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below the resolution limit of light microscopy, but cluster in groups at neuronal 

synapses. Image analysis revealed a statistically significant 2.8-fold decrease in 

the number synapses present in Aβ1-42 neurons compared to H9 neurons (Figure 

8). 

 

 

 

 

 
Figure 8. Aβ1-42 Neurons Have Significantly Decreased Synapsin1 Puncta. 
Left, MIP of 0.5µm sections taken of H9 and Aβ1-42 NCs. H9 NCs averaged 
27.3 synapsin1 maxima/nucleus and Aβ1-42 NCs 9.9 maxima/nucleus 
(P=0.0203). Scale bar 20µm. 
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Neurodegeneration 

The later stages of AD are marked with increasing neuronal death in 

affected brain regions. A live/dead assay was used to estimate this phenotype in 

cultured cells at 10, 34, or 70 days AED (Figure 9). The method uses two 

fluorescent dyes to distinguish between live and dead cells: ethidium homodimer 

and calcein AM and is performed by incubating live neuronal cultures with a 

mixture of the indicators. Calcein AM is readily taken up by live cells but only 

fluoresces green when cleaved by cellular esterases which are not present in 

dead cells. Ethidium homodimer is live cell membrane impermeable but will 

fluoresce red when bound to DNA in dead cells with compromised 

plasma/nuclear membranes. At 34 days AED, there is no significant difference in 

cell death among the three genotypes. When the live/dead assay is repeated at 

70 days AED, there is a large increase in cell death for both Aβ1-40 and Aβ1-42 

genotypes relative to H9 parental cells (Figure 9). There is 2.3 times more cell 

death in Aβ1-42 NCs over H9 and about 2 times more death in Aβ1-40 NCs. To my 

knowledge this is the first mammalian experimental model that clearly exhibits a 

chronic progressive Adependent neurodegeneration phenotype and could thus 

be used to understand the mechanism of this process in human neurons. 
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Figure 9. Neuron Survival at 34 and 70 Days AED.  
A live/dead assay using calcein AM and ethidium homodimer was done on 
neurons at 34 days and 70 days AED. At 70 days AED Aβ1-42 NCs begin to 
take on a granulated appearance and the number of axonal projections is 
reduced (left, brightfield images). Neuron death was quantified by calculating 
the percentage of red (dead) area of each NC. There is no difference in cell 
death between genotypes at 34 days AED. At 70 days AED, H9 NCs average 
16%, Aβ1-40 33%, and Aβ1-42 38% red area. ANOVA with Dunnett’s multiple 
comparisons test reveals that the increase in cell death is significant (H9 vs 
Aβ1-40 P=0.0019 and H9 vs Aβ1-42 P=0.0001, N=7-92). Scale bar 50µm. 
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Changes in Gene Expression and Pathway Analysis 

Since my cells are isogenic, except for the edited alleles, they may be a 

good system to analyze the changes in gene expression that are dependent on 

direct expression of A1-42 or A1-42. mRNA was isolated from 34 day old neurons 

from multiple independently isolated clones of each genotype and characterized 

using RNA sequencing analysis. This provides data for the whole transcriptome 

rather than focusing on a preconceived hypothesized gene as is common in PCR 

based analyses. The differential gene expression (i.e. comparisons among 

samples with different genotypes) can provide unbiased clues to genes and 

pathways that are perturbed because of peptide expression and identify specific 

genes that could be targeted for therapeutic development and mechanistic 

analysis.  

Clustering of expression changes in multiple samples of different 

genotypes shows that Aβ1-42 clones group together and therefore have a similar 

expression pattern (Figure 10). Clustering of Aβ1-40 and H9 genotypes are 

interspersed suggesting that they have more similar expression patterns to each 

other than to the A1-42 samples (Figure 10).   
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Specific differentially expressed genes can be identified by plotting their 

expression p-values against their fold change. This results in a volcano plot 

 
Figure 10. Heatmap of Changes in Gene Expression. 
Gene expression of 34 day AED neurons was centered 
on the median per batch prior to clustering. Results 
indicate that quantitative gene expression determined by 

RNA-seq analysis groups the A1-42 samples together 

(i.e. they are similar to each other, relative to the A1-40 
or H9 genotypes). Note also that independently isolated 

clones cluster together. The data for H9 and A1-40 

indicates that individual samples are interspersed with 
each other with respect to gene expression. This is 

consistent with A1-42 having different phenotypes 

relative to either A1-40 or H9. 
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(when using the negative log of the p-values) allowing genes of high probability 

and high magnitude of change (either up or down regulated) to be easily 

visualized (Figure 11). When the top genes with changes in expression of both 

Aβ1-40 vs H9 and Aβ1-42 vs H9 are plotted together, there are some changes in 

expression that appear in both genotypes (Figure 12). This suggests that some 

differentially expressed genes in my edited cells (compared to unedited cells) 

may be due to the editing of one App allele rather than the expression of A 

peptide. Changes seen in Aβ1-42 but not in Aβ1-40 are most likely to be Aβ1-42 

specific. 
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Figure 11. Volcano Plots of Differentially Expressed Genes at 34 Days 
AED. 
Fold changes in gene expression were plotted as a function of their -
log(p-value) (i.e. the absolute value of their significance). Only 
expression changes 2 > 𝐹𝐶 < −2 and p<0.00001 are labeled in red (up 
regulated) or blue (down regulated. 



 

32 

 

 

  

 

 

 
Figure 12. Some Changes in Expression Are Likely Due to App Editing. 
The highest upregulated (top) and downregulated (bottom) genes of Aβ1-40 vs 
H9 and Aβ1-42 vs H9 at 34 days AED. Some changes in expression occur in 
both the Aβ1-40 and Aβ1-42 genotypes and may thus be due to editing of one 
App allele (highlighted in grey). Changes in expression that do not appear in 
Aβ1-40 are most likely to be Aβ1-42 dependent (highlighted in red).  
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Figure 13. IPA Analysis of RNA Sequencing Data. 
Ingenuity Pathway Analysis software was used to predict disease and 

function changes associated with differential gene expression of A1-42 
compared to H9. The two categories with the highest z-score were 
memory (z=-1.980) and neuronal cell death (z=1.658) and are depicted. 
Genes that are upregulated appear in shades of red and 
downregulated genes appear in green with the darker shades indicating 
a higher fold change in expression. The memory pathway appears in 
blue, indicating that the expression profile of Aβ1-42 neurons is likely to 
be inhibiting memory function. Neuronal cell death appears in orange, 
indicating that neuronal cell death pathways are likely to be activated. 
Remarkably, both of these phenotypes are key features of AD. 

Fold change 
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I also performed pathway analysis using Ingenuity software, a server 

based biological ontology. Remarkably the A1-42 vs H9 differential gene 

expression comparison revealed the two highest scoring (z-score, statistically 

normalized fold changes) for two functional/disease pathways: memory and 

neuronal cell death. These are the likely first and later stage phenotypes of AD. 

Figure 13 shows the pathways in a network diagram where individual genes are 

color coded relative to their differential expression and the arrows indicate 

predicted increases or decreases in the function/disease. In addition to these two 

pathways, there is also differential expression in several other genes associated 

with other pathways relevant to AD (Figure 14). 
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Figure 14. Differentially Expressed Genes Relevant to AD. 
RNA sequencing data of Aβ1-42 vs H9 differential expression of genes at 34 
days AED related to AD. The shapes of differentially expressed genes 
correspond to their known functions and the darker shades correspond to 
higher fold changes. Under each gene is the fold-change found in RNA 
sequencing data. Pathways listed at the bottom are all AD related and are 
associated with changes in the genes listed. The Aβ1-42 genotype shows 
expression changes of several genes in pathways related to AD. 
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CHAPTER FOUR 

SUMMARY AND DISCUSSION 

The genomic editing of my hESCs did not affect their ability to successfully 

differentiate into neurons. I measured the number of neurons present shortly 

after differentiation and found no difference between edited and unedited cell 

lines. After finding no differences in the number of neurons that develop, I 

followed and measured them as they aged. Up to 34 days, NCs appear similar in 

morphology and size. This was supported by the fact that when their area is 

measured, they are similar in size and increase similarly in size as they age.  

Aβ1-42 neurons have fewer synapsin1 puncta 32 days AED. Decreases in 

synapsin1 vesicles is an early and well-known cellular phenotype of AD. A 

decrease in the presence of synapsin1 has been previously shown to also 

coincide with dysfunction in the synaptic vesicle recycling pathway (Bogen et al., 

2006).  

The neurons in the Aβ1-42 line accumulate significantly more aggregated 

Aβ than either H9 or Aβ1-40 34 days AED. Aβ1-42 and Aβ1-40 neurons also 

experience nearly triple the amount of cell death as H9 70 days AED. This is 

consistent with the fact that AD is a chronic and progressive disease. The Aβ1-42 

neurons accumulate aggregated Aβ long before neuronal death begins in the 

same way that amyloid plaques appear decades before symptoms in AD 

patients. This is also supportive of the hypothesis that Aβ is causative in AD.  
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There is much debate as to whether intracellular or extracellular 

aggregation of Aβ is toxic to neurons. Immunocytochemical staining of my Aβ1-42 

neurons supports the intracellular hypothesis. Because of the nature of cell 

culture, medium is replaced often and culture in 2D likely prevents Aβ from 

accumulating outside of neurons. In addition to this, immunocytochemical 

staining with 7A1a antibodies shows that aggregated Aβ accumulation is mainly 

located near fractured nuclei. From my live/dead assays, I also know that these 

cells are dead and/or dying.  

RNA sequencing data of my neurons shows that independently isolated 

clones of each genotype cluster together and provides evidence that the 

phenotypes I see are not clone specific. There is also differential expression in 

several genes in pathways that are associated with AD, the most prominent of 

these being memory and neuronal cell death. When the most highly differentially 

expressed genes of Aβ1-40 vs H9 and Aβ1-42 vs H9 are compared, there is some 

overlap. These overlaps suggest that there may be some changes related to the 

editing of App.  

This cellular model has advantages over other models in that it has direct 

expression so the time and uncertainty of factors required to generate Aβ1-42 from 

APP are bypassed. Direct expression also eliminates the decades that is usually 

required for APP to be produced and accumulate within the brain, making this 

model suitable for a laboratory timescale. Since these cells are also isogenic the 

results obtained from this model are not confounded by the genetic variation that 
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often plagues iPSC and mouse models. This is supported by the fact that 

multiple independently isolated clones of each genotype show very limited 

differences. These cells are also heterozygous for ε4, an at-risk allele for AD. 

One disadvantage of this model is that it requires a reliable neuronal 

differentiation protocol. There is variation in the differentiation of these cells and I 

have found that during differentiation there is sometimes a non-genotype specific 

failure of cells to survive the process. Other members of the lab also experience 

this non-genotype specific survival failure. Another potential drawback of this 

model is that there are solely neurons present in these cultures. Thus, it cannot 

address interactions with or issues related to the blood brain barrier as well as 

contributions by astrocytes or microglia.  

While current and past models have provided researchers with answers 

about where Aβ comes from, how Aβ is processed from APP, and how Aβ 

aggregates, we still do not understand the mechanism behind how the neurons 

of AD affected patients are dying. Part of the reason for this is the lack of a model 

for AD that presents with clear AD phenotypes, namely neurodegeneration, as 

well as possible species differences between animal models and humans. This 

newly created model focuses on Aβ1-42 dependent phenotypes and addresses 

both concerns by utilization of hESCs with direct expression of Aβ1-42. By directly 

expressing Aβ1-42 in human cells, this model also eliminates the time and 

uncertainty of factors required to generate Aβ1-42 from APP as well as the 

decades that it usually takes to accumulate Aβ. I have demonstrated that these 
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edited stem cells can successfully differentiate into neurons without any 

significant abnormalities and later develop many of the characteristic 

neuropathologies of AD in culture. This is the first known model of Aβ1-42 

dependent ND in human neurons and could thus be used to identify therapeutic 

agents that slow or prevent this process and in addition may help elucidate the 

possible mechanisms behind neuronal death in AD. 
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CHAPTER FIVE 

MATERIALS AND METHODS 

Cell Culture and Maintenance 

Cell Lines 

WA09 H9 human embryonic stem cells were obtained from the WiCell Research 

Institute (Madison, WI, USA). TALEN editing was used to insert Aβ1-42 or Aβ1-40 

sequence in the first exon of one APP allele. Cassette sequences can be found 

in Appendix A. 

Stem Cell Maintenance 

Stem cells were maintained on DR4 IRR mouse embryonic fibroblasts 

(MTI Global Stem; Gaithersburg, MD, USA) in HuES medium. HuES medium is 

Dulbecco’s Modified Eagles Medium: nutrient mixture F-12 (DMEM/F12: Gibco), 

20% KnockOutTM Serum Replacement (Invitrogen), 50 U Penicillin and 50 mg/mL 

Streptomycin (Penicillin-Streptomycin, Gibco), 1% MEM Non-essential Amino 

Acids (Gibco), 1mM GlutaMax (Gibco), 0.1 mM β-Mercaptoethanol (Sigma), and 

20ng/mL basic fibroblast growth factor (bFGF; Stemgent). 

Neuronal Differentiation 

Cells were differentiated according to a modified protocol based on a previously 

established protocol (Amoroso et al., 2013). 

Embryoid body generation: On day zero, confluent wells of stem cells were 

passaged by incubation with Dispase (1mg/mL, Stem Cell Technologies) for 10-

15 minutes. Cells were then washed twice with DPBS and triturated in 1mL of 


