± SD (N=3). Mixed-effect analysis with 

Sidaks-Test was performed for data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: 

≤ 0.001, **** = p-value ≤ 0.0001. 
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4.3.6. Calcium signalling in Cas13 TSC1 astrocytes. 

The Cas13 TSC1 cells were differentiated into astrocytes in the absence of doxycycline until 

reaching maturity (Age: D90). 48 h prior the calcium signalling experiment, the 3 cell 

conditions were set up: no doxycycline (CN), 2µl/ml of doxycycline to induce ~50% 

reduction of TSC1 and 4µl/ml of doxycycline to induce an ~80% reduction of TSC1. The 

living cells are stained with Fura2-AM to stain the intracellular calcium 1h prior recording. 

The cells were recorded for several minutes, to establish the base calcium level of the cells. 

After this level was established, glutamate (10nM) was added into the media to induce a 

calcium wave. The recording was stopped several minutes after the calcium wave induction 

when the cells enter a post-wave homeostasis. Calcium imaging of the Cas13 TSC1 

astrocytes showed significant differences between the control and the TSC1 50% cells. The 

cells with the induced TSC1 loss showed a significantly increased base level of calcium in 

the cells (p-value: <0.0001) (see Figure 4-21 B) as well as significantly higher peaks (p-

value: <0.0001) (see Figure 4-22 C) than the control as well as higher variation between the 

cells (see increased standard deviation in 4-22 B and C). The example calcium wave (Figure 

4-22 A) demonstrates the higher base calcium level of the TSC1 50% astrocytes prior the 

wave as well as the longer and bigger release of calcium during the monitoring. While the 

control cells stopped their calcium release into the extracellular and levelled the calcium 

level, the TSC1 50% cells continued to release calcium.  

 

Figure 4-21: Analysis of calcium base level and signalling in Cas13 TSC1 astrocytes after 48 h of 

induced TSC1 loss. 340/380 mark the different channels of the Leica microscope for the calcium 

detection. A: Example of calcium wave in control and TSC1 50% cells. A continuous increase in 

calcium release is seen in the TSC150% cells, unlike the control cells where the level remains lower 

and levelled. B: Base level of intracellular calcium in astrocytes prior calcium waves. Cells with 

induced TSC1 50% loss showed a significantly elevated base level of intracellular calcium. Mann-

Whitney Test (N=40). C: Calcium peaks stand for the size of the calcium wave e.g., the amount of 

calcium which is released during the wave. Calcium peaks of TSC1 50% cells is significantly higher 

than in control and shows a higher standard deviation. Values are expressed as mean ± SD. For the 

analysis, Mann-Whitney-U Test was used (N=40). * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** 

= p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Combining the calcium waves of a cluster of astrocytes shows a clear difference between 

the control and the TSC1 50% cells. While the control cells are synchronous and show close 

levels of calcium base levels as well as peaks, the TSC1 50% cells not only show less 

synchronicity as well as increased variability between them. Also, an increased calcium 

export in the TSC1 50% in comparison to the control is seen (see Figure 4-23). 

 
Figure 4-22: Calcium waves of a cluster of ten astrocytes. 340/380 mark the different channels of 

the Leica microscope for the calcium detection. A: Calcium wave of Cas13 control cells. Recording 

was performed over 21 min. Black arrows mark the time point of adding glutamate (10nM) to the 

cell media to induce a calcium wave. B: Calcium wave of Cas13 TSC1 50% cells. Recording was 

performed over 21 min. Black arrows mark the time point of adding glutamate (10nM) to the cell 

media to induce a calcium wave. 

 

The Cas13 TSC1 astrocytes were recorded during the calcium imaging. The recording 

started prior the glutamate treatment, so that any morphology changes would be documented. 

The control Cas13 TSC1 astrocytes displayed minimal shrinkage and no obvious 

morphology changes (see Figure 4-24).  

 

Figure 4-23: Fura2am (Calcium stain) stained control Cas13 TSC1 astrocytes with no doxycycline 

induced TSC1 loss (CN). Each circle us the labelling on an astrocyte marked for calcium 

measurements. A: Astrocytes at the beginning of the recording. B: Astrocytes briefly after the 

glutamate treatment, astrocytes start losing their connections and shrink. C: Astrocytes at the end of 

the recording, cell shrinkage is clearly visible. D: Overlay of A and C to showcase cell movement 

during recording 
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The Cas13 TSC1 astrocytes with a 50% induced TSC1 loss displayed a loss of cell-cell 

connections after the glutamate treatment and the subsequent induction of a calcium wave. 

Most cell-cell connection were lost in the centre of the astrocyte colony (see Figure 4-25).  

 
Figure 4-24: Fura2am (Calcium stain) stained Cas13 TSC1 astrocytes with 50% TSC1 loss induced 

for 48 h. Each circle us the labelling on an astrocyte marked for calcium measurements. A: 

Astrocytes at the beginning of the recording. B: Astrocytes briefly after the glutamate treatment, 

astrocytes start losing their connections and shrink. C: Astrocytes at the end of the recording, cell 

shrinkage is clearly visible. D: Overlay of A and C to showcase cell movement during recording 

 

As the Cas13 astrocytes with a ~80% suppressed TSC1 expression died within a few minutes 

during the recording, no measurements were possible. Despite this the recording 

demonstrates an exaggerated phenotype in comparison to the heterozygous cells. Pictures 

taken from the recording display the shrinkage of the astrocytes after glutamate treatment 

(see Figure 4-26). 

 
Figure 4-25: Fura2am (Calcium stain) stained Cas13 TSC1 astrocytes with ~80% TSC1 loss induced 

for 48 h. Each circle us the labelling on an astrocyte marked for calcium measurements. A: 

Astrocytes at the beginning of the recording. B: Astrocytes briefly after the glutamate treatment, 

astrocytes start losing their connections and shrink. C: Astrocytes at the end of the recording, cell 

shrinkage is clearly visible. D: Overlay of A and C to showcase cell movement during recording 
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4.3.7. Glutamate treatment in Cas13 TSC1 astrocytes 

Staining of the control astrocytes after a 30 min glutamate treatment shows few single cells 

staining positive for ANXA5, thereby suggesting the occurrence of cell death (see Figure 4-

27). In comparison, TSC1 50% cells showed an increased number of cells positive for 

ANXA5 (see Figure 4-28), suggesting a vulnerability of the cells towards glutamate. 

 

Figure 4-26: Calcium Staining of Cas13 control cells with Hoechst (blue), Fura2am (cyan) and 

ANXA5 (green). ANXA5 staining marks cell death via apoptosis (and marked with white arrows), 

while Fura2am stains intracellular calcium. Few cells in A, C and D show ANXA5 stained cell 

membrane indicating dying or dead cells. 

 

 

Figure 4-27: Calcium Staining of Cas13 TSC1 50% cells with Hoechst (blue), Fura2am (cyan) and 

ANXA5 (green). ANXA5 staining marks cell death via apoptosis (and marked with white arrows), 

while Fura2am stains intracellular calcium. Several cells in show ANXA5 stained cell membrane 

indicating dying or dead cells. 
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4.4. Chapter 4: Summary of Major outcomes in this chapter: 

• Developmental and autophagy markers were significantly dysregulated in Cas13 TSC1 

loss, the effect was prolonged despite acute loss. 

• Neuronal markers such as FOXG1 and OTX2 were significantly downregulated in 

neurons after TSC loss induction, independent of treatment point. 

• The base calcium level and calcium peaks of Cas13 induced TSC1 50% loss cells was 

significantly higher than in control. 

• Calcium levels of Cas13 induced TSC1 50% loss cells continued rising and failed to 

return to a base level, unlike the control astrocytes. 

• Calcium imaging suggests that the glutamate treatment in cells with induced TSC1 loss 

leads to cell shrinkage/cell death as the cells clumped together during the recording. 

• Staining suggests that the cells with TSC1 loss display higher level of apoptosis after 

glutamate treatment than control. 
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4.5. Chapter 4: Discussion 

 

4.5.1. Cell Line design: 
 

Utilising the Cas13a system in stem cells allows the induction of dose-dependent gene loss 

at any timepoint and state of cell development, thus making it a prefect model to identify 

sensitive timepoints during cell development. There are controversial studies of whether the 

Cas13a system has off-targets like the Cas9 system. Abudayyeh et al.  demonstrated that the 

knockdown specificity of the Cas13a system is higher than for shRNA construct despite 

comparable levels of gene knockdown and that Cas13a knockdown is sensitive to 

mismatches in the central seed region of the guide-target duplex (Abudayyeh et al. 2017). 

Other papers also demonstrated a high efficiency and specificity for the Cas13a system for 

mammalian cells (Kleinstiver et al. 2015) while others claimed collateral effects by off-

target RNA slicing (Wang et al. 2019b).  

Conditional knockdown cell lines may show a different phenotype than knockout cell lines 

due to genetic compensation/genetic robustness. The loss of a gene due to a mutation might 

cause the activation of redundant genes with similar functions and expression patterns in 

order to compensate for the loss of the gene. Otherwise, genetic compensation upstream of 

the protein function was suggested. El-Brolosy stated that compensation due to gene 

knockout is a widespread phenomenon and that knockdown models will have more severe 

phenotypes due to the lack of compensation in comparison to knockouts (El-Brolosy and 

Stainier 2017). Therefore, the Cas13a cells are a great tool in order to identify some of the 

consequences of TSC1 loss, especially as they would differentiate more easily into other cell 

types as the TSC1 loss would not be active for prolonged time, thereby circumventing the 

impaired cell differentiation characteristics of TSC cell models. On the other hand, the 

phenotype would be more severe as El-Brolosy suggested and probably not align perfectly 

to TSC patients.  
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4.5.2. Gene Expression: 
 

4.5.2.1. Astrocyte markers: 
 

As discussed in the previous chapter, the tested astrocytic markers S100B1, CD44 and 

Vimentin play important roles in cell differentiation and cell progression (Kochlamazashvili 

et al. 2010; District 2019; Pattabiraman et al. 2020). Thus, their significant dysregulation 

throughout the neuronal development after acute TSC1 loss, presumably negatively 

impacted the cell development. The increased levels at the neuronal stage were surprising as 

it was not expected that a brief loss of TSC1 would have such prolonged effects on gene 

expression throughout the development. TSC deficient cells are known to prefer the 

astrocytic fate over the neuronal one (Blair et al. 2018), especially homozygous cell lines. 

The neuronal differentiation of the tested cells was successful as the expression of neuronal 

markers shows. As epilepsy (Chong et al. 2010) as well as various psychiatric disorders such 

as anxiety, mood and behavioural disorders are known comorbidities of TSC (Chung et al. 

2011) and overlap with the disorders known for elevated S100B1 expression, it can be 

presumed that overly expressed S100B1 is part of TSC pathology. As discussed before, both 

S100B1 and Vimentin are involved in the protection against oxidative stress (Matveeva et 

al. 2010; Yamaguchi et al. 2016). HIF1a, a hypoxia related marker is known to be 

significantly upregulated in TSC models (Zhang et al. 2016) and while its expression was 

not analysed in this thesis, it might be an interesting future endeavour to test if the acute 

TSC1 loss leads to induced cell/oxidative stress as hypoxia is known to promote oxidative 

stress in cells, which would then in turn cause an increase of S100B1 and Vimentin 

expression and thus explain the significant expression increase of S100B1 at the NSC stage. 

The exact role of CD44 in neuronal development is uncertain, though it has been considered 

that it might be involved in axon guidance (Sretavan et al. 1994; Lin and Chan 2003) as it 

was demonstrated that CD44 is involved in dendritic polarity and the Golgi apparatus 

morphology in neurons (Skupien et al. 2014). CD44 expression is known to be strongly 

induced in AD patient brains (Akiyama et al. 1993) and lymphocytes (Uberti et al. 2010). 

Furthermore, AD patients’ samples have shown increased levels of several CD44 splice 

variants, both neuronal and astrocytic variants, therefore suggesting an involvement of CD44 

in the pathogenesis of AD (Pinner et al. 2017). Vimentin immunoreactivity was found in 

neurons affected by amyloid plaques (Yamada et al. 1992), with further validation and the 

suggestion that Vimentin expression might be a cell response to cellular or tissue damage 

(Levin et al. 2009).  
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Elevated levels of S100B1 have also been linked to brain dysfunction (Gerlai et al. 1995) 

and mortality in patients with sepsis, or to AD and epilepsy where the gene levels correlated 

with brain regions of high neuropathology (Petrova et al. 2000). 

 

In Conclusion, all astrocytic markers were significantly increased in the Cas13 TSC1 cells 

at the neuronal stage, thereby suggesting an increased number of astrocytes in the culture, 

which would align with previous research  (Blair et al. 2018).  

 

 

4.5.2.2. NPC markers: 
 

The NPC markers Pax6 and Nestin were also dysregulated in the Cas13 TSC1 cells. Nestin 

is involved in several cell processes including organisation of the cytoskeleton, cell 

signalling, and cell metabolism (Fuchs and Weber 1994). Nestin levels are highly expressed 

at the early developmental stages and nearly absent in mature neurons (Lendahl et al. 1990). 

Pax6, a highly conserved transcription factor, is crucial for normal CNS development and 

changes of expression lead to severe developmental changes due to significant impact on 

neuronal development including abnormalities in NSC and NPC proliferation, as well as 

defects in neurogenesis and in the generation of more specialized neurons (Schedl et al. 

1996; Manuel et al. 2007; Sansom et al. 2009).  

The Cas13 cells showed a mostly stable Nestin expression throughout the differentiation, 

except for the NPCs treated at Day8 for 24 h. Therefore, it is overall difficult to conclude 

that acute TSC1 loss had a severe impact Nestin and therefore its function in neuronal 

development. As proliferation rate in TSC1 cells is usually increased due to the mTOR 

overactivity, the reduced Nestin levels at the NPC stage might be an attempt to counteract 

the proliferation rate so that the differentiation is followed. Nevertheless, a significant 

reduction of Nestin expression at a time point where the cells are preparing to enter the 

neuronal stage, will negatively impact the neuronal development of the Cas13 TSC1 cells. 

The Cas13 TSC1 cells also showed a continuous dysregulation of Pax6, with significant 

downregulation at the NSC and neuronal stage (for cells treated for 24 h) and significant 

upregulation for the NPC and the neurons treated at Day 30 for 48 h. The dysregulation at 

the neuronal level for Cas13 TSC1 cells might impair axonal growth (Sebastián-Serrano et 

al. 2012). 
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Overall, the NPC markers were significantly dysregulated in the TSC1 model with Pax6 

being significantly dysregulated at most developmental time points and Nestin mostly 

showing no statistical significance but trends of downregulation. Dysregulation of NPC 

markers during neuronal differentiation which play important roles in the process will cause 

an impaired neuronal development in TSC cells, results which align with previous findings 

from other groups (Zucco et al. 2018; Martin et al. 2020).  

 

4.5.2.3. Neuronal markers: 
 

The analysed neuronal markers OTX2, βIII-Tub and FOXG1, are essential for normal 

neuronal development (Ferreira and Caceres 1992; Acampora et al. 1995; Vernay et al. 

2005; Guen et al. 2011; Sakai et al. 2017; Hettige and Ernst 2019). The Cas13a TSC1 cells 

displayed significant upregulation of OTX2 at the neuronal stage, mostly for the cells which 

were treated for 24 h, focusing on the cells which were treated at the NSC or NPC stage. The 

acute loss of TSC1 had significant consequences of the OTX2 expression, weeks after the 

treatment. As OTX2 changes are known to influence dopaminergic and glutamatergic 

synapses as well as axon guidance (Sakai et al. 2017), the overexpression might have caused 

a disturbance in the neuronal identity. While the utilised neuronal differentiation protocol 

generates glutamatergic neurons, a small percentage of GABAergic neurons are developed 

as well. Since OTX2 influences neuronal identity, promotes cortical GABAergic interneuron 

maturation (Hensch et al. 1998) as well as the synapse influence, it could be expected that 

the ratio of GABA/glutamatergic neurons might be altered, which had been identified in 

TSC cells previously (Alsaqati et al. 2020). The significant decrease at the NSC stage might 

have led to altered increased cell proliferation and abnormal/delayed development. The 

Cas13 TSC1 cells displayed a significant reduction in III-Tub and FOXG1 through many 

timepoints of the neuronal development. The dysregulation of III-Tub might therefore 

impact the neurite outgrowth and the microtubule network, though neither had been tested 

during this project. The expression reduction of FOXG1 throughout the development might 

suggest an impaired/abnormal neuronal development as its low expression would impair its 

function as a transcription factor.  
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As the cells were used in a 2D model instead of an organoid, it is impossible to tell if 

microcephaly would occur after the brief treatment, but it might be an interesting objective 

in the future. Interestingly, these neuronal markers are also affected in AD. Target genes of 

OTX2 were identified to be associated with AD (Sakai et al. 2017) while downregulated 

FOXG1 had been found in AD (Wang et al. 2022), thus leading to the suggestion to target 

it for upregulation as FOXG1 expression protects healthy neurons from neuronal death 

(Dastidar et al. 2011). Additionally, a chronic hypoxia model in rats for AD demonstrated 

that chronic hypoxic conditions lead to diminished III-Tub expression and AD 

pathogenesis (Mahakizadeh et al. 2020). 

Overall, all the neuronal markers displayed significant dysregulation during the neuronal 

development in both TSC1 models and as several of these marker function as transcriptional 

factors with essential functions in neuron and brain development, it can be concluded that 

any dysregulation during any time point of the development could cause abnormalities in the 

cells and their function.  

 

 

4.5.2.4. Autophagy markers: 
 

Similarly, to the knockout TSC1 cell line, the Cas13 TSC1 cell line demonstrated 

dysregulated autophagy markers which would negatively impact neuronal development. 

GSK3 signalling is essential for coordinating the proliferation and differentiation of 

progenitor cells during brain development (Hur and Zhou 2010). The importance of GSK3s 

in the developing nervous system has been shown in a study through the selective deletion 

of both Gsk3a and Gsk3b in neural progenitors of mice (Kim et al. 2009). The TSC1 Cas13 

cells demonstrated a significant reduction of GSK3a expression in the neurons and some 

conditions also caused a significant expression increase during earlier developmental time 

points.  

As normal GSK3 expression is essential for neuronal development, the significant 

dysregulation of GSK3 found throughout the differentiation suggest that the development 

may be impaired/abnormal due to the brief loss of TSC1. The significant expression drop in 

the neuronal cells would suggest impaired axonal function/growth and further tests on axonal 

function would be an interesting future project.  
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ULK1, a major player in autophagy controlled via mTOR or AMPK pathway (Di Nardo et 

al. 2014). Loss of TSC1/2 in neurons is known to cause cell stress due to impaired autophagy 

as mTOR inhibition is required for the regulation of the latter, this was showcased in TSC 

mice model demonstrating increased stress responses (Di Nardo et al. 2009; Anderl et al. 

2011). The Cas13 TSC1 cells displayed a significant downregulation of ULK1 expression 

at the NPC and neuronal stage (for the latter 24 h treatment at Day30), while the 48 h 

treatment at Day 8 led to a significant expression increase. ULK1 inhibition is known to 

promote oxidative stress by promoting a metabolic shift from glycolysis to oxidative 

mitochondrial metabolism (Ianniciello et al. 2021). As discussed previously, TSC models 

are known to display oxidative stress/expression of hypoxia related markers (Zhang et al. 

2016) while chronic hypoxia is seen as a potential model for AD (Mahakizadeh et al. 2020). 

The measured ULK1 dysregulation strengthens the suggestion to test for cell/oxidative stress 

in the Cas13 TSC1 cells. 

 

TFEB whose activation leads to stimulation of lysosomal biogenesis and autophagy, 

resulting in the breakdown of proteins and lipids for nutrients (Settembre et al. 2011; 

Martini-Stoica et al. 2018), is also involved in inflammatory processes via in extrusion of 

mitochondrial contents (Unuma et al. 2015). The Cas13 TSC1 cells displayed mostly a 

TFEB overexpression while the NPCs showed a significant upregulation, although the 24 h 

treatments led to significant expression reduction at Day 50. Torra et al.  investigated the 

consequences of TFEB overexpression in mouse neurons of a Parkinson´s model and 

identified several protective roles of TFEB (Torra et al. 2018), involving cell growth and 

cell survival. As TFEB can suppress neuronal differentiation and impact neuronal survival, 

it can be concluded that any expression dysregulation would be harmful for neuronal 

development, despite TFEB levels reaching their peak at the neuronal stage.  

 

These autophagy markers are also associated with AD. GSK3 is now targeted as a 

potential future common therapeutic target for AD drugs (Beaulieu 2007; Beaulieu et al. 

2009) as Aβ oligomers in AD brains behave as an antagonist to insulin, thus preventing the 

activation of the PI3 kinase resulting in an activity increase of GSK3 (Townsend et al. 2007). 

GSK3 phosphorylates TAU in the regions of the microtubule binding domain, resulting in a 

disturbance of the TAU-microtubule interaction, TAU detachment and self-aggregation 

(Hernández et al. 2010). Thus, GSK3 can be a link between Aβ and TAU.  
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Additionally, studies demonstrated that GSK3 might be a player in Aβ pathology as its 

inhibition restored lysosomal acidification leading to clearance of Aβ burden (Cohen and 

Goedert 2004; Avrahami et al. 2013). Though these results are based on GSK3a 

overexpression, unlike the downregulation measured here (at the neuronal stage). TFEB is 

an important player in the TAU clearance in AD as Xu et al.  identified that the process 

depends on the calcium channel TRPML1 (Xu et al. 2021). This calcium channel was 

identified to be regulated by mTOR and thereby by TSC (Onyenwoke et al. 2015). Li et al.  

further demonstrated that TRMPL1 is required for mTORC1 activation, therefore suggesting 

a feedback loop (Li et al. 2016). Several genes which are either directly or indirectly 

regulating autophagy demonstrated significant dysregulation of their expression levels. As 

TSC is known for its impaired autophagy, these results were expected. Their disturbance 

likely causes cellular stress and impair cell survival and differentiation.  

  

 

4.5.3. Calcium signalling and glutamate in TSC1 astrocytes. 
 

Originally, it was assumed that the only signalling in the brain was performed by neurons, 

but recent research identified calcium waves as an extra-neuronal signalling in the CNS 

(Bazargani and Attwell 2016). Calcium functions as a major trigger for neurotransmitter 

release in the brain. It is essential for neuronal excitability, synaptic plasticity, dendritic 

development and programmed cell death amongst other functions (Marambaud et al. 2009; 

Nikoletopoulou and Tavernarakis 2012). Therefore, calcium homeostasis is tightly regulated 

for normal function of the previously mentioned cell processes. Aging neurons show 

increased calcium influx into the cell due to increased VOCCs activity, as well as reduced 

calcium export via PMCA and increased calcium release from the ER. Additionally, calcium 

buffering and mitochondrial sink ability of calcium also decrease with age, leading to an 

increased calcium load in neurons, disturbing neuronal excitability and thus memory 

formation.  TSC models display disruptions in the calcium homeostasis with neurons 

showing an increase of spontaneous calcium transients (Nadadhur et al. 2019), while iPSC 

derived TSC1 -/- neurons demonstrated elevated neuronal activity with highly synchronized 

calcium spikes, enhanced calcium influx via L-type calcium channels resulting in abnormal 

neurite extension and sustained CREB activation. Furthermore, increased expression of the 

calcium channel Cav1.3 LTCC was found to be increased in TSC, with Cav1.3 LTCC being 

suggested as a downstream target of the mTOR pathway (Hisatsune et al. 2021). 
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Additionally, increased expression of the calcium channels Kv1.1, CaV2.2 was identified in 

TSC models, with reduction of branch specific potentiation (Raab-Graham 2021). Similar 

calcium disturbances are found in AD, where disturbed ER calcium homeostasis 

significantly contributes to dysfunction and degeneration in AD. AD models display 

impaired calcium uptake in mitochondria (Nikoletopoulou and Tavernarakis 2012), 

especially after oxidative stress (Kumar et al. 1994). Reduced expression of calcium buffers 

such as calmodulin or calbindin in AD brains has been demonstrated, disturbing calcium 

homeostasis (Marambaud et al. 2009). Glutamate is a major excitatory neurotransmitter in 

the mammalian CNS, requiring a tight signal balance as increased levels lead to 

excitotoxicity, inducing neuronal damage and death (Maragakis and Rothstein 2001). 

Therefore, clearance of glutamate from the synapse is critical for neuronal health. Cellular 

uptake by glutamate transport is the primary mechanism in maintaining synaptic glutamate 

concentrations (Anderson and Swanson 2000), mediated by astrocytes (Lauderback et al. 

2001). TSC is known to display glutamate excitotoxicity with knock-out mouse model 

demonstrating decreased expression and function of the glutamate transporters GLT-1 and 

GLAST, leading to an increase in extracellular glutamate levels and excitotoxic neuronal 

death (Wong et al. 2003; Zeng et al. 2007). Miller and al. demonstrated reduced glutamate 

uptake in TSC patient -derived astrocytes in comparison to control (Miller et al. 2021), which 

would align with the reported decrease in glutamate transporters in TSC. Glutamate 

expression leads to calcium rise in astrocytes (Bazargani and Attwell 2016); excessive 

glutamate receptor activation leads to excessive calcium influx, thereby impairing synaptic 

activation, neuronal plasticity and synthesis of NO which will cause cell death which was 

found in AD (Sattler and Tymianski 2000; Marambaud et al. 2009).  

 

In AD, Aβ increases NMDAR receptor vulnerability towards excitotoxicity (Mattson et al. 

1992; Mattson 2004) and it seems that its oligomers may induce mitochondrial calcium 

overload resulting in massive calcium influx in toxicity in neurons (Caspersen et al. 2005). 

GLT-1 and GLAST dysregulation is also found in AD (Pajarillo et al. 2019). The Cas13 

astrocytes displayed a significant difference at the calcium base line between the TSC1 50% 

cells and control prior any calcium wave. The calcium base line/the calcium release prior 

wave was significantly higher in the TSC1 cells than in control. Furthermore, the control 

cells were much closer to each other calcium levels than the TSC1 cells, suggesting a higher 

rate of synchronization.  
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Research presented contradicting results concerning signal synchronization in TSC. Alsaqati 

et al. found reduced signalling synchronization in neurons of a TSC patient iPSC line 

(Alsaqati et al. 2020). Hisatsune et al.  on the other hand, demonstrated highly synchronous 

calcium signalling in iPSC-derived TSC2 -/-  neurons (Hisatsune et al. 2021). It must be 

remarked that both these findings are in neurons and not astrocytes, so differences can be 

expected. The Cas13 TSC1 control astrocytes displayed an expected calcium wave after 

adding glutamate to the cell media, after which the calcium level return to a stable base after 

the induced wave. The astrocytes with induced 50% TSC1 also showed a glutamate induced 

calcium wave but contrary to the control, the calcium release continued and no return to a 

base line was found. When comparing the recordings taken during the calcium signalling, a 

pattern of cell shrinking/dying in the astrocytes with TSC1 loss can be observed, with a more 

severe pathology in the homozygous cells.  

These results combined suggest that the TSC1 astrocytes continue releasing calcium to the 

detriment of the cell health. This is further strengthened by the staining of the TSC1 

astrocytes where the cells were stained for the apoptosis marker ANXA5 after a glutamate 

treatment. Many of the TSC1 astrocytes were positive for ANXA5, while the control cells 

barely showed any ANXA5 positivity, thus suggesting that the glutamate treatment induced 

cell death in the TSC1 astrocytes. As non-transported and recycled glutamate is toxic to cells 

(Maragakis and Rothstein 2001), these results align with the literature describing 

excitotoxicity in TSC. While the expression of the glutamate transporters GLT-1 and 

GLAST has not been tested in this project, the consistent reports of their downregulation in 

TSC (Wong et al. 2003; Zeng et al. 2007) can lead to the assumption that they are 

downregulated in this model as well and thus their function is disturbed. As the lifetime of 

the glutamate transporters is measured in seconds (Michaluk et al. 2021), the induced TSC1 

loss of 48 h should impact the transporter expression. 
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5. Chapter 5: Identifying common targets and pathways between TSC and AD, 

utilizing a TSC database with focus in inflammation.  
 

5.1. Chapter 5: Introduction 

mTORC1 is a regulator of various cell processes and its overactivity due to TSC loss has 

severe consequences on the cells (Franz et al. 2010). This part of the thesis aims to identify 

additional pathways affected by TSC loss as well as investigate the expression of 

inflammation markers in both knockout and knockdown TSC1 iPS models, as increased 

inflammation patterns were found in TSC models (Weichhart et al. 2008; Byles et al. 2013). 

RNA Sequencing is a widely used method in order to investigate the transcriptome (total 

cellular content of RNAs) of samples. This technique shows which genes are active in the 

samples and the level of their transcription, thereby allowing an overview which genes and 

pathways might be dysregulated in diseases. As previously mentioned, a hallmark of TSC is 

the mTORC1 overactivation. The regulation of mTOR, a protein kinase involved in the 

regulation of processes such as protein synthesis, cellular metabolism, and cell 

differentiation, was demonstrated to be highly important in the brain. Studies have shown 

that mTORC1 is important for late-phase long-term potentiation (LTP) (Swiech et al. 2008) 

and that controlled mTOR activity is necessary for normal memory development as 

overactivity is disrupting memory formation (B Jahrling and Laberge 2015). AD has shown 

a similar mTOR activity with its downstream targets upregulated as well. The overactivity 

of a key regulator in cell processes in both diseases might be also a cause for the increased 

inflammation found in patients and models for both TSC and AD. Microglia in both AD and 

TSC show an increased expression in proinflammatory cytokines (Weichhart et al. 2008; 

Byles et al. 2013; Wang et al. 2015; Mammana et al. 2018) and Van Skike and Galvan et al. 

have shown that mTOR inhibition seems to prevent BBB breakdown by cytokines in age-

associated neurological disorders (Van Skike and Galvan 2018). As AD and TSC share 

several similarly dysregulated pathways as well as a similar proinflammatory phenotype, the 

focus on the following database analysis was to further investigate the dysregulation of 

inflammation related genes as well as AD related genes. For identifying differences of gene 

expressions and potential markers for future tests when comparing TSC to AD in developed 

brain cells, a TSC database was analysed. The transcriptome analysis of TSC patient tissue 

was provided by the lab of Prof. Jeffrey MacKeigan in Michigan, USA (Martin et al. 2017).  
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Among the upregulated pro-inflammatory markers was SERPING1, a member of the 

urokinase pathway. The urokinase (uPA) pathway has an important role in cells as in 

involved in the activation of cell signalling pathways regulating differentiation, cellular 

adhesion, migration, and proliferation through non-plasminogenic mechanisms (Peteri et al. 

2021). Additionally, it also seems to influence axonal growth in neurons as high levels of 

uPA expression as well as its proteolytic regulation of axonal growth in rat neuronal tissue 

(Sumi et al. 1992); while it induces ezrin expression in dendritic spines for recovery (Merino 

and Yepes 2018). Regulators of the proteolytic activity of uPA are the plasminogen activator 

inhibitors PAI-1 and PAI-2. Research has shown upregulated uPA in TSC patients with 

Lymphangioleiomyomatosis (LAM), where mTORC1 inhibitor rapamycin further increased 

uPA expression instead to regulating it (Stepanova et al. 2017). Additionally, uPA 

involvement in several epileptic disorders has been established (Bruneau and Szepetowski 

2011). uPA-uPAR interactions result in increased production of plasmin, which aids in the 

process of inflammatory and neoplastic cell invasion through its ability to degrade 

extracellular matrix proteins (Walker et al. 2002). The plasminogen activation system seems 

play a significant role in phagocytic cell migration to sites of inflammation. AD pathology 

shows the accumulation of microglia around aggregated A plaques and NFTs in brain 

tissue. uPAR is a central coordinator in these processes through its interactions with uPA 

and CD11b, the latter is expressed by human brain microglia, and is upregulated in AD 

brains. Studies have furthermore observed that uPA is localized to a subset of plaques in AD 

brains. Furthermore, uPAR has been shown to be involved in physiological events such as 

inflammation (Bruneau and Szepetowski 2011). It has been established that uPAR is 

involved in the interneuron development via HGF which is a downstream target of HG, 

promoting migration of interneurons during cortical development (Powell et al. 2001). A 

study has demonstrated increased expression of the different components of the urokinase 

pathway in cortical tubers of TSC patients (Iyer et al. 2010). Recent studies suggest that 

HGF and other growth factors influence mTOR activity (Parker et al. 2011). Additionally, 

increased HGF expression has been found in AD  (Yamada et al. 1994; Fenton et al. 1998; 

Zhu et al. 2018); HGF has been found to be involved in axon outgrowth, neuronal survival, 

synaptic function and plasticity (Ebens et al. 1996; Nakamura and Mizuno 2010; Wright and 

Harding 2015). As there is a well-documented involvement of the urokinase pathway in both 

AD and TSC pathology, several members of it were investigated in both TSC1 knockdown 

and knockout iPS cells during neuronal development. 
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5.2. Chapter 5: Aims and Objectives 

To gain a better understanding about the effect of TSC1 loss has on cells, this project aimed 

to find additional potentially altered pathways in TSC to test their expression in the 

previously designed TSC1 cell lines. As studies have shown a strong involvement of 

inflammation in TSC, the expression of inflammation markers during the neuronal 

development was also investigated.  

a) Performing a database analysis of TSC patients with focus on inflammation and AD 

b) RT-PCRs for gene expression of inflammation and urokinase markers  

 

5.3. Chapter 5: Results 

 

5.3.1. Database Analysis: 
 

The transcriptome data of TSC patient tissue was provided by the lab of Prof. Jeffrey 

MacKeigan in Michigan after its publication (Martin et al. 2017). The dataset includes 81 

patients and their subependymal nodules and subependymal giant cell astrocytoma 

(SEN/SEGAs), cortical tubers (TUB), and renal angiomyolipoma (RA). The majority of 

the patients carried a TSC2 mutation (88.88% of patients) with a nearly even distribution 

of female/male patient ratio (43.2% Women vs 56.7% Men) and an age range from 0.7 

years up to 65 years.  Concerning the database analysis, the acquired data file already 

underwent analysis from the MacKeigan group. For the TSC1/TSC2 expression analysis, 

the group used pair-wise Welch’s t-tests in GraphPad Prism, followed by false discovery 

rate (FDR) correction (in R) to generate corrected p-values as the samples had failed 

Bartlett’s test for homogeneity of variances, thus ruling out ANOVA as an option. The 

data was preorganized into the Top 300-fold changes of mRNA expressions between 

tumours and matched healthy (non-tumerous) tissue of the TSC patients for the respective 

sample categories: SEN/SEGAs, TUB, and renal angiomyolipoma (RA). While the 

MacKeigan group had already organized the identified genes based on specific cell 

processes like autophagy or immune response or their involvement in certain diseases by 

utilising Gene Analytics, the data file was again organized with focus to the Top 100 up- 

and downregulated genes which were then personally categorized into two groups: 

involved with AD or involved with inflammation (pro- or anti-inflammatory genes alike).  
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These genes were then further be analysed using Gene Analytics from LifeMap Sciences, 

which allowed a comprehensive identification of the gene involvement in AD and 

inflammation. The data visualization was possible thanks to a code generously given by 

Darius McPhail. For this analysis, the focus was on inflammation and AD related genes.  
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Focusing on the Top 300 upregulated genes in the tumour samples, several genes were found 

to be involved in inflammation. Plotting the gene expression for inflammation related genes 

in the different tumour groups demonstrated a clear pattern of significant upregulation of 

these markers in the TSC tumour samples (see Figure 5-1, 5-2 and 5-3). 

Figure 5-1: Volcano plot representation of differential expression gene (DEG) analysis for 

Inflammation correlating genes in the Prof. MacKeigan TSC Database. Analysed tissues were from 

TSC patient’s vs healthy controls. Green and blue points mark the genes with significantly increased 

or decreased expression respectively, while black marks the inflammation correlating genes in TSC 

patient’s vs healthy control. The x-axis shows log2fold-changes in expression and the y-axis the log 

odds of a gene being differentially expressed. The SEN/SEGA samples were compared to healthy 

brain tissue and showed a significant upregulation of inflammation correlating genes. 
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Figure 5-2: Volcano plot representation of differential expression gene (DEG) analysis for Inflammation 

correlating genes in the Prof. MacKeigan TSC Database. Analysed tissues were from TSC patient’s vs 

healthy controls. Green and blue points mark the genes with significantly increased or decreased 

expression respectively, while black marks the inflammation correlating genes in TSC patient’s vs healthy 

control. The x-axis shows log2fold-changes in expression and the y-axis the log odds of a gene being 

differentially expressed. The Tuber samples were compared to healthy brain tissue and showed a 

significant upregulation of inflammation correlating genes. 
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Figure 5-1: Volcano plot representation of differential expression gene (DEG) analysis for Inflammation 

correlating genes in the Prof. MacKeigan TSC Database. Analysed tissues were from TSC patient’s vs 

healthy controls. Green and blue points mark the genes with significantly increased or decreased 

expression respectively, while black marks the inflammation correlating genes in TSC patient’s vs healthy 

control. The x-axis shows log2fold-changes in expression and the y-axis the log odds of a gene being 

differentially expressed. The TSC tumour renal angiomyolipoma (RA) samples were compared to healthy 

brain tissue and showed a significant upregulation of inflammation correlating genes. 
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Plotting the AD associated genes in the three tumour groups demonstrated a clear pattern of 

upregulation of these genes in the SEN/SEGA samples, with many genes being significantly 

upregulated (see Figure 5-4). In the TUB samples, most genes displayed an upregulation 

beneath the 0.5-fold change threshold with few exceptions like SERPINA3 or HMOX1 

being significantly upregulated (see Figure 5-5). The RA samples demonstrated a significant 

upregulation of HMOX1 and SERPINA3 as well, but most genes expression increases were 

found to be below 0.5-fold, similar to the TUB samples (see Figure 5-6).   

 

  

Figure 5-2: Volcano plot representation of differential expression gene (DEG) analysis for 

Alzheimer's Disease (AD) correlating genes in the Prof. MacKeigan TSC Database. 

Analysed tissues were from TSC patient’s vs healthy controls. Green and blue points mark 

the genes with significantly increased or decreased expression respectively, while black 

marks the AD related genes in TSC patient’s vs healthy control. The x-axis shows log2fold-

changes in expression and the y-axis the log odds of a gene being differentially expressed. 

The SEN/SEGA samples were compared to healthy brain tissue and showed a significant 

upregulation of the AD genes. 
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Figure 5-3: Volcano plot representation of differential expression gene (DEG) analysis for 

Alzheimer's Disease (AD) correlating genes in the Prof. MacKeigan TSC Database. Analysed tissues 

were from TSC patient’s vs healthy controls. Green and blue points mark the genes with significantly 

increased or decreased expression respectively, while black marks the AD related genes in TSC 

patient’s vs healthy control. The x-axis shows log2fold-changes in expression and the y-axis the log 

odds of a gene being differentially expressed. The Tuber samples were compared to healthy brain 

tissue and showed a significant upregulation of the AD genes. 



 

 136 

  

Figure 5-4: Volcano plot representation of differential expression gene (DEG) analysis for 

Alzheimer's Disease (AD) correlating genes in the Prof. MacKeigan TSC Database. Analysed tissues 

were from TSC patient’s vs healthy controls. Green and blue points mark the genes with significantly 

increased or decreased expression respectively, while black marks the AD related genes in TSC 

patient’s vs healthy control. The x-axis shows log2fold-changes in expression and the y-axis the log 

odds of a gene being differentially expressed. The TSC tumour renal angiomyolipoma (RA) samples 

were compared to healthy brain tissue and showed a significant upregulation of the AD genes. 
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5.3.2. Inflammation markers in TSC1 cells during neuronal development 

A neuronal differentiation with the Cas13 TSC1 cells was initiated and the Cas13a system 

was activated via doxycycline treatment of the cells to induce a heterozygous like loss of 

TSC1 on the RNA level. The treatment with doxycycline occurred at three different time 

points of the neuronal development (Day 8, Day 15, and Day 30) where the cells are neuronal 

stem cells, neuronal progenitor cells or early neurons respectively. The doxycycline 

treatment itself occurred for either 24 or 48 h before washing the cells with PBS and adding 

fresh media without any doxycycline (see Figure 5-7). As it is impossible to select the 

location of the plasmid insertion when using electroporation, the Cas13 TSC1 cells without 

any doxycycline were used as control in order to eliminate any potential that insertion 

mutation would lead to gene expression alteration and thus impact the data. 

 

Figure 5-7: Scheme of neuronal differentiation of Cas13 TSC1 cells, time 

points of doxycycline treatment indicated with red arrows, treatment were 

for either 24 or 48h. 
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IL6 expression was significantly decreased in the TSC1 -/- NPCs in comparison to the 

control (p-value: 0.0424), IL10 was non-significantly reduced in TSC1 -/- cells (p-values: 

0.6008) and TNFa expression was slightly, non-significantly increased (p-values: 0.7205) 

(see Figure 5-8).  

 

 

 
Figure 5-8: Gene expression of inflammatory cytokines in TSC1 homozygous NPCs. A-C: Expression 

of the inflammatory cytokines IL6 and IL10 were decreased in TSC1 neurons (with significance for 

IL6) (N=3), while TNFa expression was statistically non-significantly increased. Values are 

expressed as mean ± SD. Unpaired t-tests were performed for the statistical analysis. * = p-value of 

≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 

Expression analysis of the TSC1 neurons shows significant alterations for inflammatory 

cytokines. All three cytokines showed elevated expression in TSC1 homozygous neurons, 

with IL6 showing a non-significant increase (p-value: 0.0577) while IL10 and TNFa 

demonstrate significant increases in the TSC1 -/- cells in comparison to control (p-values: 

0.0123 and 0.0186 respectively) (see Figure 5-9).  

 

 

 

 

 

Figure 5-9: Gene expression of inflammatory cytokines in TSC1 homozygous neurons. A-C: Expression 

of the cytokines IL6, IL10 and TNFa were increased in TSC1 neurons (with significance for IL10 and 

TNFa) (N=3). Values are expressed as mean ± SD. Unpaired t-tests were performed for the statistical 

analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Analysing the expression changes over the neuronal development shows the increase of 

expression of pro-inflammation markers over time. IL6 expression increased from the NPC 

stage towards the neuronal stage for both control and TSC1 -/- but the level of IL6 in TSC1-

/- was significantly higher than in control at the neuronal stage (p-values: 0.9691, 0.0030). 

IL10 expression decreased from the NPC stage towards the neuronal stage with no 

significance between TSC1 -/- and control (p-values: 0.6785, 0.9990). TNFa expression 

increased from the NPC stage towards the neuronal stage with a significant increase in the 

TSC1 -/- cell line in comparison to control at Day 50 (p-values: 0.9993, 0.0010) (see Figure 

5-10). 

 

 

 

  

Figure 5-10: Expression of inflammation markers during development. A-C: Significant expression increases in 

the TSC1 -/- cells in comparison to control were found for both IL6 and TNFa at the neuronal stage. IL10 levels 

decreased from the NPC to neuronal stage and no significance between both cell lines was found. Values are 

expressed as mean ± SD. Mixed-effect analysis with Sidaks-Test was performed for data analysis. * = p-value of 

≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Gene expression analysis of the Cas13a TSC1 NPCs shows significant alterations for 

inflammation related markers. IL6 expression showed significant decreases for both 

conditions in comparison to control (p-values: 0.0050 and 0.0099). IL10 expression was 

increased in both conditions with significance for the 24h treatment (p-values: 0.0043 and 

0.2554). TNFa expression was decreased for both conditions with a significant reduction 

after 24h TSC1 loss (p-values: 0.019 and 0.1483) (see Figure 5-11).  

 

 

 

 

 

 

 

  

Figure 5-11: Gene expression of autophagy markers in Cas13a TSC1 NPCs. TSC1 heterozygous loss was 

induced via doxycycline at Day 8 for either 24h or 48h. A: IL6 expression significantly decreased after both 

24h and 48h treatment. B: 24h loss of TSC1 leads to a significant increase in IL10 expression while the 48h 

treatment leads to a non-significant increase in expression. C: TNFa expression is significantly decreased 

after 24h treatment and statistically non-significantly reduced after 48h loss of TSC1. Values are expressed 

as mean ± SD. Data was analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** 

= p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Gene expression analysis of the Cas13a TSC1 neurons shows significant alterations for 

inflammation related markers. IL6 expression showed statistically significant decrease in all 

conditions in comparison to control (p-values: 0.0061, 0.003, 0.0028). IL10 expression was 

statistically significantly increased for the condition Day15 24h. The other conditions 

demonstrated statistically non-significant decreases in expression (p-values: 0.5306, 0.0017, 

0.6596). TNFa expression was significantly decreased for all conditions (p-values: 0.0001 

for the first two conditions, <0.0001 for Day 30 24h) (see Figure 5-12).  

 

 

 

  

Figure 5-12: Figure 5: Gene expression of autophagy markers in Cas13a TSC1 neurons. TSC1 

heterozygous loss was induced via doxycycline at D8, 15 or 30 for 24h. A: IL6 expression 

significantly decreased in all conditions. B: Cells treated at Day8 and Day30 displayed a non-

significant reduction of IL10 while cells treated at Day15 displayed a significant increase in 

expression. C: TNFa expression is significantly decreased for all timepoints treated for 24h. 

Values are expressed as mean ± SD (N=3). Data was analysed via One-Way ANOVA. * = p-

value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Gene expression analysis of the Cas13a TSC1 neurons shows significant alterations for 

inflammation related markers. IL6 expression showed significant decrease in all conditions 

in comparison to control with significance in cells treated at Day30 (p-values: 0.1453, 

0.6972, 0.0108). IL10 expression was statistically significantly increased for cells treated at 

Day8 while the other conditions showed a faint non-significant increase in comparison to 

control (p-values: <0.0001, 0.2409, 0.2092). TNFa expression was decreased for all 

conditions with a significant reduction in the cells treated at Day 30 (p-values: 0.1091, 

0.4686, 0.0109) (see Figure 5-13).  

 

 

  

Figure 5-13: Gene expression of autophagy markers in Cas13a TSC1 neurons. TSC1 heterozygous loss was 

induced via doxycycline at Day 8, 15 or 30 for 48h. A: IL6 expression decreased in all conditions with a 

significant decrease for cells treated at Day30. B: The loss of TSC1 at Day8 led to a significant increase of 

IL10 while cells treated at later time points led a non-significant increase. C: TNFa expression is decreased 

for all conditions with a significant decrease for cells treated at Day30. Values are expressed as mean ± SD 

(N=3). Data was analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-

value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Analysing the expression changes over the neuronal development shows the increase of 

expression of inflammation markers over time. IL6 expression increased from the NPC stage 

towards the neuronal stage for both control and Cas13 TSC1 but the level of IL6 in Cas13 

TSC1 cells was significantly lower than in control (p-values: 0.9988, 0.0020). IL10 

expression increased from the NPC stage towards the neuronal stage for the control, while 

the Cas13 TSC1 cells showed no expression increase, leading to a significant expression 

reduction at the neuronal stage for the Cas13 TSC1 cells (p-values: 0.7431, 0.0010). TNFa 

expression increased from the NPC stage towards the neuronal stage with a significant 

decrease between the Cas13 TSC1 cell line in comparison to control (p-values: 0.9995, 

<0.0001) (see Figure 5-14). 

 

  

Figure 5-14: Expression of inflammation markers during development. A-C: Significant expression 

decreases in the Cas13 TSC1 cells in comparison to control were found for all markers at the neuronal 

stage. Values are expressed as mean ± SD (N=3). Mixed-effect analysis with Sidaks-Test was performed for 

data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. 
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Analysing the expression changes over the neuronal development shows the increase of 

expression of inflammation markers over time. IL6 expression increased from the NPC stage 

towards the neuronal stage for both control and Cas13 TSC, the Cas13 TSC1 cells show a 

non-significant decrease at the neuronal stage (p-values: 0.9979, 0.0675). IL10 expression 

increased from the NPC stage towards the neuronal stage. The Cas13 TSC1 cells showed a 

significantly increased expression in comparison to control at Day 50 (p-values: 0.9990, 

<0.0001). TNFa expression increased from the NPC stage towards the neuronal stage with 

no significant difference between both cell lines at Day 50 (p-values: >0.9999, 0.7306) (see 

Figure 8). 

 

 

 

 

 

  

Figure 8: Expression of inflammation markers during development. A-C: Non-significant expression 

decreases in the Cas13 TSC1 cells in comparison to control were found for IL6 and TNFa at the 

neuronal stage. Cas13 TSC1 neurons displayed a significant increase in IL10 expression. Values are 

expressed as mean ± SD (N=3). Mixed-effect analysis with Sidaks-Test was performed for data 

analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. 
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5.3.3. Urokinase expression in TSC1 cells  

 

A neuronal differentiation with the Cas13 TSC1 cells was initiated and the Cas13a system 

was activated via doxycycline treatment of the cells to induce a heterozygous like loss of 

TSC1 on the RNA level. The treatment with doxycycline occurred at three different time 

points of the neuronal development (Day 8, Day 15, and Day 30) where the cells are neuronal 

stem cells, neuronal progenitor cells or early neurons respectively. The doxycycline 

treatment itself occurred for either 24 or 48 h before washing the cells with PBS and adding 

fresh media without any doxycycline (see Figure 5-7). As it is impossible to select the 

location of the plasmid insertion when using electroporation, the Cas13 TSC1 cells without 

any doxycycline were used as control in order to eliminate any potential that insertion 

mutation would lead to gene expression alteration and thus impact the data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5-5: Scheme of neuronal differentiation of Cas13 TSC1 cells, time points of 

doxycycline treatment indicated with red arrows, treatment were for either 24 or 48h. 
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Gene expression analysis of the TSC1 NSCs shows significant alterations for the urokinase 

markers. While uPA itself was non-significantly increased in TSC1 -/- cells (p-value: 

0.2733), the Cas13 TSC1 cells displayed non-significant reductions in both conditions in 

comparison to control, with a bigger reduction for the 24 h treatment (p-values: 0.0668 and 

0.1259). uPAR was significantly reduced in comparison to control (p-value: 0.0422) for the 

TSC1 -/- cells, similarly to the Cas13 TSC1 cells displaying reduction for both conditions 

with significance for the 24 h treated cells (p-values: 0.0205 and 0.0876). tPA expression on 

the other hand was non-significantly increased in the TSC1 -/- cells (p-value: 0.2325) 

similarly to the Cas13 TSC1 cells with a non-significant reduction for the 24 h treated cells 

while the 48-h treatment led to a significant expression reduction (p-values: 0.4778 and 

0.0055) (see Figure 5-8). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5-6: Gene expression of urokinase markers in TSC1 neuronal stem cells during neuronal 

differentiation. A+D: uPA expression is non-significantly reduced in TSC1 -/- cells while the Cas13 

TSC1 display a significant reduction of uPA expression after TSC1 induction for both conditions 

with the reduction was more severe in the 24h treatment. B+E: uPAR expression was significantly 

reduced in the TSC1 -/- cells while the Cas13 TSC1 cells show a reduction of uPAR expression in 

both conditions with significance for the 24h treatment.  C+F: tPA was non-significantly increased 

in the TSC1 -/- cells in comparison to control while the 24h treatment led to a non-significant 

increase of tPA expression while the 48h treatment caused a significant decrease in the Cas13 TSC1 

cells (N=3). Values are expressed as mean ± SD. Unpaired t-test were used for the data analysis of 

the homozygous cells, Shapiro-Wilk normality test was passed, while the Cas13 samples were 

analysed with a One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 

0.001, **** = p-value ≤ 0.0001. 
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Gene expression analysis of the TSC1 NPCs shows significant alterations for the urokinase 

pathway. uPA expression in the TSC1 -/- cells was non-significantly increased (p-value: 

0.0619), while the Cas13 TSC1 cells display a reduced uPA expression in both conditions 

in comparison to control, with a significant reduction for the 48-h treatment (p-values: 

0.0728 and 0.0003). uPAR expression was significantly increased in the TSC1 -/- NPCs (p-

values: 0.0300) and statistically non-significantly reduced for both conditions of the Cas13 

TSC1 cells with a bigger reduction for the 24 h treatment (p-values: 0.1225 and 0.9711). tPA 

expression was significantly increased in the TSC1 -/- cells in comparison to control (p-

value: 0.0007), similarly to the Cas13 TSC1 cells with an increased tPA expression for both 

conditions in comparison to control with a significant increase for the 48 h treated cells (p-

values: 0.3999 and 0.0203) (see Figure 5-9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-7: Gene expression of urokinase markers in TSC1 NPCs during neuronal differentiation. 

A+D: uPA expression is non-significantly increased in the TSC1 -/- cells, while the Cas13 TSC1 cells 

show a reduction of uPA expression for both conditions with significance for the 48-h treatment. 

B+E: The TSC1 -/- cells displays a significant expression increase of uPAR while the Cas13 TSC1 

cells show a statistically non-significant reduction for both conditions (N=3). Values are expressed 

as mean ± SD. Unpaired t-test were used for the data analysis of the homozygous cells, Shapiro-Wilk 

normality test was passed, while the Cas13 samples were analysed with a One-Way ANOVA. * = p-

value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Gene expression analysis of the TSC1 neurons shows significant alterations for the urokinase 

pathway. Both uPA and uPAR were increased in TSC1 cells with significance for the uPAR 

expression (p-values: 0.1348 and 0.0157). tPA expression was significantly increased in the 

TSC1 cells (p-value: 0.0009) (see Figure 5-10).  

 

 

 

 

 

 

 

 

  

Figure 5-8: Gene expression of urokinase markers in TSC1 homozygous neurons. A+B: uPA and uPAR 

expression is increased in TSC1 -/- cells, with a significant increase for uPAR. E: tPA expression was 

significantly increased in the TSC1 cells (N=3). Values are expressed as mean ± SD. Unpaired t-tests 

were performed for the statistical analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-

value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Gene expression analysis of the Cas13a TSC1 neurons shows significant alterations for the 

urokinase pathway after 24 h and 48 h TSC1 loss at different time points of development. 

uPA expression was significantly reduced in all conditions in comparison to control for the 

24 h treatment (p-values: 0.0084 for all three conditions) while the 48 h treated cells 

displayed a decrease in all conditions in comparison to control with a significant decrease 

for cells treated at Day30 (p-values: 0.1840, 0.0854,0.0065). uPAR expression was reduced 

for all conditions with significant reductions for cells treated at Day8 and Day15 (p-values: 

0.0196, 0.0058 and 0.1060) for the 24 h treated cells and 48 h treatment led to reduced uPAR 

expression was reduced for all conditions with significant reductions for cells treated at Day8 

and Day30 (p-values: 0.0324, 0.0610 and 0.0320). tPA expression in the 24 h treated cells 

were significantly reduced with bigger reductions for the cells treated at Day15 and Day30 

(p-values: 0.0010, 0.0002 for both Day15 and Day30) while the 48-h treatment led to 

significant reduction in all conditions (p-values: 0.0002, 0.0001, 0.0002) (see Figure 5-11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9: Gene expression of urokinase markers in Cas13a TSC1 neurons. Heterozygous loss of TSC1 was 

induced at Day 8, 15 and 30 for either 24 or 48h. A+D: All conditions show a significant reduction of uPA 

expression for cells treated for 24h, the 48h treatment led to reductions in all conditions with significance at 

Day30. B+E: All conditions show a reduction of uPAR expression after TSC1 induction for both time lengths 

with significance for the cells treated at Day8 and Day15 (24h) or Day8 and Day30 (48h). C+F: All conditions 

show a significant decrease of SERPINE1 expression after TSC1 induction independent of treatment length. 

Values are expressed as mean ± SD. Data was analysed via One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-

value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Analysing the expression changes over the neuronal development shows the decrease of 

several plasmin related markers over time. uPA expression dropped from the NSC to the 

NPC stage and stayed low towards the neuronal stage.  While the expression of uPA in the 

TSC1 -/- cells was higher, no statistical significance was found throughout development (p-

values for each time points: 0.7171, 0.6515, 0.5526). Expression of uPAR also dropped 

towards the NPC stage and then slightly increased in the neurons for the control. The 

expression level of uPAR was higher throughout than uPA. The TSC1 -/- cells displayed an 

increase of uPAR expression from the NSC to the neuronal stage. No statistical significance 

was found between both cell lines throughout the development (p-values for each time 

points: 0.2999, 0.1044, 0.3908). tPA expression dropped towards the NPC stage and then 

increased in the neurons for the control while the TSC1 -/- cells displayed a higher 

expression level from the start which increased towards the NPC stage and slightly lowered 

in the neurons, significance between both lines was found at Day 20 and Day 50 (p-values 

for each time points: 0.5137, 0.0326, 0.0040) (see Figure 5-12). 

 

 

 

 

 

  

Figure 5-10: Expression of urokinase markers during development of TSC1 -/- cells. A: uPA expression in TSC1 

cells is non-significantly increased throughout the development. B: uPAR expression in the TSC1-/- cells is lower 

at Day 10 than in control and then increases while uPAR in control decreases during development. No significant 

difference between both cell lines.  C: tPA expression at Day 10 aligned between both cell line. While tPA levels 

decreased in control towards Day 20 and then increased again to Day 50, TSC1 cells show an increase of tPA 

towards Day 20 and then a slight decrease towards Day 20. Therefore, tPA levels were significantly increased in 

the TSC1 cells at Day 20 and Day 50 in comparison to control. Values are expressed as mean ± SD (N=3). Mixed-

effect analysis with Sidaks-Test was performed for data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, 

*** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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Analysing the expression changes over the neuronal development shows the decrease of 

several plasmin related markers over time. uPA expression dropped from the NSC to the 

NPC stage and increased towards the neuronal stage while the Cas13 TSC1 cells displayed 

a continuous low expression of uPA. While the expression of uPA in the TSC1 cells was 

lower, no statistical significance was found throughout development for the 24 h treated cells 

(p-values for each time points: 0.4804, 0.4917, 0.1001). The 48-h treated Cas13 TSC1 cells 

displayed a continuous low expression of uPA with a significant reduction at Day 20 

between both conditions (p-values for each time points: 0.5389, 0.0056, 0.9275). Expression 

of uPAR also dropped towards the NPC stage and then increased in the neurons for the 

control while Cas13 TSC1 cells displayed a continuous expression increase while starting at 

a lower level then the control. No statistical significance was found between both conditions 

throughout the development for the 24 h treated cells (p-values for each time points: 0.2227, 

0.8612, 0.4320), similarly to the 48 h treated cells (p-values for each time points: 0.2026, 

0.9976, 0.4722). tPA expression in the 24 h treated cells continued towards the NPC stage 

before increasing in the neurons in both lines with the Cas13 TSC1 cells displaying a non-

significant reduction of tPA in the neurons in comparison to control (p-values for each time 

points: 0.8300, >0.9999, 0.5702). Meanwhile, the 48 h treated cells display significantly 

reduced tPA levels at Day 10 in the TSC1 cells (p-values for each time points: 0.0015, 

0.2111, 0.2127) (see Figure 5-13). 

 

 

 

 

 

 

Figure 5-11: Expression of urokinase markers during development of Cas13 TSC1 cells. A+D: uPA 

expression in Cas13 TSC1 cells is non-significantly decreased throughout the development for the 24h 

treated cells while the 48h treatment led to a significant reduction at Day 20. B+E: uPAR expression in the 

Cas13 TSC1 cells is continuously non-significantly lower than in control for both treatment lengths. C+F: 

tPA expression displayed no significant changes in the Cas13 TSC1 cells with exception of D10 for the 48h 

treatment. Values are expressed as mean ± SD. Mixed-effect analysis with Sidaks-Test was performed for 

data analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. 
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5.3.4. Urokinase regulators in TSC1   
 

SERPINE1 was non-significantly reduced in the TSC1 -/- cells (p-value: 0.1523) while the 

Cas13 TSC1 cells demonstrated significant reductions for both conditions with a bigger 

reduction for the 48-h treatment (p-values: 0.0186 and 0.0086). SERPING1 was significantly 

reduced (p-value: 0.0014) in the TSC1 -/- cells, and the Cas13 TSC1 cells displayed a non-

significant reduction for both treatment conditions with a bigger reduction for the 24h 

treatment (p-values: 0.1293 and 0.2043) (see Figure 5-14).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-12: Gene expression of urokinase regulators in TSC1 neuronal stem cells. A+C: Expression 

of SERPINE1 is non-significantly reduced in TSC1 -/- cells, while the Cas13 TSC1 cells display a 

significant reduction of SERPINE1 levels in both conditions. B+D: SERPING1 is significantly 

reduced in TSC1 -/- cells while the Cas13 TSc1 cells display a non-significant reduction (N=3). 

Values are expressed as mean ± SD. Unpaired t-test were used for the data analysis of the 

homozygous cells, while the Cas13 samples were analysed with a One-Way ANOVA. * = p-value of 

≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 0.0001. 
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SERPINE1 was non-significantly decreased in the TSC1 -/- NPCs while the Cas13 TSC1 

cells displayed a reduction for both conditions with a significant reduction for the 48-h 

treatment (p-values: 0.0609 and 0.0067). SERPING1 expression was non-significantly 

increased in the TSC1 -/- cells (p-values: 0.4130 and 0.0713 respectively) while the Cas13 

TSC1 cells showed no expression change foe the 24h treated cells while the 48-h treatment 

led to a non-significant increase (p-values: 0.9981 and 0.1137) (see Figure 5-15).  

  

Figure 5-13: Gene expression of urokinase regulators in TSC1 NPCs. A+C: The TSC1 -/- cells displayed a 

non-significant increase of SERPINE1 levels, while the Cas13 cells showed a reduction of SERPINE1 

expression in both conditions with significance for the 48h treatment. B+D: SERPING1 in the TSC1 -/- cells 

was non-significantly increased while the Cas13 TSC1 cells showed no expression change for the 24h 

treatment and a non-significant increase in expression for the 48h treatment. Values are expressed as mean ± 

SD. Unpaired t-test were used for the data analysis of the homozygous cells, while the Cas13 samples were 

analysed with a One-Way ANOVA. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, 

**** = p-value ≤ 0.0001. 
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SERPINE1 was non-significantly decreased while SERPING1 was non-significantly 

increased (p-values: 0.4130 and 0.0713 respectively). tPA expression was significantly 

increased in the TSC1 cells (p-value: 0.0009) (see Figure 5-16). 

 

 

 

 

 

 

SERPINE1 expression was reduced for all conditions independent of the treatment length 

with significance for the 24 h treatments (p-values 24 h: 0.0051, 0.0021 for both Day15 and 

Day30) (p-values 48 h: 0.2433, 0.2433, 0.0555). SERPING1 expression was significantly 

increased for all conditions of the 24 h treatment (p-values: 0.0020, 0.0186, 0.0005) while 

being significantly decreased for the 48-h treatment (p-values: <0.0001 for all) (see Figure 

5-17). 

 

 

 

 

 

 

 

Figure 5-14: Gene expression of 

urokinase regulators in TSC1 

neurons. A: The TSC1 -/- cells 

displayed a non-significant 

decrease of SERPINE1 levels. B: 

SERPING1 in the TSC1 -/- cells 

was non-significantly increased. 

Values are expressed as mean ± 

SD. Data was analysed via t-test. * 

= p-value of ≤ 0.05, ** = p-value 

of ≤ 0.01, *** = p-value: ≤ 0.001, 

**** = p-value ≤ 0.0001. 

  

Figure 5-15: Gene expression of 

urokinase regulators in the Cas13a 

TSC1 neurons. Heterozygous loss of 

TSC1 was induced at Day 8, 15 and 

30 for either 24 or 48h. A+C: All 

conditions show a decrease of 

SERPINE1 expression after TSC1 

induction with significance for the 

24h treatments. B+D: All conditions 

of the 24h treatment led to a 

significant increase of SERPING1 

expression while the 48h treatment 

led to significant reductions of 

SERPING1 levels. Values are 

expressed as mean ± SD. Data was 

analysed via One-Way ANOVA. * = 

p-value of ≤ 0.05, ** = p-value of ≤ 

0.01, *** = p-value: ≤ 0.001, **** = 

p-value ≤ 0.0001. 
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SERPINE1 expression dropped towards the NPC stage and then slightly increased in the 

neurons for the control while the TSC1 -/- cells showed a low expression throughout with 

its lowest point at Day 20 before increasing slightly in the neurons, no significance between 

both cell lines was established (p-values for each time points: 0.2298, 0.3867, 0.9590). 

SERPING1 expression dropped continuously throughout the expression for the control while 

the TSC1 -/- cells showed a low expression throughout with its lowest point at Day 50, at 

Day 10 the expression was significantly lower in the TSC1 -/- cells (p-values for each time 

points: 0.0091, 0.9430, 0.1666) (see Figure 5-18). 

 

 

 

 

 

 

 

 

  

Figure 5-16: Expression of urokinase regulators during development in TSC1 -/- cells. A: 

SERPINE1 expression is non-significantly decreased in the TSC1 cell line at Day 10, while its 

expression at Day 20 and Day 50 aligns to control. B: SERPING1 expression is significantly 

decreased at Day 10 in the TSC1 cells and then aligns towards the control at later time points. 

Values are expressed as mean ± SD. Mixed-effect analysis with Sidaks-Test was performed for data 

analysis. * = p-value of ≤ 0.05, ** = p-value of ≤ 0.01, *** = p-value: ≤ 0.001, **** = p-value ≤ 

0.0001. 
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Analysing the expression changes over the neuronal development shows the decrease of 

urokinase regulators over time. SERPINE1 expression slightly dropped towards the NPC 

stage and then increased in the neurons for both conditions. The expression level in the Cas13 

TSC1 cells was continuously non-significantly lower than control for both the 24 h treatment 

(p-values for each time points: 0.2706, 0.2454, 0.3436) and the 48-h treatment (p-values for 

each time points: 0.2306, 0.1797, 0.5303). SERPING1 expression dropped towards the NPC 

stage and increased again in the neurons for the control while the Cas13 TSC1 cells showing 

a higher increase of the SERPING1 level in the neurons. Statistical significance between 

both cell lines was found at Day 50 for both conditions with an increase for the 24 h treatment 

(p-values for each time points: 0.9399, 0.9759, 0.0374) and a decrease for the 48-h treatment 

(p-values for each time points: >0.9999, 0.7804, 0.0325) (see Figure 5-19).  

 

 

 

 

 

 

 

 

 

 

5.4. Summary of major outcomes in this chapter: 

• Inflammation related genes are significantly upregulated in TSC 

cells of patients; trend of expression increases of AD related genes in TSC patients. 

• uPA expression shows few significant changes while uPAR expression showed trend of 

dysregulation; tPA expression was significantly altered in both TSC1 models. 

• SERPINE1 and SERPING1 expression showed trends of dysregulation in the Cas13 TSC1 

cells. 

Figure 5-17: Expression of 

urokinase regulators during 

development of Cas13 TSC1 

cells. A+C: SERPINE1 

expression is non-significantly 

decreased in the Cas13 TSC1 cell 

line throughout the 

differentiation in comparison to 

control for both conditions. B+D: 

SERPING1 expression is non-

significantly decreased at Day 10 

in the 24h TSC1 cells, aligns at 

the NPC stage to the control and 

is then significantly increased at 

Day 50 while the 48h cells 

display a significant decrease at 

Day 50 and non-significant 

increase at Day 20 in the TSC1 

cells to the control.  Values are 

expressed as mean ± SD (N=3). 

Mixed-effect analysis with 

Sidaks-Test was performed for 

data analysis. * = p-value of ≤ 

0.05, ** = p-value of ≤ 0.01, *** 

= p-value: ≤ 0.001, **** = p-

value ≤ 0.0001. 
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5.5. Chapter 5: Discussion 

 

5.5.1. Database Analysis: 
 

This analysis showed that TSC and AD have common molecular pathways which are 

dysregulated. Inflammation related genes, whose dysregulated expression was already 

suggested in other studies, were found in the database, and cross-referencing with AD 

research established their involvement in AD. Additionally, AD related genes themselves 

were found in the Top 150 and Top 300 genes in the several tumour samples of the TSC 

patients. From these genes, some were chosen for further investigation in the generated 

TSC1 models.  

 

Inflammation inhibiting genes such as ANXA1, SERPING1, or HMOX1 were found to have 

significantly upregulated expression in the TSC patients' samples analysed in the database 

project and they are also implicated in AD, making them therefore interesting targets for 

future experiments. ANXA1, which was upregulated in the SEN/SEGA samples, is a 

calcium-dependent phospholipid-binding protein that initially characterizes as 

phospholipase A2-inhibitory activities and possesses anti-inflammatory activities. Its wide 

variety of cellular functions includes membrane aggregation, phagocytosis, proliferation, 

differentiation, and apoptosis. It has been further reported that ANXA1 plays a role in 

membrane trafficking and vesiculation of multivesicular bodies that might be involved in 

autophagy (Shi et al. 2018). ANXA1 was associated with AD in genome-wide study (Li et 

al. 2008) and was found to be upregulated in AD samples (Watanabe et al. 2007), which was 

concurrent with the activation of microglial cells in AD patients. It is hypothesized, that 

ANXA1 overexpression may indicate an attempt to limit sustained inflammatory damage 

due to unknown factors in AD and since Aβ can activate microglia it might also be capable 

of promoting ANXA1 expression (Watanabe et al. 2007). Another study found that ANXA1 

treatment increased microglial clustering around Aβ plaques and induces the secretion of 

anti-inflammatory markers, demonstrating the possibility that ANXA1 seems to play a 

pivotal role in Aβ clearance, modulating inflammation, and maintaining BBB integrity in 

AD (Blair et al. 2018). HMOX1 on the other hand is a heat shock protein that exists in the 

endoplasmic reticulum. Its expression is induced by oxidative, nitrosative, or inflammatory 

stress or Aß and shows high expression in hippocampal and cortical astrocytes and neurons 

in patients with AD or mild cognitive impairment (MCI), where it co-localizes with senile 

plaques, neurofibrillary tangles, and corpora amylacea.  
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In contrast to the protective effects of HMOX1, studies show that the up regulation of 

HMOX1 increases oxidative stress through the accumulation of Fe2+ in mitochondria and 

other cellular compartments of astroglia and promotes mitochondrial damage and macro-

autophagy (Shi et al. 2012). Overexpression of HMOX1 was implicated in cognitive deficits 

in AD as it was demonstrated the long-term overexpression of HMOX1 induces memory 

decline in transgenic mice through an HMOX1-induced tauopathy mechanism (Han and 

Sahin 2011). HMOX1 demonstrated upregulated expression in several tumours of TSC 

patients (Knox et al. 2007) and showed increased expression in the samples included in the 

database. SERPING1, a protease inhibitor, was found to show increased expression in the 

TSC patient samples, which aligns to the finding of Boer et al. (Boer et al. 2010). SERPING1 

is involved in the complement system and seems to be involved in neuronal stem cell 

proliferation as well as having a role in cortical development (Gorelik et al. 2017). 

Additionally, its expression has also been demonstrated in AD, which may reflect ongoing 

inflammation in the brains of the patients (Veerhuis et al. 1998; Yasojima et al. 1999; Walker 

et al. 2002). It has been identified to have a significant association to AD (Williams et al. 

2015). Therefore, SERPING1 expression was investigated in the cell models of this project.  

 

Pro-inflammatory genes like SERPINA 3 and 5, ANGPTL2, and GPMNB were also found 

with altered gene expression and involvement in TSC (see Figure 9-11) and AD. SERPINA3 

and other serpins are found within the fibrillar amyloid plaques of AD. SERPINA3 may 

facilitate fibril formation by serving as a chaperone for Aβ (Kumar et al. 2005). Another 

study indicated that the increased levels of SERPINA3 may affect age-at-onset and disease 

duration of AD (Jaworski et al. 2005). SERPINA3 is also elevated in TSC, as shown in 

several studies (Tavazoie et al. 2005; Meikle et al. 2007). Magri et al. showed that STAT3 

is a central player in inducing premature neuronal and astroglial differentiation in TSC1 

mutant endogenous neural stem cells (eNSCs), and its target genes, such as GFAP and 

SERPINA3, are known to be significantly overexpressed in mutant eNSC and TSC lesions 

(Meikle et al. 2007). As SERPINA3 and SERPINA5 are both inflammation related genes 

with the first also being associated with AD (Jaworski et al. 2005; Kumar et al. 2005) and 

TSC (Tavazoie et al. 2005; Meikle et al. 2007), attempts for gene expression analysis in the 

TSC1 cell lines were made but low qPCR primer quality prevented any in depth analysis.  

 

 



 

 159 

As gene mapping suggested that SERPINA3 and SERPINA5 are involved with plasminogen 

and thereby indirectly or directly with uPA, both genes are seen as interesting targets for 

future experiments. Inflammatory related cytokines such as IL6, IL10, TNFa or IL18 were 

found to be significantly involved with both TSC and AD via literature (Weichhart et al. 

2008; Byles et al. 2013; Wang et al. 2015; Mammana et al. 2018) and the latter two were 

also found in the Top 300 dysregulated genes of the TSC database analysis. Therefore, the 

expression of several of these cytokines were tested in the cell models as well. Additionally, 

the database analysis also identified increased expression levels for genes which correlate 

with AD. These genes are CLCN7, encoding for the chloride channel ClC-7; LAMA4, a 

Laminin subunit involved in processes such as cell adhesion, differentiation, signalling and 

neurite outgrowth; MAP1B, which encodes for a microtubule-associated protein which is 

involved in neurogenesis; MCAM, which is involved in cell adhesion, MYL9, encoding for 

a motor protein, PPARG, which encodes for an adipocyte regulator.  

 

Overall, the database analysis of the RNA sequencing of TSC patients lead to a more targeted 

approach for further investigations as the common targets of dysregulation for both TSC and 

AD had been identified. Therefore, this project focused on the inflammation associated 

cytokines IL6, IL10, TNFα and the urokinase pathway around SERPING1. 

 

5.5.2. Inflammation markers: 

 

The cytokine IL6 was originally considered to be a pure pro-inflammatory cytokine, but 

recent studies are contradicting that statement. It is expressed by both glia cells and neurons. 

IL6 antagonizes the actions of IL1β and TNFa via induction of the soluble IL1 receptor 

antagonist and the soluble TNF-α receptor (Ulich et al. 1991; Trig et al. 1994). Furthermore, 

IL6 is essential for the control of pro-inflammatory cytokine levels like TNFa in vivo after 

endotoxic insults (Xing et al. 1998). Induction of IL6 production includes various stimuli 

like neurotransmitters, depolarization or the presence of other pro-inflammatory cytokines 

(Spooren et al. 2011). IL6 is crucial in the BBB for its integrity, where it influences astrocyte 

shape by affecting cell adhesion molecules (Shrikant et al. 1995; Oh et al. 1998). Therefore, 

it was suggested that IL6 carries an anti-inflammatory function in this instance by helping 

to maintain blood–brain barrier integrity in neuroinflammatory conditions.  
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Furthermore, IL6 is also seen as a neurotrophic factor, based on its substantial role in 

homeostasis and development of the nervous system where it induces neuronal survival, 

proliferation, differentiation and regeneration, as well as influencing synaptic release of 

neurotransmitters and neural activity (Spooren et al. 2011). IL6 has been shown to stimulate 

the differentiation various neurons subtypes (Hirota et al. 1996; Cao et al. 2006; Zhang et al. 

2007). Additionally, IL6 also promotes survival of neurons in the presence of oxidative stress 

(Nakajima et al. 2002; Bissonnette et al. 2004; Fujita et al. 2009). It is produced by astrocytes 

after hypoxia in order to promote the survival of PC12 cells in culture (Maeda et al. 1994). 

Loss of IL6 was shown to lead to increased neuronal death after physical damage towards 

dorsal root ganglia neurons in mice (Murphy et al. 1999). The self-renewal ability of NSCs 

is tightly controlled by STAT3 signalling cascades (Shi et al. 2008) which activity is 

controlled by IL6. Therefore, IL6 contributes to stem cell generation and expansion of neural 

stem cell pools, as well as regulating several neuronal markers as well as neural outgrowth 

(Niwa et al. 1998; Bowen et al. 2011; Brady et al. 2013). Loss of IL6 has been shown to lead 

to depletion as well as impairment of forebrain NSC pool expansion (Shimazaki et al. 2001) 

and activation of IL6 as well as the subsequent downstream activation of STAT3 promotes 

early neurogenesis (Kummer et al. 2021). IL6 influences cell differentiation by promoting 

both astrogliogenesis and neurogenesis, as well as by inhibiting the survival and growth of 

neural stem and progenitor cells (Spooren et al. 2011). Excitotoxicity also induces IL6 

production in the brain (Masakazu et al. 1994; de Bock et al. 1996; Ali et al. 2000) as it 

protects neurons against excitotoxicity (Carlson et al. 1999; Pizzi et al. 2004; Peng et al. 

2005). Controversially, some authors also found that IL6 enhances NMDA-induced 

excitotoxicity in cerebellar granule neurons (Qiu et al. 1998; Conroy et al. 2004). In addition, 

IL6 is essential for neuronal excitability and function due to its role in regulation of several 

voltage- gated as well as receptor operated channels (Vezzani and Viviani 2015). For 

example, IL6 reduces L-type calcium channel currents, counteracting potassium-induced 

intracellular Ca2+ overload and therefore protecting the neurons (Ma et al. 2012b). IL6 

treatment of cultured hippocampal neurons as well as IL6 over- expression in vivo reduces 

L-type Ca2+ channel Cav1.2 protein expression (Vereyken et al. 2007). TSC is known to 

display increased levels of IL6 production (Wang et al. 2021a), similarly to AD where IL6 

influences both tau and Aβ.  
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Firstly, several studies suggested that IL6 promotes the hyperphosphorylation of tau 

(Quintanilla et al. 2004; Orellana et al. 2005). However, another study demonstrated no 

effect of IL-6 on tau phosphorylation in hippocampal neurons (Hüll et al. 1999). Secondly, 

while IL6 induces expression of APP, in primary rat cortical neurons (Del Bo et al. 1995) 

and influences its processing (Brugg et al. 1995), Aβ was shown to induce IL6 expression 

(Jana et al. 2008; Vukic et al. 2009). IL6 expression analysis in the TSC1 -/- and Cas13 

TSC1 cells shows significant changes in comparison to control cells during the neuronal 

development. Both TSC1 models displayed a significant reduction of IL6 expression at the 

NPC stage and while IL6 expression in neurons is generally low as it is usually expressed 

by glia cells, the significant reduction of its expression should impact the differentiation. 

Since IL6 plays a role in neuronal development and offers protection against oxidative stress, 

the reduced expression level would suggest an impaired development and reduced protection 

for the cell against stress, though its dysregulation probably plays a less significant role as 

the previously discussed markers, solely based on the level of expression. The TSC1 -/- cells 

showed nearly significantly elevated levels of IL6 expression in the neurons in comparison 

to control. This increase might be the result from not only the TSC1 loss itself but also due 

to the assumed increase of astrocytic cells in the culture, which would align with the 

increased level of astrocytic markers in the TSC1 neurons. As IL6 expression is known to 

cause the expression of other inflammation related cytokines, further markers were tested 

and will be discussed below. As calcium channels haven’t been investigated in this project, 

it is not possible to say if the TSC1 cells show changes in L-type Ca2+ channel Cav1.2 

protein expression (Vereyken et al. 2007). The Cas13 TSC1 cells displayed a significant 

drop of IL6 expression in the neurons, which was surprising as the astrocytic markers were 

significantly elevated and a phenotype like the TSC1 -/- model was therefore expected. 

Therefore, it could be assumed that the IL6 expression is less based on the astrocytes in the 

Cas13 TSC1 culture and is truly expressed by the neurons themselves. As IL6 is involved in 

neuronal survival, proliferation, regeneration, as well as influencing synaptic release of 

neurotransmitters and neural activity (Spooren et al. 2011), it can be assumed that these 

function are most likely disturbed in the Cas13 TSC1 cells, though further experiments 

would need to be performed in order to strengthen that assumption.  
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IL10 is classified as an anti-inflammatory cytokine which is known to promote neuronal 

survival after injuries (Dietrich et al. 1999; Grilli et al. 2000; Jackson et al. 2005) and 

inhibiting the synthesis and release of proinflammatory mediators such as TNFa, IL1β, IL6, 

IL8, and IL12 (Howard et al. 1992; Moore et al. 2001), thereby counteracting potentially 

harmful consequences. Research suggests that IL10 activates signalling pathways involved 

in neuronal survival and growth (Zhou et al. 2009) and it is known to prevent apoptosis in 

several neuronal cells after cellular stress caused by glutamate toxicity or serum deprivation 

(Brewer et al. 1999; Zhou et al. 2009). Zhou et al. demonstrated that IL10 engages the 

downstream signalling cascades Jak–STAT3, PI3K–AKT, and GSK3β in order to prevent 

the apoptosis (Zhou et al. 2009). Perez-Asensio et al. demonstrated that IL10 regulates the 

expression of neural progenitor markers like Nestin or SOX2, cell cycle activity of 

progenitors, and the production of new neuroblasts (Perez-Asensio et al. 2013). Pereira et al 

identified that this regulation of adult neurogenesis works via the STAT3 (Pereira et al. 2015) 

as shown in rat neurons. Therefore, it can be concluded that IL10 regulates progenitor 

differentiation and modulates neurogenesis in adult brain.  Furthermore, Levin et al. 

demonstrated that IL10 also counteracts hypoxia and its subsequent hyperexcitability in 

neurons (Levin and Godukhin 2011). Disruption of IL10 levels during neuronal development 

have been shown to have long-lasting consequences as IL10, like IL6 or TNFa modulate 

neuronal differentiation (Ling et al. 1998), survival (Jarskog et al. 1997) and dendrite growth 

and complexity in vitro (Gilmore et al. 2004). Furthermore, these cytokines are hypothesized 

to play a crucial role in long-term behaviour and cognition (Shi et al. 2003; Zuckerman et al. 

2003; Meyer et al. 2006; Romero et al. 2007). Meyer at al. demonstrated that enhanced levels 

of IL10 after exposure to pro-inflammatory cytokines during prenatal development 

prevented the emergence of multiple behavioural and pharmacological abnormalities in the 

adult offspring. Increased IL10 levels while pro-inflammatory signals were absent, led to 

behavioural abnormalities in adulthood (Meyer et al. 2008). Therefore, Meyer et al. 

concluded that the balance between pro- and anti-inflammatory cytokines is crucial for 

proper prenatal development (Meyer et al. 2008). IL10 also seems to be involved in synapse 

formation via microglia and inhibition of the former prevents the formation in hippocampal 

neurons (Lim et al. 2013).   
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Gene expression analysis of IL10 demonstrated significant alterations in the TSC1 -/- and 

Cas13 TSC1 cells during neuronal development. While IL10 expression was non-

significantly reduced at the NPC stage in the TSC1 -/- model, the expression in the neurons 

was significantly increased. The Cas13 TSC1 cells demonstrated a significantly increased 

expression in the NPCs and neurons. Therefore, while no significance in the homozygous 

model was found, it could be assumed that TSC1 loss does impact IL10 expression during 

neuronal development and a higher sample size would strengthen that claim. As IL10 has 

several protective functions including improving cell survival and growth (Zhou et al. 2009), 

regulation of neural progenitor marker expression (Perez-Asensio et al. 2013), counteracting 

hypoxia (Levin and Godukhin 2011), it can be assumed that changes in its expression are to 

the detriment of the cell differentiation as disruption of IL10 levels during neuronal 

development have been shown to have long-lasting consequences as it is modulating 

neuronal differentiation (Ling et al. 1998). Again, the significantly increased levels at the 

neuronal stage might be partly a consequence of an increase of the number in astrocytes in 

the TSC1 cultures in comparison to control. Since IL10 expression is usually a cell response 

to the expression of pro-inflammatory markers like IL6 or TNFa, which are both 

significantly increased in the TSC1 models it was expected. As long-term overexpression of 

IL10 has negative consequences for cells and since a fine balance between pro- and anti-

inflammatory cytokines is crucial for proper prenatal development (Meyer et al. 2008), it 

could be assumed that the development and functions of the neurons are impaired, though 

further experiments would be needed. Impaired neuronal function in TSC1 cells would be 

expected as studies and patients display it.  

TNFa is a pro-inflammatory cytokine involved in various functions in the CNS including 

regulation of synaptic transmission and plasticity as well as induction of inflammation, 

excitotoxicity, and oxidative tissue damage under disease conditions (Papazian et al. 2021). 

TNFa functions via its receptor TNFR1 to mediate harmful TNF effects (Brambilla et al. 

2011; Taoufik et al. 2011), including an inhibitory effect on remyelination (Karamita et al. 

2017), while TNFa via its receptor TNFR2 mediates beneficial effects, such as remyelination 

(Arnett et al. 2001). Aligning with Papazian et al. results of beneficial effects mediated by 

TNFa, some research suggests that it might mediate a protective function against metabolic, 

excitotoxic or oxidative stresses (Merrill 1992; Cheng et al. 1994; Merrill and Benveniste 

1996). 
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Further research suggests that TNFa is also involved in neuronal development as it was 

demonstrated that lack of TNFa results in faster dentate gyrus growth due to enhanced levels 

of nerve growth factor (NGF) while TNFa overexpression inhibits NGF expression, thereby 

suppressing hippocampal development (Fiore et al. 2000). TNFa is known to have potent 

neurodevelopmental effects by inhibiting neuronal cell survival (Jarskog et al. 1997) and 

cortical dendrite development (Gilmore et al. 2004) and several cytokines are cooperating in 

these processes (Jeohn et al. 1998; Gilmore et al. 2004). Elevated TNFa levels in foetus 

brains have also been implicated in increased neuronal apoptosis in postnatal life (Meyer et 

al. 2006). Furthermore, increased maternal TNFa levels during pregnancy have been directly 

associated with a higher incidence of adult psychosis in the offspring (Buka et al. 2001).  

Hence, there is considerable evidence linking abnormal maternal/ foetal TNFa to a higher 

incidence of brain and behavioural pathology in the grown offspring  (Meyer et al. 

2008).Furthermore, TNFa expression is known to influence the expression of other cytokines 

like IL6 (Lan et al. 2012). Altered TNFa expression is known to be involved in AD 

(McAlpine et al. 2009). TNFa has been found to be able to increase A and A related 

apoptosis, as well as to cause memory impairments in animal models (Blasko et al. 1997). 

Therefore, it is assumed that TNFa plays an important role in processes related to memory 

degeneration in diseases as both animal models and AD brains showed the altered TNFa 

levels (Blasko et al. 1997; Lanzrein et al. 1998; Tarkowski et al. 1999). Gene expression 

analysis for TNFa showed significant dysregulation in both TSC1 -/- and Cas13 TSC1 cells. 

While the TSC1 -/- cells show significant elevated levels neuronal stage, no significant 

changes were found in the NPCs. The Cas13 TSC1 cells displayed significant 

downregulation at both the NPC and neuronal stage.  

Therefore, it can be assumed that TSC1 loss is able to influence TNFa expression during 

neuronal development, though the true scope of its influence during the early development 

is still unknown. The expression increases at the neuronal stage in the TSC1 -/- cells was 

expected as TNFa expression tends to align to the expression of markers like IL6 or IL10. 

Again, it might be explained partly by the number of astrocytes in the TSC1 culture 

compared to the control cell line and as TNFa is able to negatively affect neuronal cell 

survival (Jarskog et al. 1997) and cortical dendrite development (Gilmore et al. 2004) as well 

as increase neuronal apoptosis (Meyer et al. 2006), increased cell stress and death in the 

TSC1 cells could be expected. Apoptosis or cell stress markers haven’t been tested in this 

project, but as TSC models/cells are known to express increased ox. stress markers (Zhang 

et al. 2016), this would align with previous studies.  
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Furthermore, the TSC1 -/- displayed a delayed/abnormal neuronal development, as seen by 

the dysregulation of NPC and neuronal markers, a phenotype which would align with TNFa 

overexpression (Fiore et al. 2000). As mentioned before, the Cas13 TSC1 cells showed 

significantly decreased levels of TNFa at the NPC and neuronal stage. While literature 

suggest that a downregulation of TNFa leads to enhanced neuronal development (Fiore et al. 

2000), it is difficult to claim that this was the case in the Cas13 TSC1 cells. While several 

developmental markers for neuronal development were significantly dysregulated, their 

expression change proposes an abnormal and delayed development, not an enhanced one. 

As TNFa does have several protective functions in the brain, the significant reduction of 

expression for several conditions at the neuronal stage would suggest an increased 

vulnerability to certain stress factors like oxidative stress (Merrill 1992; Cheng et al. 1994; 

Merrill and Benveniste 1996).  

 

Several genes which are either pro- or anti-inflammatory and directly or indirectly 

influencing neuronal development demonstrated significant dysregulation of their 

expression levels throughout the neuronal development. As TSC is known for inflammation, 

these results were expected. Their disturbance likely causes cellular stress and impair cell 

survival and differentiation.  
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5.5.3. Urokinase Pathway: 
 

As mentioned previously, uPA is a serine protease which catalyses plasminogen activation 

and plasmin generation as initiation of the proteolysis cascade (Peteri et al. 2021). uPA is 

also involved in the activation of cell signalling pathways regulating differentiation, cellular 

adhesion, migration, and proliferation through non-plasminogenic mechanisms (Peteri et al. 

2021). Sumi et al. suggested that uPAs proteolytic regulation is controlling axonal growth 

and that intracellular proteolytic degradation might regulate axoplasmic traffic, suggesting a 

role for uPA in neuronal plasticity (Sumi et al. 1992). uPA interaction with its receptor uPAR 

can result in increased cleavage of cell-associated plasminogen with the production of the 

protease processing plasmin, the latter’s production aids in the process of inflammatory and 

neoplastic cell invasion through its ability to degrade extracellular matrix proteins (Walker 

et al. 2002). Using a uPA null mice model, Semina et al. investigated the involvement of 

uPA and uPAR in neuronal development (Semina et al. 2016). Both uPA and uPAR are 

involved in dendritic and axonal growth and branching as well as in neural cell migration. 

The interaction between both uPA and uPAR was found to be required for the exertion of 

these functions as uPA inhibition supressed the cell migration and axonal growth. uPAR 

expression levels themselves were found to be less important for the uPA-dependent axon 

growth and cell migration stimulation. Blocking the interaction by uPAR blockage led to 

suppressed neural cell migration and an increased number of neurites and enhanced 

branching in neurons (Semina et al. 2016). uPA-null mice displayed elevated levels of uPAR 

and a higher rate of neurite outgrowth as uPAR can engage ligands independent of uPA such 

as vitronectin or integrins (Engelholm et al. 2003; Franco et al. 2006; Madsen et al. 2007; 

Lino et al. 2014).  uPAR null mice lack GABA-interneurons neurons (Eagleson et al. 2005) 

and are characterized by brain abnormalities associated with seizures and impaired 

behaviour (Royer-Zemmour et al. 2008; Bruneau and Szepetowski 2011). This phenotype 

strengthens the claim that uPA-independent uPAR function is essential for normal neuronal 

development.  
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In axons, the appropriate interaction of cell adhesion molecules with extracellular matrix is 

crucial for development of nervous system. Axon growth and polarization during 

neurogenesis is highly dependent upon integrins which have been implicated in uPA/uPAR-

dependent activation of cell adhesion and cell morphology changes in non-neuronal systems 

(Blasi and Carmeliet 2002; Franco et al. 2006; Blasi and Sidenius 2010). It has been shown 

that uPA is involved in neuritogenesis during which it activates focal adhesion kinase, which 

is involved in the reorganization of the cytoskeleton and cell locomotion. For this function, 

interaction of uPA with its receptor uPAR is required with signal transduction via membrane 

co-receptors including integrins 5 and ß1 (Lino et al. 2014). uPA has also been found to be 

involved with the expression and function regulation of GAP-43, a central player in 

synaptogenesis and synaptic plasticity. Merino et al. demonstrated that uPA-uPAR binding 

induces GAP-43 mobilization from the axon shaft to presynaptic terminals. They further 

indicated that this function was independent on plasmin generation but mediated by open 

NMDA receptors (Merino et al. 2020). The expression of uPA and uPAR in the developing 

CNS is particularly high in neurons (Wu et al. 2014; Merino et al. 2017) and astrocytes (Liu 

et al. 2010) and progressively decreases during neuronal maturation. Increase in uPA levels 

have been found after neuronal injury, suggesting a role in neuronal repair (Merino et al. 

2017).  

 

Gene expression analysis of both TSC1 models displayed significant dysregulation of both 

uPA and uPAR during neuronal development. While uPA expression in the TSC1 -/- cells 

was non-significantly upregulated, uPAR expression was significantly downregulated at the 

NSC stage and continuously significantly upregulated for the following neuronal 

development. Plotting the expression over the timespan of development did not establish 

significance for the genes but it did showcase that uPA expression in TSC1 -/- dropped linear 

while the control cells displayed a sharp drop from the NSC to the NPC stage. Significance 

might be established with an increased sample size. uPAR expression over time on the other 

hand increased in the TSC1 -/- cells unlike in the control where it dropped with progressive 

cell differentiation/maturation. uPA overexpression had been found in TSC models 

previously and therefore aligned with the expectations. As both uPA and uPAR are involved 

in several essential processes of neurogenesis, it can be predicted that their dysregulation in 

the TSC1 -/- cells would have a negative impact on their function and development. TSC 

mutations are known to negatively impact cell polarity, synapse assembly and axonal growth 

(Knox et al. 2007).  
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As both uPA and uPAR are involved in these functions, it can be expected that the identified 

dysregulation of both genes might be partly causative for the impaired function and 

development of the neurons. As no experiment to test their synaptic or axonal 

growth/function have been performed in this project, at this point it is not possible to 

distinguish the precise involvement of uPA and uPAR in these functions in TSC. Since uPA 

expression is involved in the normal development of GABAergic cells and gene expression 

analysis in the previous chapter established the dysregulation of transcription factors which 

are also involved in this development, further experiments investigating the specific impact 

of uPA/uPAR dysregulation on neuronal development in TSC would further the 

understanding. Throughout the neuronal development, expression levels of both genes were 

downregulated with significance at the neuronal stage. As uPA inhibition has been found to 

negatively impact axonal growth, cell migration and increased number of neurites (Semina 

et al. 2016) it could be considered that these phenotypes might also occur in this cell model 

after the brief treatment, but no experiments were performed to confirm that due to a tight 

time schedule.  

tPA, an important player in neuronal plasticity, axonal regeneration, neuroinflammation and 

excitotoxicity (Chevilley et al. 2015; Hebert et al. 2016),  is expressed in neurons, astrocytes, 

microglia and oligodendrocytes  (Hebert et al. 2016). Studies demonstrated that mice models 

lacking either tPA, uPA or plasminogen were found to have impaired function displayed 

delayed neuronal repair/recovery after injury (Siconolfi and Seeds 2001); furthermore, tPA 

deficient mice were also more susceptible to neuronal death induced by both NMDAR and 

non-NMDAR agonists (Tsirka et al. 1995). Exogenous tPA was reported to be neurotoxic 

for cortical neurons by over-activating of NMDAR, thus resulting in excitotoxicity (Nicole 

et al. 2001; Reddrop et al. 2005; Park et al. 2008). Excessive tPA promotes damages in 

Purkinje cells (Lu and Tsirka 2002; Li et al. 2006; Li et al. 2013), by altering neurotrophic 

mechanisms in control their postnatal development (Li et al. 2006; Li et al. 2013). Chevilley 

et al. pointed out that the maturation of neurons influences their sensitivity to tPA (Chevilley 

et al. 2015) as mouse primary cultures of cortical neurons become sensitive to NMDA-

induced neuronal death after more than a week in vitro, an effect exacerbated by exogenous 

tPA (Launay et al. 2008). In the meanwhile, less matured neurons require trophic factors 

contained in culture media to survive (Hetman et al. 2000; Terro et al. 2000) and exogenous 

tPA was shown to have a protective effect against the neuronal apoptosis occurring with 

media deprivation (Liot et al. 2006).  
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The type of neurons might also be important according to Chevilley et al. (Chevilley et al. 

2015) as the neurotoxic effects of tPA were mainly described in cortical neurons (Nicole et 

al. 2001) or Purkinje neurons (Li et al. 2013), while the protective effect were described for 

hippocampal neurons (Flavin and Zhao 2001; Lemarchand et al. 2016) and on cortical 

neurons (Liot et al. 2006; Wu et al. 2013). Research has shown that the protective/anti-

apoptotic effect of tPA is independent of its proteolytic activity, while requiring the 

activation of either PI3K/Akt, AMPK- or mTOR-HIF1α-dependent signalling pathways 

(Correa et al. 2011; Wu et al. 2012). tPA is also involved in neurodevelopmental disorders; 

increased tPA levels had been found in the serum of male ASD patients (Şimşek et al. 2016; 

Bozkurt et al. 2021). tPA upregulation also occurs during neuroinflammation as it modulates 

neuroinflammatory processes in the brain, thereby affecting the integrity of the blood brain 

barrier (Mehra et al. 2016). Goeke at al. demonstrated that increased levels of tPA are found 

in the developing brain (Goeke et al. 2022), suggesting a role in axonal and dendritic 

arborization and synaptogenesis (Farhy-Tselnicker and Allen 2018). Furthermore, they also 

demonstrated that exposing astrocytes to excessive tPA as well as inhibition of tPA in 

astrocytes leads to inhibition of neurite outgrowth (Goeke et al. 2022). This effect is 

consistent with tPA role with the extracellular matrix based on the proteolytic activity of 

plasmin (Guizzetti et al. 2008), which supports neurons with adhesion necessary for neurite 

and axon growth (Goeke et al. 2022).  Like uPA, tPA is known to be involved in diseases 

like AD (Tucker et al. 2002; Fabbro and Seeds 2009) or Epilepsy  (Iyer et al. 2010). 

Furthermore, TSC lesions like cortical tubers or glia-neural tumours are known to display 

high levels of both uPA and tPA expression which potentially exacerbate the neuronal 

excitability by increasing NMDA receptor signalling (Iyer et al. 2010), while TSC giant cells 

are also known to display high levels of tPA (Cepeda et al. 2003; Cepeda et al. 2005). 

Gene expression analysis of tPA in both TSC1 models demonstrated significant expression 

changes throughout the neuronal development. The TSC1 -/- demonstrated a continuous 

overexpression of tPA in comparison to control, with significance from the NPC stage 

onwards. The significant overexpression and the involvement of tPA neuronal plasticity, 

axonal regeneration, neuroinflammation and excitotoxicity (Chevilley et al. 2015; Hebert et 

al. 2016) would suggest negative consequences for the neurons and their development. 

Especially, as excessive tPA was found to promote damages in Purkinje cells (Lu and Tsirka 

2002; Li et al. 2006; Li et al. 2013), by altering neurotrophic mechanisms in control their 

postnatal development (Li et al. 2006; Li et al. 2013). Therefore, it could be concluded that 

cellular stress and a potential increase of neuronal death might occur in the TSC1 -/- cells.  
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As these cells displayed increased death when passaged during the neuronal development, it 

might be considered that tPA overexpression might have been one of the causes. It must be 

acknowledged that most studies focusing on tPA overexpression utilised tPA injections, ergo 

exogenous tPA. Therefore, it is difficult to identify the exact consequences of a continuous 

overexpression of tPA during neuronal development due to a lack of literature. As tPA 

upregulation occurs during neuroinflammation (Mehra et al. 2016), it could be expected that 

the increased inflammation related cytokines might exacerbate the tPA expression, thus it 

would be interesting to see if inhibiting their expression might reduce the overexpression of 

tPA in the TSC1 -/- cells. A role of tPA in axonal and dendritic arborization and 

synaptogenesis (Farhy-Tselnicker and Allen 2018) had been suggested, therefore the 

overexpression might be partly causative for the altered neuronal physiology of TSC neurons 

including altered dendrite density and size (Tavazoie et al. 2005). The Cas13 TSC1 cells 

displayed a significant downregulation of tPA expression at the NSC and neuronal stage 

while the NPCs demonstrated a significant overexpression of tPA. As research demonstrated 

that lack of tPA or uPA leads to impaired/delayed neuronal repair/recovery after injury in 

mice (Siconolfi and Seeds 2001) as well as a higher susceptibility to neuronal death induced 

by both NMDAR and non-NMDAR agonists (Tsirka et al. 1995), it could be estimated that 

the Cas13 TSC1 neurons might display a similar phenotype as both uPA and tPA were 

downregulated. This would need to be tested in the future as no experiments concerning 

neuronal death or NMDAR agonists had been performed during this project. Additionally, 

based on the suspected role of tPA in axonal and dendritic arborization and synaptogenesis 

(Farhy-Tselnicker and Allen 2018) it would be of interest to analyse the dendrites in Cas13 

TSC1 neurons in order to see if any changes occur after brief TSC1 loss, aligning with the 

measured dysregulated gene expression. 

 

SERPINE1 functions as an inhibitor of tPA and uPA, supporting the maintenance of clot 

formation, thus playing a significant role in non-neoplastic disorders, such as atherosclerosis 

or stroke (Furuya et al. 2020). While its specific role in neuronal cells is still unclear, it has 

been shown that SERPINE1 supresses neuronal differentiation and is a key regulator for cell 

proliferation (Su et al. 2017). SERPINE1 expression is regulated by intrinsic factors such as 

cytokines and growth factors and extrinsic factors like cellular stress. SERPINE1 is partly 

regulated by TGFβ, an important controller of differentiation (Meng et al. 2016) via SMAD 

(Cengiz et al. 2019), and which itself is controlled by TSC1 (Thien et al. 2015).  
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TGFβ signalling is involved in development and tissue homeostasis and signalling 

dysregulation has been linked to tumorigenesis and metastasis (Meulmeester and Ten Dijke 

2011). Furthermore, it is also associated with protective functions against excitotoxicity, 

hypoxia, and ischemia, as well as with interfering with cell death induced by compounds 

such as Aβ (Caraci et al. 2011). Thien et al. independently knocked down either TSC1 or 

TSC2 in HeLA cells by inducible shRNA. They discovered that TSC1 is not only required 

for TGFβ induced SMAD 2/3 regulation, but this function is also independent from 

mTORC1 and Rheb. Furthermore, TSC1 is the link between Insulin-PI3K-Akt Signalling 

and the TGFβ-SMAD2/3 pathway and it is required for the TGFβ induced growth arrest of 

cells. Thien at al. proposes that the TSC1 dependent TGFβ-SMAD activation might be a 

rescue mechanism to control over-proliferation of cells by regulating Akt activity as 

aberrantly activated Akt may in contrast induce apoptosis and cellular senescence, a state of 

permanent cell-cycle arrest while normal Akt activity stimulates cell proliferation and 

survival (Minamino et al. 2004; Miyauchi et al. 2004; Los et al. 2009). Genestine at al. 

demonstrated that SERPINE1 increases interneuron migration and neuronal 

differentiation/maturation, thought the molecular basis for this function is still yet unknown 

(Genestine et al. 2021).  Wang et al. demonstrated increased levels of SERPINE1 in an in 

vitro model of intracerebral haemorrhage (ICH) and that silencing this expression increase 

attenuates neuronal apoptosis and neuroinflammation; indicated by reduced levels of TNFa, 

IL6 and IL1ß (Wang et al. 2021b). The SERPINE1 upregulation was found to be dependent 

on TGFß1 and knocking down SERPINE1 allowed to ease the effect of TGFß1 on neuronal 

damage (Wang et al. 2021b). Strengthening the role of SERPINE1 in neuroinflammation, 

research identified its involvement in the direction of neutrophils to injured tissue (Praetner 

et al. 2018) and that the SERPINE1 antagonist TM5484 reduces the expression of cytokines 

such as TNFa, IL6 and increases levels of IL10 (Pelisch et al. 2015).  

Downregulated TGFß is found in AD (Das and Golde 2006); thereby probably reducing 

SERPINE1 expression and consequently increasing uPA levels. The reduction of the TGFß-

SMAD pathway had been corroborated by further research in AD patients (Colangelo et al. 

2002). TGFß1-dependent regulatory mechanisms had been found to be dysregulated in aged 

models, as aged microglia show a basal activated status, which is known to be linked to 

neuronal damage, cognitive impairment, and an increased susceptibility to 

neurodegenerative diseases, such as AD (Block et al. 2007).  
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Gene expression analysis of SERPINE1 levels in TSC1 knockout and knockdown neurons 

demonstrated significant dysregulation throughout the development. While the TSC1 -/- 

cells showed a trend of downregulation at Day 10 and Day 50, with upregulation at Day 20, 

no statistical significance was found in the tested cells. The Cas13 TSC1 cells on the other 

hand had a consistent significant downregulation of SERPINE1 expression through the 

neuronal development. Therefore, it might be concluded that loss of TSC1 leads to a 

reduction of SERPINE1 expression levels, a claim strengthened by RNASeq data generously 

provided by Prof. Tee. That expression level decline can be explained by the TSC1 

dependent (Thien et al. 2015) TGF-β-SMAD2/3 pathway which activates SERPINE1 

expression (Cengiz et al. 2019). As SERPINE1 is a key regulator for cell proliferation (Su 

et al. 2017) and increases interneuron migration and neuronal differentiation/maturation 

(Genestine et al. 2021), disrupted regulation of cell proliferation and neuronal maturation 

would be a consequence of SERPINE1 downregulation. Since TSC cells commonly show 

increased cell proliferation, a phenotype directly caused by increased mTORC1 activity, and 

abnormal neuronal differentiation and maturation (Zucco et al. 2018; Martin et al. 2020), a 

phenotype which was further discussed in chapter 3, the decreased SERPINE1 levels of both 

TSC1 cell models follow the expectations. As neuronal migration was not tested in this 

project, no comments on it can be made for the TSC1 neurons. Increased levels of pro-

inflammatory cytokines had been measured in both cell lines, thus suggesting that the 

decreased levels of SERPINE1 did not completely attenuate the increased inflammation 

related cytokine expression, though rescuing the SERPINE1 levels might further exacerbate 

their expression. As the mRNA level of SERPINE1 was quite low throughout the 

development, it could be debated how severe the impact of its expression reduction is on the 

neuronal development, especially as the previously discussed developmental and autophagy 

markers (see Chapter 3 and 4) demonstrated much higher mRNA expression and significant 

dysregulation as well.  

SERPING1, a protease inhibitor, had been identified as a potential missing factor that 

regulates SERPINE1/2 overexpression (Furuya et al. 2020). It is seen as a A1 astrocyte 

marker (Qian et al. 2019) and SERPING1 overexpression was found in the TSC database 

analysis. SERPING1 is known to inhibit the initiation of the complement cascade and 

knockdown or knockout of SERPING1 affects neuronal stem cell proliferation and impaired 

neuronal migration in mice, thus impairing cortical layering (Gorelik et al. 2017). Utilising 

a Parkinson mouse model, SERPING1 overexpression was linked to increased death of 

GABAergic neurons (Seo and Yeo 2020).  
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Gene expression analysis of both TSC1 models throughout neuronal development 

showcased a significant dysregulation of SERPING1 expression. The TSC1 -/- cells 

displayed a significant reduction at the NSC stage and non-significant increase in expression 

from the NPC stage onwards. The Cas13 TSC1 cells showed a non-significant reduction at 

the NSC stage and a non-significant increase in expression at the NPC stage. Interestingly, 

both significant down- and up-regulation had been measured at the neuronal stage; the 24 h 

treatment caused a significant increase of SERPING1 levels, while the 48-h treatment 

consistently led to a significant downregulation though it is unknown why the treatment 

duration caused such opposite effects.  

 

While Dominguez at al. demonstrated that cells can inhibit transgene expression after 24 h 

(Dominguez et al. 2022) , their work was performed in human iPSCs and not in 

differentiating cells, therefore it is uncertain if that ability carries into iPSC-derived 

differentiated cells. As increased SERPING1 levels had been identified in the utilised TSC1 

models, it could be predicted that the dysregulation of SERPING1 expression might further 

dysregulate the balance between glutamatergic and GABAergic neurons in the culture.  As 

discussed in the previous chapters, a disrupted balance between GABAergic and 

glutamatergic neurons had been found in TSC (Alsaqati et al. 2020), though the consensus 

was on an increased number of GABAergic neurons. Increased neuronal death due to ox. 

stress has been established in TSC models (Di Nardo et al. 2009); as several of the previously 

discussed genes are either known to cause ox. stress when dysregulated (such as ULK1) or 

being dysregulated because of ox. stress (such as ßIII-Tub) (both discussed in Chapter 3 and 

5), it could be concluded that the increased SERPING1 levels are supporting cell stress or 

maybe even neuronal death (Seo and Yeo 2020).  
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6. General Discussion 

 

TSC is a rare disease (Franz et al. 2010) and as TSC2 mutations are the most common form 

of the disease, the majority of studies focus on it with much less research utilising TSC1 

models. For example, the patients of the TSC database analysed in Chapter 5 carried mostly 

the TSC2 mutation (88% of the patients).  

This project aimed to design human iPSC models for TSC1 by utilising CRISPR Cas9 and 

Cas13a systems. Using iPS cells as a model for TSC allows the generation and investigation 

of human neurons and astrocytes, cell types which are otherwise non-accessible. While 

animal models allow an insight into the disease structure but they have limited  translatability 

due to significant genetic and developmental differences to humans (Zhu and Huangfu 

2013). Doxycycline inducible Cas9 and Cas13 cell lines were used as it was demonstrated 

that doxycycline inducible systems lead to a reduced rate of off-targets (Kabadi et al. 2014). 

Despite CRISPR generated iPSC models allowing a more suitable model for investigation 

than animal models, they do not carry patient mutations and might therefore show slightly 

different phenotypes. In addition, TSC homozygous mutation do not appear in patients as it 

is lethal in embryos, though second-hit homozygous cells have been found in TSC tumours. 

Therefore, differences between gene expression data analysed in this project and TSC 

patients are expected. The Cas13 TSC1 cells will not resemble TSC patients, as the TSC1 

loss is inducible and time limited. Furthermore, conditional knockdown cell lines are 

expected to display a different phenotype than knockout cell lines due to lack of genetic 

compensation/genetic robustness, therefore potentially leading to a more severe phenotypes 

due to the lack of compensation in comparison to knockouts (El-Brolosy and Stainier 2017). 

The Cas13 cell model allows experiments on mature cell types with inductions of mutations 

at later developmental stages. It must be remarked that a more prolonged induction of the 

mutation might display a more patient like phenotype, but this would require future 

experiments. Therefore, it could be concluded that the Cas13a system is a very suitable 

model to investigate which pathways are affected by certain mutations (TSC1 in this case) 

and less suitable to analyse if the pathways are down- or up-regulated.  
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The gene expression analysis in this project demonstrated contradicting dysregulation of 

some genes in comparison to studies with patients or TSC knockout model (down- instead 

of up-regulation for example, like uPA (see Chapter 5)). The second aim of the project was 

to investigate the effect acute as well as continuous TSC1 loss have on neuronal 

differentiation. Literature suggests an increased number of astrocytes in TSC neuronal 

differentiation (Blair et al. 2018) as well as an abnormal/delayed neuronal development 

(Zucco et al. 2018; Martin et al. 2020). This aim was fulfilled by utilising RT-PCR analysis 

to investigate various developmental, astrocytic markers as well as genes related to 

inflammation or autophagy. The gene expression analysis demonstrated a consistent increase 

of astrocytic markers (CD44, Vimentin and S100B1) in both TSC1 models during most of 

the neuronal development, thus suggesting an increased number of astrocytes in the culture, 

which would align with previous research (Blair et al. 2018). mTOR is a major player in cell 

differentiation and as any TSC mutation results in an overactivation of mTOR (Franz et al. 

2010), dysregulation of normal cell differentiation is unsurprising. The tested NPC markers 

Pax6 and Nestin displayed significant dysregulation as well, especially Pax6. As Pax6 is a 

highly conserved transcription factor, crucial for normal CNS development (Hill et al. 1991; 

Glaser et al. 1994; St-Onge et al. 1997) and whose mutations or dysregulations are known 

to cause significant deficiencies in neuronal development including abnormalities in NSC 

and NPC proliferation, as well as defects in neurogenesis (Sansom et al. 2009), the observed 

significant dysregulation would suggest abnormal neuronal differentiation of the TSC1 

models, thereby aligning with the literature (Zucco et al. 2018; Martin et al. 2020).  

 

The expression of three neuronal markers was analysed in this project: OTX2, a marker 

mostly expressed in the midbrain and an essential transcription factor for brain and sensory 

organ development (Acampora et al. 1995; Morsli et al. 1999; Martinez 2003); βIII-Tub, a 

neuronal tubulin network marker (Verdier-Pinard et al. 2009; Guo et al. 2011) and FOXG1, 

a DNA-binding transcription factor, whose role is the repression of target genes during brain 

development and whose mutations are known to cause microcephaly, impaired motor 

development, and brain malformations (Guen et al. 2011). Both TSC1 models displayed 

significant dysregulation of these neuronal markers, thus suggesting an abnormal 

development as these markers influence cell proliferation and differentiation induction as 

well as neuronal identity (GABAergic or glutamatergic).  
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Furthermore, several genes involved in autophagy were analysed during the neuronal 

development of both TSC1 models. GSK3a, a key regulator in multiple neuronal processes 

such as neurogenesis, neuronal polarization and axon growth and guidance (Hur and Zhou 

2010) and a gene whose activity changes are associated with neurodegenerative or 

psychiatric diseases, such as AD, and ASD (Beaulieu 2007; Beaulieu et al. 2009).  

ULK1, a major player in autophagy controlled via mTOR or AMPK pathway (Di Nardo et 

al. 2014), where inhibition is known to promote oxidative stress (Ianniciello et al. 2021) and 

ULK1/2 deficiency results in abnormal axon guidance as well as impaired organization of 

the somatosensory cortex (Demeter et al. 2020). TFEB, a transcription factor whose 

activation leads to stimulation of lysosomal biogenesis and autophagy (Settembre et al. 

2011; Martini-Stoica et al. 2018) and knockdown is known to promote premature 

neurogenesis (Yuizumi et al. 2021) while TFEB overexpression was found to drive increased 

cell growth (Torra et al. 2018). As TSC is known for its impaired autophagy, the results 

displaying their dysregulation throughout the differentiation were expected. Their 

disturbance likely causes cellular stress and impair cell survival and differentiation. 

 

In addition, inflammation related cytokines were analysed via RT-PCRs in the TSC1 models: 

IL6, a pro-inflammatory cytokine with neurotrophic influence, based on its substantial role 

in homeostasis and development of the nervous system by inducing neuronal survival, 

proliferation, differentiation as well as influencing synaptic release of neurotransmitters and 

neural activity (Spooren et al. 2011). IL10, an anti-inflammatory cytokine involved in 

neuronal survival and growth (Zhou et al. 2009). It has been demonstrated that IL10 

regulates the expression of neural progenitor markers like Nestin or SOX2, cell cycle activity 

of progenitors, and the production of new neuroblasts (Perez-Asensio et al. 2013), thus 

influencing adult neurogenesis via STAT3 (Pereira et al. 2015) as shown in rat neurons. 

TNFa, a pro-inflammatory cytokine involved in regulation of synaptic transmission, 

neuronal plasticity as well as induction of inflammation, excitotoxicity, and oxidative tissue 

damage under disease conditions (Papazian et al. 2021). Since a sensitive balance of these 

cytokines is required for normal neuronal development (Meyer et al. 2008), the observed 

dysregulation would negatively affect the latter. Overall, dysregulation of the analysed 

autophagy markers and cytokines have been identified to negatively affect neuronal 

development. As the developmental markers (mentioned prior) showed significant changes, 

it can be concluded that the neuronal development was altered by both the TSC1 knockout 

as well as the acute TSC1 loss in the Cas13 TSC1 model.  
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Abnormal/ impaired neuronal development is a phenotype of TSC models (Zucco et al. 

2018; Martin et al. 2020), therefore the observed impairment of the neuronal differentiation 

in the cell models is expected and thus demonstrating that both cell lines are suitable models 

for TSC. This project also aimed to analyse the effect of TSC1 loss on the 

plasminogen/urokinase pathway. The urokinase pathway analysed in Chapter 5 included 

several genes which are all known to influence neuronal development and/or function as 

which displayed significant expression changes in the TSC1 models in comparison to the 

healthy control. uPA is involved in the activation of cell signalling pathways regulating 

differentiation, cellular adhesion, migration, and proliferation through non-plasminogenic 

mechanisms (Peteri et al. 2021) and might control axonal growth, thus influencing neuronal 

plasticity (Sumi et al. 1992). Its receptor uPAR was found to influence axon growth and 

polarization during neurogenesis by activating integrins (Blasi and Carmeliet 2002; Franco 

et al. 2006; Blasi and Sidenius 2010). tPA also plays an important role in neuronal plasticity, 

axonal regeneration, neuroinflammation and excitotoxicity (Chevilley et al. 2015; Hebert et 

al. 2016) and the uPA/tPA inhibitor SERPINE1 is known to supresses neuronal 

differentiation and regulate cell proliferation (Su et al. 2017) as well as affecting neuronal 

maturation (Genestine et al. 2021). SERPINE1 expression indirectly regulated by TSC1 as 

one of its regulators TGFβ, an important controller of differentiation (Meng et al. 2016), 

requires TSC1 activation (see Figure 6-1) (Thien et al. 2015). SERPING1, which was found 

to influence SERPINE1 activity (Furuya et al. 2020), though the interaction and effect are 

still unclear, is known to inhibit the initiation of the complement cascade. Knockdown or 

knockout of SERPING1 affects neuronal stem cell proliferation and impaired neuronal 

migration in mice, thus impairing cortical layering (Gorelik et al. 2017) while SERPING1 

overexpression was linked to increased death of GABAergic neurons (Seo and Yeo 2020). 

In summary, each member of the pathway is known to influence neuronal development and 

as their expression was significantly dysregulated in both TSC1 models, it can be concluded 

that these genes were causative to the observed abnormal neuronal differentiation. Further 

literature research linked one of the developmental markers directly to the plasminogen 

pathway. FOXG1, as a transcriptional repressor controls TGFß activity (Guen et al. 2011), 

allowing the mediation of neuronal and astrocytic differentiation by controlling cell fate due 

to FOXG1 regulation (Adesina et al. 2007) and thus influencing SERPINE1 and therefore 

uPA activity (see Figure 6-1).  
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Overall, this project demonstrated the sensitivity of cells towards any expression changes of 

TSC1, as both acute and prolonged loss had severe consequences on cell development and 

function. 

 

 

Figure 6-1: Scheme of the FOXG1-Urokinase Pathway-Interaction with TSC1 being one of the 

essential players.  

 

Furthermore, as described in the discussion of Chapter 3 to Chapter 5, several of the analysed 

genes display a similar dysregulation in AD than in TSC. TSC had been discussed as a 

potential treatment target for AD (Ferrando-Miguel et al. 2005) and a correlation between 

mTOR pathway disruption in lymphocytes had been found to correlate with cognitive 

decline in AD (Paccalin et al. 2006; Yates et al. 2013). Additionally, up-regulation of various 

components of the mTOR pathway, downstream of mTORC1, has been demonstrated in AD 

(An et al. 2003; Götz et al. 2004). The database analysis from Chapter 5 also displayed the 

significant upregulation of several markers related to AD in the TSC patient samples. TSC 

is a neurodevelopmental disorder, though there has been the proposal to also include it in the 

list of neurodegenerative diseases due to its dysregulated autophagy (Di Nardo et al. 2009), 

while AD is a common neurodegenerative disease.  

 

While neither disease include the other as a known comorbidity, the similar dysregulation of 

pathways would propose an involvement of TSC-mTOR in AD, a claim strengthened by the 

mTOR overactivity in AD (Caccamo et al. 2011). Both are commonly known for their 

neuroinflammation and their dysregulated autophagy and while AD occurs in the later stages 

of life, unlike TSC, it could be predicted that mutations (or epigenetics) targeting the TSC-

mTOR pathway later in life could explain the many similarities between both diseases.  
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Lifestyle, next to genetics, was shown to heavily influence the risk of AD (Pope et al. 2003; 

Ko and Chye 2020), therefore the assumption that pathway dysregulation or mutations might 

be an explanation for the similarities in pathway dysregulation between both diseases should 

be further investigated as it would open new targets for patient treatments.  

 

An additional similarity between AD and TSC is the calcium homeostasis and signalling 

dysregulation in neurons and astrocytes. As discussed in Chapter 4, TSC models are known 

to display disruptions in the calcium homeostasis with neurons showing an increase of 

spontaneous calcium transients (Nadadhur et al. 2019), with iPSC derived TSC2 -/- neurons 

demonstrating elevated neuronal activity with highly synchronized calcium spikes, enhanced 

calcium influx via L-type calcium channels resulting in abnormal neurite extension 

(Hisatsune et al. 2021). Similar calcium disturbances are found in AD, where disturbed ER 

calcium homeostasis significantly contributes to dysfunction and degeneration in AD. AD 

models display impaired calcium uptake in mitochondria (Nikoletopoulou and Tavernarakis 

2012), especially after oxidative stress (Kumar et al. 1994). Increased expression of the 

calcium channel Cav1.3 LTCC was found in TSC, a suggested target downstream of the 

mTOR pathway (Hisatsune et al. 2021). Increased expression of LTCC like Cav1.3 were 

found in AD as well (Anekonda and Quinn 2011). Additionally, TSC is known to display 

glutamate excitotoxicity with knock-out mouse model demonstrating decreased expression 

and function of the glutamate transporters GLT-1 and GLAST, leading to an increase in 

extracellular glutamate levels and excitotoxic neuronal death (Wong et al. 2003; Zeng et al. 

2007). Miller and al. demonstrated reduced glutamate uptake in TSC patient -derived 

astrocytes in comparison to control (Miller et al. 2021), which would align with the reported 

decrease in glutamate transporters in TSC. Glutamate expression leads to calcium rise in 

astrocytes (Bazargani and Attwell 2016); excessive glutamate receptor activation leads to 

excessive calcium influx, thereby impairing synaptic activation, neuronal plasticity and 

synthesis of NO which will cause cell death which was found in AD (Sattler and Tymianski 

2000; Marambaud et al. 2009).  

 

Therefore, one aim on this project was to investigate the effect of acute TSC1 loss in 

astrocytes in terms of cell function, especially after glutamate treatment. Increased calcium 

base levels as well as increased calcium release after a glutamate induced calcium wave were 

observed in the TSC1 astrocytes.  
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Furthermore, the calcium recordings suggest shrinking of the cell colonies with induced 

TSC1 loss, with an increased severity in the homozygous TSC1 cells. Staining for apoptosis 

after glutamate treatment of the astrocytes (via ANXA5 staining) suggest an increased 

number of ANXA5 positive cells in the TSC1 astrocytes in comparison to control, thus 

suggesting glutamate toxicity. These results are aligning with the available literature on TSC 

and AD. As excitotoxicity in AD had been proposed due to excessive NMDAR activity 

(Hynd et al. 2004) and GLT-1 and GLAST dysregulation was also found in AD (Pajarillo et 

al. 2019), this further strengthens the claim of similarities between TSC and AD, potentially 

based on a common dysregulated TSC-mTOR pathway. 

 

The main limitation concerning this project is the sample size of the differentiations. The N-

number of the samples was N=3 for each condition, time point and differentiations. This 

sample number allows the identification of any potential gene dysregulation, but the 

common variability between wells during neuronal differentiation might mask trends of gene 

expression. Differentiations are long and complex protocols utilising standardized protocols, 

but it is near unavoidable that slight changes of conditions will induce variability between 

the cells (Volpato et al. 2018). Repeating the experiments with a higher sample number 

would solidify the results observed in this project but the repeat of these differentiations 

would invite a new variability between the cells as long-term care of iPSC and the number 

of passages required during their maintenance will allow the occurrence of mutation gains 

which might alter the gene expression and differentiation (Volpato and Webber 2020). 

Unfortunately, time constraints prevented the repeats of the differentiation to acquire a 

bigger sample size. An additional limitation is the method of qPCRs during this project. 

qPCRs allow a sensitive analysis of gene expression of samples. The sensitivity of the system 

is also one of its disadvantages. Any quality issues of the samples such as contaminated RNA 

or cDNA will impair the data analysis. Additionally, qPCRs require sometimes extensive 

primer optimization to ensure a single specific amplicon and no primer dimers, especially 

when SYBR Green is used (Smith and Osborn 2009). The sensitivity of the system will also 

underline any differences in cell variability during differentiations (Volpato and Webber 

2020). As qPCRs solely analyse the mRNA levels of a gene, no complete conclusion can be 

made about the protein levels. mRNA and protein levels do not always correlate 1:1 as there 

are several regulators influencing the translation of any mRNA to proteins such as miRNAs 

(Selbach et al. 2008). Additionally, some gene expression might vary throughout the day, 

also called cyclic gene expression.  
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While this expression pattern does not occur in all genes, it does affect genes involved in the 

metabolism (Schibler 2022) and there is evidence that autophagy follows a diurnal pattern 

(Ma et al. 2012a). While this was kept in mind during sample collection, thus leading to a 

similar collection time throughout the differentiations, repeats of the experiment combined 

with a different collection time could lead to different results. Furthermore, the high passage 

number for both utilised cell lines could lead to acquired genetic mutations (Volpato et al. 

2018) thus potentially impact the gene expressions and development of the cells. While it 

was aimed to minimise any genetic variability by utilising cells with either a similar passage 

number (in case of the CN vs TSC1 -/- cells) or utilising the same cells (Cas13 TSC1 cells 

with/without doxycycline due to unknown location of plasmid insert), the potential of it 

affecting the generated data cannot be ignored.  

Validation via Western Blot (performed by Darius McPhail) shows a clear loss of TSC1 

protein in the TSC1 -/- cells in comparison to IBJ4 WT, underlines the successful CRSPR 

induced deletion. While no Western Blot was performed on the Cas13 TSC1 cells, the TSC1 

gene expression was analysed on D20 of neuronal differentiation on cells which had 

doxycycline induced loss of TSC1 on D8. TSC1 expression had no significant alteration to 

the control, thus strengthening the claim that the Cas13 cell model is a well-functioning 

system for inducible knockdown. Still, further validation of the Cas13 TSC1 cells via 

Western Blot would be a suitable endeavour for the future. Another limitation of the project 

in the lack of quantification of the calcium and ANXA5 staining, thus only suggested 

observations can be made. For clear results, the experiment should be repeated in a manner 

that would allow appropriate quantification e.g., lower cell density in order to measure the 

cell death/shrinkage of the astrocytes. 

 

This project opens several potential avenues for future research. First, dysregulation of 

cellular functions like autophagy or inflammation were observed in the project. As literature 

suggests a role of these function in neuronal development, targeted treatment in order to 

restore function, and investigating if it would ease TSC pathology in neurons, would be a 

suitable next step in TSC developmental research. Second, the AKT-FOXG1-TGFβ-

SERPINE1-uPA-pathway would be a promising future target for further investigation. This 

project observed significant dysregulation in both TSC1 models. Investigating if restoring 

FOXG1 expression might rescue the expression of the downstream genes and potentially the 

TSC pathologies like abnormal neuronal development or epilepsy as uPA and uPAR are 

known to be involved in epilepsy (Liu et al. 2010).  
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As FOXG1 is also a proposed target for AD (Wang et al. 2022) and uPA plays a role in AD 

by its indirect involvement of Aβ clearance via plasminogen (Walker et al. 2002), 

investigating this pathway would also be beneficial for AD research. Third, this project 

observed glutamate toxicity in Cas13 astrocytes after a 48-h induced 50% or 80% TSC1 loss. 

A potential explanation of the observed phenotype is a reduction of glutamate transporters, 

as known in TSC (Wong et al. 2003; Zeng et al. 2007). Therefore, investigating the 

expression of these transporters or analysing glutamate uptake in TSC1 astrocytes (from both 

Cas13 and knockout cell models) would be a suitable future endeavour. Additionally, co-

culturing TSC astrocytes with WT neurons (and vice versa) in order to investigate glutamate 

excitotoxicity would be an interesting approach, especially when combined with drugs 

targeting the TSC-mTOR pathway in order to restore normal function as it would give a 

helpful insight for both TSC and AD. Fourth, as several of the investigated genes impact 

neuronal development, it would be an interesting endeavour to utilize iPSC-derived 

organoids with TSC mutations. Recently, there have been some developments in TSC 

research in regards of organoids with Blair et al. discussing their potential for the 

investigation of the neuronal development in TSC for new insights (Blair and Bateup 2020), 

while Eichmüller et al. utilized TSC patient-derived iPSCs in order to generate organoids 

mimicking both tumours and tubers of the brain by using media with different nutrient 

concentrations (Eichmüller et al. 2022). They observed morphological phenotypes 

mimicking human SEN/SEGAs in the nutrient rich media while the organoids in the nutrient 

poor media displayed enlarged cells and thickened processes, thus resembling tubers. This 

observation sets a new light on the potential of organoids as a neurodevelopmental model 

for TSC. Utilising drugs targeting the previously mentioned genes influencing neuronal 

development such as FOXG1, OTX2 etc. in TSC organoid models would allow a new insight 

on the role of these genes in the altered development of TSC neurons and would potentially 

allow the development of new drug treatments. The use of organoid models would be 

especially significant, if by investigating SEN/SEGA and tuber like organoids non-surgical 

treatments could be developed to either prevent or reduce these growths as they have severe 

negative impacts on patients’ health. At last, further investigations of Cas13 cell models 

would be useful for both this area of research and other fields. As of yet, very few papers of 

Cas13 iPSC models are published apart from the original papers focusing on the suitability 

of system as an inducible knockdown model itself.  
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Therefore, this project is novel by its utilization of the Cas13 system in order to induce acute 

TSC1, especially by comparing two different lengths of induction. As such, further 

investigation of the effect of various induction time lengths would be extremely useful for 

future use of Cas13 models as well as learning more about TSC1 loss. As the activation of 

rescue mechanisms might explain the variety between different induction lengths, 

identifying these proposed mechanisms would be a major step for both TSC research and 

the Cas13 models. Recently, a paper utilizing the Cas13 system in both patient iPSC-derived 

neurons and mice models for Huntington Disease (HD) has been published (Morelli et al. 

2023). The group utilised CRISPR Cas13 to reduce the expression of mutant huntingtin 

(HTT) RNA in both models, for the iPSC cell halfway through the neuronal development, 

while the mice were injected at 2 months of age and observed for the following 8 months. 

Morelli et al. demonstrated that the administration of their designed HTT-targeting Cas13 

system in HD mice resulted in an allele-selective suppression of mutant HTT mRNA and 

protein while maintaining normal mRNA and protein levels with limited off-target effects 

on the mouse transcriptome. The effect was shown to be long-term with 8 months 

postinjection into the mice striatum. This strengthens the claim that the Cas13 system is a 

suitable model for neuronal research and also underlines the long-term effect observed in 

this project.  

In conclusion, this project gave insight on the effect TSC1 loss has on neuronal development, 

both acute and absolute, continuous TSC1 loss. The cell models displayed a clear pattern of 

increased astrocytic markers, dysregulation of both NPC and neuronal markers as well as 

impaired autophagy, thus suggesting an impaired neuronal development and cell biology. 

The Cas13 TSC1 model identified the early developmental stage of NSCs as a sensitive time 

point for TSC1 loss as significant dysregulation of genes could still be found in neurons 

weeks after the induced TSC1 loss. Additionally, the calcium imaging of the Cas13 TSC1 

cells demonstrated that TSC1 loss at a mature developmental time point, still has a 

significant impact on their function/calcium signalling and sensitivity to glutamate toxicity. 

Thus, demonstrating that TSC1 loss at mature cell stages can have severe consequences. 

Thanks to the database analysis, a targeted investigation of inflammation markers as well as 

the urokinase pathway, a pathway dysregulated in both AD and TSC, was performed. Both 

iPS models displayed a significant dysregulation of these markers, showing that any 

dysregulation of TSC1 will impact these targets, whose dysregulation are known to 

negatively impact neuronal development, thus making them interesting future research 

targets for both diseases. 
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