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Abstract

Neurodegeneration in Alzheimer’s disease (AD) may be exacerbated by dysregulated
hippocampal neurogenesis. Neural stem cells (NSC) maintain adult neurogenesis and
depletion of the NSC niche has been associated with age-related cognitive decline
and dementia. We hypothesise that familial AD (FAD) mutations bias NSC toward
premature neural specification, reducing the stem cell niche over time and

accelerating disease progression.

Somatic cells derived from patients with FAD (PSEN1 A246E and PSEN1 M146L
heterozygous mutations) and healthy controls were reprogrammed to generate
induced pluripotent stem cells (iPSC). Pluripotency for patient and control iPSC lines
was confirmed, then cells were amplified and cryopreserved as stores. iPSC were
subjected to neural specification to rosette-forming SOX2+/nestin+ NSCs for
comparative evaluations between FAD and age-matched controls. FAD patient and
control NSC were passaged under defined steady state culture conditions to assess
stem cell maintenance using quantitative molecular markers (SOX2, nestin, NeuN,
MAP2 and Blll-tubulin). We observed trends towards downregulated expression of
the nestin coding gene NES (p=0.051) and upregulated expression of MAP2 (p=0.16)
in PSEN1 NSC compared with control NSC, indicative of a premature differentiation

phenotype induced by presence of the PSEN1 mutation.

Cell cycle analysis of PSEN1I NSC showed that compared with controls, a greater
number of PSEN1 NSC were retained in GO/G1 phase of the cell cycle (p=0.39), fewer
progressed to S-phase (p=0.11) and fewer still reached G2 phase (p=0.23), suggesting
cell cycle progression may be impaired in PSEN1 NSC. Nuclear DNA fragmentation
was increased (p=0.10) in FAD NSC compared with controls, indicative of elevated
cell death/apoptosis. Flow cytometry-based analysis of live, nestin+ NSC and NPC
indicated increased apoptosis (p=0.14) in FAD NSC compared with controls, as well
as increasing levels of apoptosis (p=0.33) in FAD NSC as they specified to neural

progenitor cells.



Global RNA sequencing was used to identify transcriptomic changes occurring during
both disease and control neural specification. GO analysis of DEGs between PSEN1
and control NSC at P3 revealed significant upregulation (FDR<0.0000259) of 5
biological processes related to transcription and gene expression as well as
significant upregulation (FDR<0.000000725) of 12 molecular functions related to
DNA binding and transcription factor activity. These data suggest significant changes
in gene expression were occurring in PSEN1 NSC at P3 compared with control NSC at
the same stage in neural specification. The number of DEGs (p<0.05) between PSEN1
and control NSC at P3 was 9.92-fold higher than the number of DEGs between PSEN1
and control NSC at P2, suggesting transcriptomic differences between PSEN1 and
control NSC become more pronounced as cells specify further down the neural

lineage.

Gene ontology (GO) analysis of differentially expressed genes (DEGs) specific to AD
neural differentiation revealed significant dysregulation (FDR p<0.05) of genes
related to neurogenesis, apoptosis, cell cycle, transcriptional control, and cell
growth/maintenance as PSEN1 NSC matured from P2 to P3. The number of DEGs
(p<0.05) in PSEN1 neural differentiation was 4.7-fold higher than the number of DEGs
seen in control neural differentiation, indicating more transcriptional changes

occurred in PSEN1 NSC than in controls at the same time point in neural specification.

Dysregulation of Notch signalling was specific to PSEN1 neural differentiation and
Notch related DEGs significantly upregulated (p<0.05) in PSEN1 NSC at P3 compared
with P2 included NCOR2, JAG2, CHAC1 and RFNG. gPCR based validation displayed
significant upregulation of RFNG (p=0.04) in PSEN1 NSC at P3 compared with PSEN1
NSC at P2, and indicated a trend towards upregulation of JAG2 expression,
correlating with RNA sequencing data. Data generated in this study indicate that
presence of the PSEN1 mutation significantly increases the number of transcriptional
changes occurring during neural differentiation. It is plausible that transcriptional
changes to Notch signalling cause dysregulated neural specification and increased

apoptosis in PSEN1 NSC, ultimately resulting in depletion of the NSC niche.
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1. Overall Introduction

1.1.0 Alzheimer’s Disease

1.1.1 Impact of Alzheimer’s disease

Dementia is a term which encompasses a range of disorders with characteristic
features of declining cognition, function, and behaviour. Alzheimer’s disease (AD) is
a progressive neurodegenerative disease and is the most common form of dementia
among aged people, accounting for 60-80% of cases (Aghaizu et al., 2020; Hampel et
al., 2018; Wang et al., 2017). AD is a chronic illness, with an average clinical duration
of 8-10 years. In people over 65 years of age, AD has a prevalence of 10-30%. It is
estimated that globally, more than 50 million people are affected by dementia; this
number is expected to increase significantly with increasing life span in populations
across the world and is predicted to reach over 250 million by 2050. In England and
Wales alone, the number of patients with dementia is expected to reach 1.2 million

by the year 2040 (Vaz and Silvestre., 2020; Hampel et al., 2018; Masters et al., 2015).

1.1.2 AD Pathophysiology

AD pathophysiology includes neuroinflammation, synapse loss, aberrant processing
of amyloid precursor protein (APP) and breakdown of the blood brain barrier. In
patients with AD, there is also a significant reduction in brain volume compared with
healthy patients (Mattson et al., 2004). This loss of brain volume results from the
degeneration of synapses and the death of neurons, primarily seen in the
hippocampus (Cheignon et al., 2017). AD has been shown to present with loss of
neural stem cells (NSC) in the hippocampus (Nicaise et al., 2020, Moreno-Jiménez et
al., 2019), which may lead to impaired regenerative repair, culminating in
accelerated disease progression. Patients initially present with mild cognitive
impairment (MCl) which may have developed over decades before becoming
detectable (Lazarov and Hollands., 2017). AD presents with early onset (EOAD), or

sporadic with disease presenting later in life. Sporadic AD, also termed late onset AD
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(LOAD) presents in patients over 65 years of age and comprises over 95% of AD cases.
Early onset AD (EOAD) presents in patients under 65 years of age, with a mean age
of onset of 45 years of age. EOAD accounts for 5-10% of all AD cases and 10-15% of
EOAD cases show mutations in genes PSEN1, PSEN2 and APP which are involved in
the processing of APP. Mutations in PSEN1, PSEN2 and APP have a familial pattern of
inheritance and are described as familial AD (FAD) mutations (Ayodele et al., 2021;
Masters et al., 2015). Disease manifestation varies largely between LOAD patients
and between patients with different FAD mutations, however, in all subtypes,
histopathological analysis of post-mortem tissue indicates the presence of abnormal
protein aggregates. These protein aggregates consist of amyloid beta (AB) plaques
and tau neurofibrillary tangles (NFT) and have been proposed to be the causative

agents of AD progression (Hardy and Higgins., 1992).

1.1.3 Amyloidogenic and non-amyloidogenic processing of APP

The single-pass membrane protein APP which is primarily produced by neurons, is
expressed in the synapses of neurons and has a role in neuronal growth, synaptic
formation, and repair, as well as in iron export and anterograde neuronal transport.
In mammals, APP is part of a family of similar proteins, which includes the amyloid
precursor-like proteins APLP1 and APLP2. In the brain, APP is expressed at high levels,
and is metabolised rapidly via the action of the proteases a-secretase, B-secretase,
and y-secretase. APLP1 and APLP2 function in a similar way to APP but metabolism
of these proteins does not result in the generation of insoluble AR (Turner et al.,
2003; O’Brien and Wong., 2011). The amyloid cascade hypothesis formulated by
Hardy and Higgins., (1992) described how APP processing can generate insoluble AB
proteins, this theory proposed that the generation and accumulation of AB initiates
disease progression in AD leading to the formation of senile plaques and NFT. The
inter- and intraneuronal presence of AB plaques and NFT was proposed to cause
neurotoxicity, culminating in neuronal cell death and neurodegeneration (Hardy and
Higgins., 1992; Armstrong., 2011). In the amyloid cascade hypothesis, APP can be

cleaved via two pathways -one of which results in the generation of insoluble AB, the
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other results in the generation of soluble peptides. In non-amyloidogenic processing,
cleavage of APP is mediated by membrane bound a-secretase, generating CTFa
which is an a-C terminal fragment and sAPPa which is an N-terminal fragment, CTFa
then undergoes cleavage by y-secretase, generating the APP intracellular domain
(AICD) and P3 (Figure 1.). In amyloidogenic processing of APP, membrane bound -
secretase (BACE1) cleaves APP into C-terminal fragments B (CTFB or C99) and N-
terminal soluble APPB (sAPPB), after which CTFP undergoes cleavage by y-secretase
to generate AICD and the insoluble protein AB. Insoluble AR is secreted into the
extracellular space, where it accumulates and aggregates to form AP senile plaques

(Chen et al., 2017) (Figure 1.).

Figure 1. APP cleavage pathways

The amyloid precursor protein (APP) may be cleaved by both amyloidogenic and non-amyloidogenic
pathways. During non-amyloidogenic processing, APP is cleaved by a-secretase and y-secretase to
generate soluble proteins (CTFa, sAPPa, AICD and P3). During amyloidogenic processing, APP is
cleaved by B-secretase and y-secretase to generate the insoluble protein AB. Accumulation of AB
occurs within the neurons of patients with Alzheimer’s disease. Diagram constructed using Biorender,

based on the schematic by Thordardottir et al., (2017) and work by Chen et al., (2017).
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1.1.4 AB and tau in AD

There are two major isoforms of AR, which can be produced from proteolytic
cleavage of AR, the ABao isoform which is 40 residues long and the AB4; isoform,
which is 42 residues long (Gu and Guo., 2013). ABsoand ABa; monomers can assemble
into oligomers, fibrils and protofibrils. Oligomers of AB are soluble and can diffuse
into synaptic clefts, here they can interfere with synaptic signalling. AB oligomers can
polymerise into amyloid fibrils which are insoluble and can assemble into plaques
(Tiwari et al., 2019; Chen et al., 2017). When A4, isoforms self-assemble into
aggregates, the surface of the fibril formed can catalyse secondary nucleation,
leading to the formation of oligomers which are neurotoxic (Lattanzi et al., 2021).
Amyloid plaques are mostly composed of ABa; which may result from increased
efficiency of APa2 isoforms to be incorporated into APasy fibrils, whereas in
cerebrospinal fluid taken from patients with AD, the concentration of ABa4o is much
higher than that of AB42 (Gu and Guo., 2013). Both LOAD and FAD subtypes display
accumulation of the 42 amino acid peptide amyloid beta (APs2) and
hyperphosphorylation of tau protein to form NFT (Baldacci et al., 2017). Tau is the
major microtubule associated protein (MAP) found in neurons. In the absence of
neurological disease, MAP promote assembly of tubulin into cytoskeletal
microtubules and help to stabilise their structure, in this way MAP regulate
microtubule networks in neuronal axons and dendrites (Dehmelt and Halpain, 2005).
In AD, the polymerisation of AP into insoluble fibrils leads to p38 MAP Kinase
activation and hyperphosphorylation of tau proteins, hyperphosphorylation leads to
detachment of tau from microtubules, leading to an increase in the formation of
filamentous inclusions such as NFT, these accumulate within neurons and can lead
to loss of normal neuronal function (Figure 2) (Tiwari et al., 2019; Ittner et al., 2008;
Sun et al., 2003). NFT have also been identified in >20 distinct neurodegenerative
diseases, in which tau mutations lead to neuronal dysfunction and disease
progression, these are termed tauopathies. There are six isoforms of the Tau protein

in the human brain, which are encoded by the MAPT gene found on chromosome 17
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(Igbal et al., 2010). Mutations in the MAPT gene are not linked with AD and
dysregulate production of tau isoforms, leading to altered assembly of microtubules.
Autosomal dominant mutations in the MAPT gene have been shown to cause NFT
and result in frontotemporal dementia with parkinsonism. Many tauopathies occur
without the presence of amyloid beta plaques, suggesting a role for NFT in AD
aetiology, without the contribution of AR (Naseri et al., 2019; Ricciarelli and Fedele.,

2017).

Figure 2. Pathology of Alzheimer’s disease

Cartoon representation of a healthy brain and an AD brain displaying Tau pathology. In the healthy
brain, tau protein acts to stabilise microtubules. Patients with AD often display reduced brain
volume and the intraneural accumulation of tau NFT, which results in the destabilisation of

microtubules and contribute to disease pathology. Figure created in Biorender.com.

1.1.5 The role of y-secretase

l-secretase is an intramembrane protease which cleaves a range of type-1
transmembrane proteins including APP (Watanabea and Shenb., 2017). Four integral
membrane proteins combine to form the y-secretase proteasomal complex, these
are presenilin 1, presenilin 2 (also termed presenilin enhancer 2 -PEN-2), nicastrin
(NCT) and anterior pharynx defective-1 (APH1) (Figure 3. The y-secretase complex). The

transmembrane protein presenilin 1 is the catalytic component of y-secretase and
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presenilin 2 promotes presenilin endoproteolysis. Nicastrin plays a role in substrate
selection and is a single span membrane protein. APH-1 has an important role in the
trafficking, stabilisation, and assembly of the y-secretase complex. Interactions
between the transmembrane domains of nicastrin and Aph-1 mediate formation of
a sub-complex between the two components, which then associates with presenilin.
Presenilin initiates the process of auto-endoproteolysis, forming heterodimers NTF
and CTF- these heterodimers make up the proteasomal aspects of presenilin and thus

of y-secretase (Beel and Sanders., 2008).

Figure 3. The y-secretase complex
The y-secretase proteasomal complex consists of Nicastrin (NCT), anterior pharynx defective-1
(APH1), Presenilin 2 (PEN-2) and Presenilin 1. Presenilin-1 is the catalytic subunit of y-secretase, it
has 8 transmembrane domains and a cytoplasmic loop which is found between the 6% and 7t

transmembrane domains (Kabir et al., 2020). Figure created in Biorender.com.

One of the primary roles of y-secretase is to carry out hydrolysis within the cell
membrane. In recent years, over 149 substrates of y-secretase have been identified,
55 of which are displayed in Figure 4. Identification of y-secretase substrates has led
to improved understanding of the roles of y-secretase in signal transduction, protein
degradation, tissue homeostasis and embryonic development. Most substrates of y-
secretase have a long extracellular domain and ectodomain shedding is required
before cleavage by y-secretase. However, short substrates such as the B cell

maturation antigen are also cleaved by y-secretase. Recently identified substrates of
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y-secretase include CHL1, TREM?2 and TNFR1 (Beel and Sanders., 2008; Giner and
Lichtenthaler., 2020).

Figure 4. Known y-secretase protein substrates.

Sequences and properties of 55 known y-secretase protein substrates. (Beel and Sanders., 2008).

The role of y-secretase in cleavage of APP is well identified due to its relevance to AD.
In LOAD, it is hypothesised that efficiency of APP metabolism declines with age,
leading to increase the generation of AB plaques, which become neurotoxic as
concentrations increase (Paroni et al., 2019). Mutations in genes APP, PSEN1 and

PSEN2 all result in altered proteolytic cleavage of APP, leading to an increase in the
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production of the longer, self-aggregating isoform ABs42 and a reduction in the
generation of the shorter isoform ABao (Ricciarelli and Fedele., 2017). Many FAD
mutations have been shown to cause a partial loss of function in the y-secretase
complex (Steiner et al., 1999; Shen et al., 2007; De Strooper et al., 2007). APP
mutations can reduce the efficiency of APP cleavage by y-secretase, suggesting that
these mutations result in impaired recognition of APP by y-secretase. One hypothesis
proposes that APP mutations cause tilting of the APP transmembrane domain helix,
thus changing the substrate site that is presented to y-secretase for cleavage (Gotz
et al., 2019; Xu et al., 2016). As presenilin 1 makes up the catalytic subunit of y-
secretase, mutations in PSEN1 can affect the ability of y-secretase to cleave its
substrates and thus, can affect downstream signalling pathways of y-secretase
substrates. Various hypotheses have been presented to explain how PSENI
mutations lead to disease pathology. One hypothesis in line with the amyloid cascade
hypothesis, is that PSEN1 mutations lead to increased APP processing and increased
generation of APay, this is backed up by data generated from mouse models and
transfected cells which showed that PSEN1 mutations increased plasma levels of ABa,
(Borchelt et al., 1996; Scheuner et al., 1996; Duff et al., 1996; Hardy and Selkoe 2002).
In recent years, research has focused on the relative ratios of ABaoto ABa4zand indicates
that levels of ABszincrease relative to levels of ABagin most cases of FAD (Selkoe and
Hardy., 2016). The presenilin hypothesis proposes that PSEN1 mutations can lead to
loss of function of presenilin, leading to AD disease progression (Heilig et al., 2010,
2013), in mouse models, severe mutations in PSEN1 have also been shown to
completely inhibit y-secretase function and the generation of AB (Xia et al. 2015,
2016). Presenilin 1 plays a role in learning and memory formation. Presenilin 1 is also
required for macroautophagy, a process which uses lysosomes for degradation of
waste materials, and which is necessary for neuronal survival. Importantly, normal
function of presenilin is vital for neural survival during the process of ageing (Kabir et

al., 2020).
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1.1.6 Risk factors and causes of AD

Although FAD and LOAD subtypes present with a similar lack of intraneuronal
clearance of AP and NFTs, they differ in disease aetiology and progression. Sporadic
or LOAD presents in patients aged 65 and over with no clear disease causing
mutation, whereas FAD mutations have a clear genetic origin and a severe disease
phenotype, with symptoms progressing more rapidly than in patients with sporadic
AD. FAD is caused by mutations in genes PSEN1, PSEN2 and APP (Figure 5). Some
allelic variants such as APOE4 are associated with LOAD but have varying risk levels
based on whether they present as a heterozygous or homozygous mutation (Figure

5) (Uddin et al., 2021).

Figure 5. Genes associated with effect or risk of AD

Mutations in genes PSEN1, PSEN2 and APP cause AD. Some allelic variants such as APOE4 are

associated with late onset AD. Next generation sequencing of early onset AD patients has identified
several genes associated with development of disease including NOTCH3, SORL1 and TYROBP.
Figure based on work by Uddin et al., (2021).

Patients with LOAD present with an increase in the production of the longer, self-
aggregating isoform AP42 and a reduction in the generation of the shorter isoform

AB40 (Ricciarelli and Fedele., 2017). According to the amyloid cascade hypothesis,
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altered cleavage of APP which may result from age related impairments in APP
metabolism leads to the intracellular accumulation of aggregated of AP and
generation of NFT which leads to defective neural signalling and neural decline in
LOAD (Wang et al., 2017). Presence of the APOE4 allele is a strong genetic risk factor
for the development of LOAD, and large-scale genome-wide association studies
(GWAS) and GWAS meta-analyses have indicated that the APOE2 allele is a protective
factor in reducing risk of developing LOAD. The APOE gene codes for the protein
Apolipoprotein E (APOE), which has been shown to mediate a range of processes
including cholesterol transport, clearance of AB, regulation of neurite outgrowth,
synapse formation, synaptic plasticity, and destabilisation of microtubules
(Hunsberger et al., 2019). Mouse models which express human APOE alleles have
been used to investigate disease by modulating APOE levels, enhancing APOE
lipidation and blocking interactions with AB (Serrano-Pozo et al., 2021). APOE is
expressed by astrocytes and microglia in the healthy brain, and most brain APOE is
lipidated by ATP-binding cassettes A1 (ABCA1) and G1 (ABCG1). Receptors such as
low-density lipoprotein receptor related protein 1 (LRP1) are expressed on astrocytes
and neurons and enable internalisation of lipidated APOE (Serrano-Pozo et al., 2021).
In brains with AD, AB plaques, NFT and cerebral arteries afflicted with amyloid, and
tau all cause microglia and astrocytes to react. This leads to altered lipid metabolism

and altered transcription of APOE in microglia and astrocytes.

FAD mutations in APP, PSEN1 and PSEN2 result in altered proteolytic cleavage of APP,
generally leading to increased levels of the AB42 isoform compared with the AB40
isoform (Buckles et al., 2021, Watanabea and Shen., 2017). The gene PSEN1 is located
on the long arm of chromosome 14 at position 24.2 (14q24.2), it contains 12 exons
and codes for the transmembrane protein, Presenilin 1, which forms the catalytic
subunit of the y-secretase complex (Cacquevel et al., 2012). The human PSEN2 gene
is located on the long arm of chromosome 1 at position 42.13 (1q42.13), it consists
of 12 exons and encodes the protein presenilin 2, which is another subunit of y-

secretase (Cai et al., 2015). Presenilin’s 1 and 2 are membrane spanning proteins
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which contain nine transmembrane domains and a hydrophilic intracellular loop
region (Donoviel et al., 1999; Wakabayashi and De Strooper, 2008). Presenilin’s 1 and
2 combine with NCT and APH-1 to form the y-secretase complex that catalyses the

cleavage of various membrane proteins, including APP and Notch.

Heterozygous mutations in PSEN1 cause FAD (Arber et al, 2021) and PSEN1
mutations resulting in loss of function are the most common cause of familial, early
onset AD (Chong et al., 2018). Generally, patients with a FAD linked mutation in
PSEN1 also carry a functional copy of PSEN1, this may offer compensation for the loss
of activity in the allele with the PSEN1 mutation (Veugelen et al., 2016). There have
been more than 200 dominantly inherited PSEN1 mutations reported, most of which
are missense mutations (Watanabea and Shen., 2017). PSEN1 mutations range in
disease onset and clinical pathology and are named by the amino acid changes they
cause. The PSEN1 A246E mutation is a point, missense mutation occurring on exon 7
of chromosome 14 in which an adenine replaces cytosine at position
Chr14:73659540, this base change results in a codon shift from GCG to GAG, resulting
in alanine being switched out for glutamic acid at amino acid position 246. The PSEN1
A246E mutation is a coding mutation with autosomal-dominant inheritance. Patients
with this mutation present with significant neural loss, neurofibrillary plagues and
tangles and clinical features such as intellectual dysfunction (Gliebus et al., 2009). In
cells and rodent models, this mutation is associated with an increase in the
AB42/AB40 ratio (Borchelt et al., 1996), however Sun et al., (2017) reported a
decrease in the production of both AB42 and AB40 isoforms in both cell lines and in
transgenic animals. The PSEN1 A246E mutation also increases the intracellular
concentration of APP B-C-terminal fragments (B-CTFs) leading to endosomal
disruption (Kwart et al.,, 2019). The PSEN1 M146L mutation is a point, missense
mutation occurring on exon 5 of chromosome 14 in which a cytosine base replaces
an adenine at position Chr14:73640371, this base change results in a codon shift from
ATG to CTG, resulting in Methionine being switched out for Leucine at amino acid

position 246 (Kowalska et al., 2004). The PSEN1 M146L mutation is a coding mutation
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with autosomal-dominant inheritance. Patients with the PSENI M146L mutation
present with mixed neuropathology including plaques, NFT and pick bodies and often
present with psychotic-like symptoms. In terms of altered PSEN1 and y-secretase
function, the PSEN1 M146L mutation results in close contact between PSEN1 and the
APP transmembrane helix (Zhou et al., 2019). All PSEN1 mutations appear to alter
binding of substrate to the PSEN1 active site region, in the case of APP binding, this
results in mispositioning of the APP C99 cleavage domain, likely leading to the altered
AB42/ABA40 ratio seen in patients with PSENI mutations (Fukumori and Steiner, 2016;
Trambauer et al., 2020). Alterations to the y-secretase complex caused by mutations
in PSEN1 may also alter y-secretase cleavage of its other substrates, this may
contribute to the diversity in disease presentation and cell behaviour seen as a result
of different PSEN1 mutations. (Arber et al., 2021). Next generation sequencing of
early onset AD patients has also identified several genes associated with
development of disease including NOTCH3, SORL1 and TYROBP (Figure 5) (Uddin et
al., 2021). Disease mechanisms require further characterisation for all subtypes of
AD (Vaz and Silvestre., 2020), thus, investigation of FAD mutations which have a clear

genetic origin could be beneficial to improving understanding for all subtypes of AD.

1.1.7 Treatment options for AD

Drugs which have been approved for treatment of AD include 4 acetylcholinesterase
(AChE) inhibitors (AChEi), Tacrine, Donepezil, Rivastigmine and Galantamine.
Acetylcholine (ACh) is a key neurotransmitter for neural cell communication, and
AChEi act by inhibiting the action of acetylcholinesterase and increasing
concentration of ACh, thus, improving neural communication and reducing some
symptoms of AD (Colovi¢ et al., 2013). Galantamine is a reversible and selective
AChEi, Donepezil is a reversible, non-competitive inhibitor of AChEi and Rivastigmine
inhibits both AChE and butyrylcholinesterase. Treatment with Tacrine results in
hepatotoxicity so is no longer used as a therapeutic agent. The other approved drug
for treatment of AD is Memantine which is a N-methyl-D-aspartate (NMDA) receptor

antagonist. Excitatory glutamatergic neurotransmission occurs via NMDA receptors,
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although this activity is necessary for neural survival and synaptic plasticity, too much
NMDAR activity can result in cell death due to excitotoxicity (Rothman and Olney
1986). Cell survival and neuronal plasticity can be increased by activation of synaptic
NMDARs, however, when extrasynaptic NMDARs are activated, this results in an
increase in cell death which may contribute to AD pathology. Memantine regulates
glutamate activity in the brain by selectively blocking extrasynaptic NMDARs (Wang
and Reddy., 2017). Memantine was approved by the FDA in 2004 and is the most
recently approved AD treatment (Vaz and Silvestre., 2020; Maia and Sousa., 2019;
Cummings et al., 2014). These current therapeutic options provide benefits in
symptom management but do not prevent brain atrophy, neuronal loss, and
progressive deterioration of cognition. (Vaz and Silvestre., 2020). Therapeutic
approaches to target amyloid beta in AD have not thus far been proven effective in
clinical trials -when tested in late-stage clinical trials, the majority of candidate drugs
which target AB did not display clinical efficacy (Foroutan et al., 2019). Therapies
targeting Tau pathology have produced positive outcomes in preclinical studies and
are currently being assessed in clinical trials (Congdon and Sigurdsson, 2018). TauRx
therapeutics is one company that has passed through phase 3 trials with the drug
hydromethylthionine mesylate (HMTM), an inhibitor of Tau aggregation. The study
thus far has shown significant reductions in disease progression, measured in terms
of cognitive function and brain atrophy (Wischik et al., 2022). The TauRx studies were
carried out on patients with LOAD and are yet to be carried out on patients with FAD
mutations. Therapies which were in clinical trials for treatment of AD in 2018 are
shown in Figure 6. The majority of therapies currently in development for treatment

of AD focus on modulating the activity of the proteases B and y-secretase (Figure 6).
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Figure 6. Therapies targeting AD

Therapies targeting AD in clinical trials in 2018. The majority (25%) of AD treatments focused on
therapies to reduce amyloid-B, these included small molecules and immunotherapy. Of the
remaining clinical trials taking place at the time of reporting, 22% of trials were using
neurotransmitter-based therapies, 18% of therapies focused on anti-inflammatory and
neuroprotective targets, 18% of agents focused metabolic targets and only 14% were using anti-

tau agents (Figure based on work by Maia and Sousa., 2019; Cummings et al., 2018).

B-secretase-1 (BACE1) inhibitors decrease levels of BACE1 reducing APP cleavage by
amyloidogenic pathways and the generation of insoluble AB. In clinical trials,
treatment with BACE inhibitors has not provided a positive effect on AD symptoms
and has, in several cases led to worse cognition (Egan et al., 2019; Henley et al., 2019;
Wessels et al., 2020), adverse events and hippocampal atrophy (Egan et al., 2018;
Egan et al., 2019; Wessels et al., 2019; Sur et al., 2020). This is likely due to the effect
of BACE inhibition on other substrates of B-secretase which have a role in neural
function such as seizure-related gene 6 (SEZ6) family proteins (Nash et al., 2021). T-
secretase therapeutic targets focus on inhibiting action of y-secretase to reduce the
formation of AP peptides. Semagacestat and Avagacestat are y-secretase inhibitors
which have been tested in clinical trials for treatment of AD. Avagacestat was
tolerated at lower doses in clinical trials (25 mg and 50 mg daily), less so at higher

doses (100 mg and 125 mg), resulting in adverse effects which were predominantly
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gastrointestinal and dermatologic, but also included reversible glycosuria and
nonmelanoma skin cancer (Coric et al., 2012). Treatment with higher doses of
Avagacestat resulted in trends of cognitive worsening in patients (Coric et al., 2012).
These negative effects of y-secretase inhibition may be a result of a lack of y-
secretase function in other signalling pathways. One example of affected y-secretase
function is in Notch signalling, NICD is released after e-cleavage and translocates to

the nucleus to regulate processes such as cell division (Maia and Sousa., 2019).

AChEi may reduce AD symptoms, but do not prevent disease progression.
Treatments focussed on modulating B and y-secretase function are at significant risk
of generating off target effects. Tau targeting therapeutics offer great hope for
reduction of atrophy and cognitive decline in LOAD upon disease onset but may not
tackle other disease symptoms in FAD patients. The lack of therapeutic options
currently available to patients with FAD encouraged the exploration of alternative
hypotheses for disease progression in this project, with the hope of identifying

different targets for preventing disease progression.

1.1.8 Notch and PSEN1 in AD

A Notch-related hypothesis was proposed by Ethell (2010) to explain the aetiology
behind how FAD mutations, particularly PSEN mutations, lead to the pathology seen
in AD. APP is expressed in all cells of the body, but is predominantly expressed in
metabolically demanding tissues such as the brain and skeletal muscle, which have
developed vascular networks. AD patients present with dense vascular networks
interspersed with AB plaques in brain regions which are affected with AD pathology
(ladecola, 2004, Finch, 2005, Meyer et al., 2008). Ethell (2010) proposed that AB
production from metabolism of APP acts as a biomarker to signal that increased
vascular perfusion is required in metabolically demanding areas. The y-secretase
substrate Notch plays a role in angiogenesis and in endothelial cell specification
(Phng and Gerhardt 2009). Inhibitors of y-secretase increase the production of

endothelial tip cells, leading to branching of blood vessels and the generation of

37



vascular networks which are dense, with poor perfusion (Suchting et al., 2007). APP
and Notch can act as competitors for y-secretase binding, Ethell (2010) hypothesised
that Notch activation by y-secretase is inhibited by increased APP and AP, leading to
an increase in high density vascular networks and unstable dendritic spines, which

cause early cognitive impairments (Ethel 2010).

-secretase and presenilin-1 substrates have a range of functions in both developing
and adult tissues, Notch proteins 1-4 are substrates of the y-secretase complex. After
ligands Jagged and delta like-1 (DLL) bind to the Notch receptor, the Notch protein is
cleaved by a-secretase and y-secretase to release the Notch intracellular domain
(NICD) which translocates to the nucleus for activation of Notch target genes (Wolfe.,
2020; Medoro et al., 2018; Haapasalo and Kovacsb., 2011). Mutations in PSEN1 which
impair y-secretase function may reduce activation of Notch by y-secretase and alter
neurogenesis. FAD mutations have been shown to lead to a decrease in Notch
cleavage by y-secretase. Song et al., (1999) demonstrated that release of the NICD
was reduced in PSEN1 deficient cells but increased when PSEN1 function was

restored (Chavez-Gutiérrez et al., 2012, Song et al., 1999).

Notch genes encode a family of transmembrane receptors in mammalian cells (Hu et
al., 2020), there are four Notch receptors: Notch 1, Notch2, Notch 3 and Notch 4.
Notch signalling pathways are highly conserved and play a role in the regulation of
cell proliferation, differentiation, and apoptosis in all animals. Notch signalling is also
associated with tissue growth, cancer, cell death and tumour suppression (D’Souza
et al., 2010). Canonical Notch ligands are integral cell surface proteins, so activation
of Notch signalling pathways is dependent on direct cell-to- cell interactions (D’Souza
et al., 2010). Most Notch signalling in mammals is induced by a family of ligands
which have a Delta, Serrate, and Lag2 (DSL) domain, thus are referred to as DSL
ligands. The DSL ligands are classed as Delta-like (DLL1, DLL3 and DLL4) or Serrate
(Jagged) like (Jaggedl1 and Jagged2) (Figure 7.)(D’Souza et al., 2010, Kopan and llagan,

2009). Jagged ligands are transmembrane proteins and have large extracellular
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domains consisting of epidermal growth factor (EGF) -like repeats, (Bray., 2006)

(Figure 7.).

Figure 7. Canonical Notch ligands and their structural domains

Most Notch signalling in mammals is induced by a family of ligands which have a Delta, Serrate, and
Lag2 (DSL) domain, thus are referred to as DSL ligands. The DSL ligands are classed as Delta-like
(DLL1, DLL3 and DLL4) or Serrate (Jagged) like (Jaggedl and Jagged2) Jagged ligands are
transmembrane proteins and have large extracellular domains consisting of epidermal growth

factor (EGF) -like repeats, (D’Souza et al., 2010; Kopan and llagan, 2009 ; Bray., 2006).

Notch signalling relies on intercellular signalling interactions; cells with DSL ligands
on their cell surface interact with cells displaying Notch receptors on their surface.
Notch receptors have an extracellular domain, an intracellular domain, and a
transmembrane component. Binding of a ligand to the Notch receptor initiates
proteolytic cleavage of the Notch extracellular domain, which is mediated by ADAM-
family metalloproteases (S2 cleavage), after which, cleavage by the y-secretase
complex releases the notch intracellular domain (NICD) for translocation to the
nucleus. In the nucleus, NICD displaces a repression complex and forms a complex
with the DNA binding protein (CSL), its coactivator Mastermind and the protein p300,

which functions as a histone acetylase. This protein complex can then upregulate
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transcription of Notch target genes such as MYC, p21 and the gene CCND3 which
encodes the cell cycle regulatory protein Cyclin D3 (Bray., 2006).

Figure 8. Release of the NICD to initiate Notch signalling pathways

Binding of a ligand to the Notch receptor initiates S2 and S3 cleavage, releasing the NICD to

translocate to the nucleus and upregulate transcription of Notch target genes (Bray., 2006).

Notch proteins have roles in cell fate determination and in maintenance of stem cells
(Castilla-Ortega et al., 2011, Song et al., 1999). A reduction in functional y-secretase
may lead to a reduction in Notch activation, and a downregulation in transcription of

Notch target genes, altering processes such as cell division, self-renewal, and

differentiation.
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1.2.0 Neurogenesis

1.2.1 Stem cells

Stem cells are immature cells that are unspecialised and have the capacity to self-
renew without differentiating down a specific lineage. Stem cells can be categorised
by their level of stemness; - totipotent stem cells can differentiate into all possible
cell types including cells which give rise to the placenta, pluripotent stem cells can
differentiate into cells of all three germ layers- endoderm, ectoderm and mesoderm,
multipotent stem cells can differentiate into more specialised cells of one particular
lineage and unipotent stem cells are capable of differentiation into only a single cell
type. Pluripotent stem cells were originally derived from the inner cell mass of
mammalian blastocyst and are termed embryonic stem cells. Multipotent stem cells
are cells which have begun the process of specialisation and are capable of
differentiating into more specialised cells of one particular lineage, they can be found
in specialised niches in adult mammals where they remain as reserves for tissue
repair and regeneration (Ottoboni et al., 2020). Examples of multipotent stem cells
include adult haemopoietic stem cells and neural stem cells. Many adult tissues
maintain reserves of multipotent stem cells which have roles in tissue development
and repair and in maintaining homeostasis, they are able to fulfil these roles due to
their ability to produce new-born differentiated progeny but must balance the need

for differentiated cells with maintenance of the stem cell niche (Chen et al., 2016).

1.2.2 Symmetric and asymmetric cell division

The balance between proliferation and differentiation is regulated by switching
between different methods of cellular division. Symmetric cell division results in the
generation of two identical daughter cells and can be carried out by cells for self-
renewal or for the generation of two differentiating daughter cells. Asymmetric cell
division results in the generation of one differentiating cell and one daughter cell
which is identical to the parent. Both intracellular and extracellular mechanisms

guide cell fate to regulate asymmetric cell division (Chen et al., 2016, Venkei and
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Yamashita., 2018). Extrinsic factors in the stem cell niche can guide cells to undergo
asymmetric cellular division, the stem cell resulting from asymmetric cell division will
remain in the stem cell niche and the differentiated daughter cell will move out of
the niche to acquire its fate (Error! Reference source not found. A). Intrinsic factors
which determine cell fate may be distributed unevenly in dividing stem cells, leading
to maturation of only one daughter cell (Error! Reference source not found. B).
Asymmetric stem cell division may result from a combination of both intrinsic and
extrinsic factors (Error! Reference source not found. C)— initial intrinsic or extrinsic

factors which are reinforced by the other (Chen et al., 2016).

Figure 9. Mechanisms of asymmetric cell division

Asymmetric cell division can be driven by extrinsic and intrinsic factors. Figure is based on work by

Chen et al., (2016) and was created in BioRender.com.

One intrinsic mechanism which plays a role in determination of cell fate is the
distribution of molecular components between daughter cells, which is often carried
out via regulation of the mitotic spindle and results in asymmetric cell division.

Extrinsic signals can regulate the frequency of cell divisions (Smith et al.,, 2017).
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Signalling molecules which govern tissue development are termed morphogens and
act alongside positional cues to guide cell fate. Planar cell polarity (PCP) is a highly
conserved polarity axis which is necessary for normal development to occur. To
establish PCP in tissues, gradients of gene expression and gradients of Wnt ligands
are required to direct enrichment of PCP proteins, these proteins assemble into
complexes at opposing ends of cells. Planar tissue patterning can be regulated by
degradation of PCP components, endosomal trafficking, and endocytosis.
Polarisation is propagated throughout tissues to generate a polarity axis, which can
direct cellular rearrangements and the localisation of subcellular structures, leading
to the tissue-wide changes seen in development (Butler and Wallingford., 2017).
During cortical neurogenesis, non-canonical Wnt signalling, and PCP have been
shown to regulate asymmetric cell division and determination of cell fate via
regulation of spindle size. Wnt signalling plays a crucial role in both the development
of the central nervous system and in regulation of the adult central nervous system.
During mammalian development, Wnt signalling pathways regulate proliferation,
asymmetric cell division and cell-fate specification, with an important role in CNS
tissue patterning. Wnt signalling is necessary for development of the hippocampus,
during which, Wnt3a acts via canonical Wnt signalling pathways to regulate NPC
proliferation and differentiation (Aghaizu et al., 2020; Yoshinaga et al, 2010;
Hirabayashi et al., 2005; Zechner et al., 2003; Lee et al., 2002; Galceran et al., 2000).
In hippocampal development, Wnt5a regulates axonal differentiation and Wnt7b
regulates dendritic differentiation via non-canonical Wnt/PCP signalling (Viale et al.,

2019; Slater et al., 2013; Zhang et al., 2007; Ohno, 2007; Rosso et al., 2005).

In the mature brain Wnt plays a role tissue homeostasis and modulates the function
and integrity of the blood brain barrier (Rapp et al., 2017, Aghaizu et al., 2020). Wnt
signalling also modulates synapse number and function as well as microglial biology
and is a major regulator of cellular proliferation and differentiation (Palomer et al.,
2019). In satellite stem cells of muscle fibres undergoing regeneration, noncanonical

Wnt7A/ VANGL2 signalling regulates asymmetric cell division and determination of
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cell fate via spindle pole orientation. Wnt/ VANGL2 signalling also regulates the size
of the mitotic spindle to guide glial cell fate during cortical neurogenesis. Symmetric
cell division can be enhanced by sonic hedgehog signalling (SHH), in cerebellar
progenitor cells and cortical stem cells, interactions between SHH, Wnt and Notch

signalling pathways guide cell fate determination (Smith et al., 2017).

Whnt ligands are growth stimulatory proteins that have a palmitoleic acid attached to
facilitate binding. Wnt ligands bind to a cell surface heterodimeric receptor complex
which is composed of Frizzled and single-pass transmembrane co-receptors Rorl,
Ror2, LRP5, LRP6 or Ryk proteins (Fradkin et al., 2009, Schulte and Bryja., 2007). In
mammals, there are 19 known Wnt ligands and 10 identified Frizzled (FZD) receptors
(Ring et al., 2014, Nile et al., 2017). There are two subcategories of Wnt signalling,
canonical (B-catenin dependent) and non-canonical (B-catenin independent). Non-
canonical pathways can also be described as the PCP and Wnt/Ca?* pathways. In
canonical Wnt signalling, B-catenin levels are regulated by degradation: the absence
of Wnt ligand leads to binding of B-catenin with the proteins adenomatous polyposis
coli (APC), axis inhibition protein (AXIN), Dishevelled (DVL), B-TrCP and glycogen
synthase kinase 3-beta (GSK-3f) to form the B-catenin destruction complex. Binding
with the destruction complex leads to phosphorylation of B-catenin at serine and
threonine sites which signals the E3 ubiquitin ligase B-TrCP to ubiquitinate the B-
catenin and target it for proteasomal degradation (Figure 9.). Thus, in canonical Wnt

signalling, the absence of Wnt ligand leads to lower levels of intracellular B-catenin.
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Figure 9. Canonical (B-Catenin dependent) and non-canonical (B-catenin

independent) Wnt signalling pathways.

Figure created using Biorender.com.

In canonical Wnt signalling, the binding of Wnt ligand with a FZD receptor induces
formation of a receptor complex which is formed of Wnt, FZD, DVL, lipoprotein
receptor- related protein (LRP) and AXIN. Phosphorylation of LRP induces
translocation of the receptor complex to the region of the membrane where Frizzled
and LRP receptors are located. Upon binding with LRP, DVL in the receptor complex
becomes phosphorylated, this leads to inhibition of GSK-3fB, preventing it from
phosphorylating B-catenin and preventing B-TrCP from becoming part of the
destruction complex, thus preventing ubiquitination and degradation of B-catenin.
The subsequent intracellular accumulation of B-catenin leads to an increase in the
amount of B-catenin that translocates to the nucleus and forms a complex with T-cell
factor (TCF)/Lymphoid enhancer-binding factor (LEF) transcription factors (Rapp et
al., 2017). TCF/LEF transcription factors mediate Wnt signalling via the induction of
Whnt target genes such as those encoding c-Myc and cyclin. In the absence of Wnt

ligand, TCF is inhibited via binding with Groucho, however in the presence of Wnt
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ligand, when cellular B-catenin levels are high, translocation of B-catenin to the
nucleus dislodges Groucho and enables binding of TCF/LEF with B-catenin and
transcription of Wnt target genes (Rapp et al., 2017). In canonical Wnt signalling,
absence of Wnt ligand leads to degradation of B-catenin and presence of Wnt ligand
leads to nuclear translocation of B-catenin and upregulated transcription of Wnt
target genes. Wnt ligand binding to cell surface receptors initiates intracellular
signalling pathways which regulate processes such as the cell cycle, cellular
migration, cell polarity, cell growth and proliferation. Dysregulation of Wnt signalling
is associated with the development of cancers (Clevers and Nusse., 2012), for
example, mutations in APC can lead to increased intracellular levels of B-catenin in
the absence of Wnt ligand binding. APC mutations causing loss of function can
prevent the destruction complex from ubiquitinating B-catenin, preventing it’s
degradation by the proteosome and leading to upregulated transcription of Wnt
related genes in the absence of Wnt signalling. High expression of FZD receptors on
the cell surface can also contribute to overactive Wnt signalling and is associated with

subsets of gastric, ovarian, colorectal, and pancreatic tumours (Nile et al., 2017).

Downregulated Wnt signalling can induce synaptic dysfunction, leading to
neurodegeneration. Folke et al., (2018) showed reduced expression of Wnt ligands
Wnt2B, Wnt6 and Wnt7a and frizzled receptors FZD2 and FZD3 in the human brain
with age, which presented alongside enhanced expression of the secreted frizzled-
related protein 1 (SFRP1). SFRP1 sequesters ligands of Wnt in the extracellular space
so upregulation of SFRP1 may reduce Wnt signalling (Folke et al., 2018; Palomer et
al., 2019). Hofmann et al., (2014) reported downregulation of Wnt ligands Wnt2,
Wnt4, Wnt9a and transcription factors TCF3 and LEF1 with age in the rodent brain.
Downregulated expression of AXIN2, DVL2 and nuclear B-catenin was shown by
Orellana et al., (2015) in the hippocampus of aged rats. Interestingly, downregulated
expression of Wnt3 and Wnt3a was also found in the dentate gyrus (DG) of the

hippocampus in rodents aged from 1-22 months. In these rodents, downregulation

46



of Wnt3 signalling during ageing correlated with impaired adult neurogenesis

(Hofmann et al., 2014; Orellana et al., 2015; Okamoto et al., 2011).

Whnt signalling has also been shown to be dysregulated in some Alzheimer’s
mutations. Features of AD pathophysiology associated with abnormal Wnt signalling
include neuroinflammation, synapse loss, tau pathology, aberrant amyloid precursor
processing and blood brain barrier breakdown (Aghaizu et al., 2020). In cells which
had a lack of functional presenilin, inhibition of GSK3 activity via sequestration of
GSK3 within multivesicular endosomes (MVE) led to sustained canonical Wnt
signalling, increased Wnt responsiveness and MVE expansion, this enhanced activity
of Wnt was dependent on the functional endosomal sorting complex required for
transport (ESCRT). In MVEs, the ESCRT is required to form intraluminal vesicles.
Canonical Wnt signalling may be enhanced by the accumulation of late endosomal
structures, which leads to upregulated Wnt signalling via increased sequestration of
the Wnt receptor/GSK3 and a decrease in GSK3 cytosolic activity (Dobrowolski et al.,
2012).

In FAD causing APP mutations, which result in a locus duplication, APP binds with -
catenin, preventing translocation to the nucleus and reducing canonical Wnt
signalling (Zhang et al., 2018; Rovelet-Lecrux et al., 2006). FAD causing PSEN1
mutations appear to negatively regulate canonical Wnt signalling. Interactions
between B-catenin and PSEN1 generally lead to stabilisation of B-catenin, however,
in HEK containing a PSEN1 mutation, B-catenin was less stable and less capable of
nuclear translocation to initiate gene transcription of Wnt signalling pathways.
Interestingly, in the brains of transgenic mice, PSENI mutations which led to
destabilisation of B-catenin resulted in increased degradation of B-catenin and an

increase in neuronal apoptosis (Zhang et al., 1998).

In opposing research carried out in neuronal (PC-12) and fibroblast cell lines, PSEN1

mutations led to increased levels of B-catenin. These differing results may be a result
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of transient differences in Wnt signalling, different cell types and altered Notch

signalling (Kang et al., 1999; Teo et al., 2005; Aghaizu et al., 2020).

Whnt and Notch signalling pathways are both active during tissue development and
homeostasis, however, they often guide cell fate in opposing directions. As cell
specification is controlled by both Notch and Wnt signalling, signalling occurs through
these pathways as either Wnt-on/Notch-off or Notch-on/Wnt-off. In skin and
mammary glands, stem cell self-renewal is promoted by Wnt signalling, this signalling
is inhibited by Notch to enable cell specification to a more differentiated phenotype
(Zhu et al., 1999). Wnt signalling is dependent of the ability of B-catenin to
translocate to the nucleus to interact with TCF/LEF and induce transcription of Wnt
target genes. Membrane restricted Notch and the NICD can inhibit Wnt/B-catenin
signalling to allow for cell fate determination. Membrane-restricted Notch can
prevent nuclear translocation of B-catenin by sequestering it to the membrane. The
NICD can form a complex with B-catenin to prevent its interaction with TCF/LEF, this
complex is stabilised by the nuclear restricted DNA binding protein RBPj. These
mechanisms enable regulation of Wnt signalling by Notch for control of cellular
proliferation and differentiation (Acar et al., 2021; Reya et al., 2005; Logan et al.,
2004).

When NSC in the niche divide via symmetric cell division to produce two stem cells,
the stem cell pool expands, when NSC divide by asymmetric cell division to produce
one stem cell and one more differentiated cell, the size of the stem cell pool remains
the same, when NSC undergo symmetric cell division to produce two differentiated
daughter cells, the stem cell niche is depleted (Figure 10. A). Shifting between
asymmetric and symmetric cell divisions occurs in individual groups of cells but can
also occur at once in the whole population (Silva-Vargas., et al., 2018). Symmetric cell
division is the principal mode of cell division in adult ventricular-subventricular zone
(V-SVZ) neural stem cells (NCSs). NSC in the brains of mice are retained in the walls
of the lateral ventricles (V-SVZ) well into adulthood, this allows for the generation of

new neurons throughout life (Obernier et al., 2018). The majority of V-SVZ NSCs
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studied by Obernier et al., (2018) were undergoing symmetric cell division, of which
20-30% were doing so for self-renewal and could remain in the stem cell niche for
months before differentiating. The remaining 70-80% of NSCs were dividing
symmetrically to generate two more differentiated progeny, which led to an eventual
reduction in the NSC niche. Intrinsic and extrinsic factors both play a role in regulation
of stem cell division and in determination of cell fate, the mechanisms of stem cell
division during different states such as in ageing and disease are yet to be fully

understood (Figure 10. B).

Figure 10. Mechanisms of NSC cell division and factors which may have a role in
cell fate determination.
Figure is based on work by Silva-Vargas et al.,, (2018) and was created in

BioRender.com.

1.2.3. Neurogenesis and development

Neurogenesis is the generation of new neurons from early neural stem and
progenitor cells. Regulation of neurogenesis is fundamental during development
when intrinsic and extrinsic signals dictate the proliferation and differentiation of
neural progenitors and the migration of more mature neural cells. During cortical
development in the embryo, apical precursor cells in the ventricular zone (VZ) receive

signals to either divide or remain in quiescence. Glial cells in the VZ act as a scaffold
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to aid migration of neurons up towards the mature layer of the cortex -the cortical
plate. The subventricular zone (SVZ) which is in between the VZ, and cortical plate
contains neural precursors which can migrate up to the cortical plate (Figure 11 A).
At day 10.5 in embryonic development, increased levels of VANGL2 in apical
precursor cells undergoing cell division produces mitotic spindles of equal size,
leading to symmetric cell division and generating two apical precursor cells.
Decreasing expression of VANGL2 at day 14.5 of embryonic development leads to
asymmetry of spindle size and increased asymmetric cell division generating a

mature neuron and a precursor cell (Smith et al., 2017) (Figure 11 B).

Figure 11. Cortical development in the embryo

Representation of a section through a neonatal cortex. The mature layer of the cortex, the
subventricular zone (SVZ) and the ventricular zone (VZ) are labelled. The VZ contains apical precursor
cells, which divide or remain quiescent and glial cells, which act as a scaffold for migrating neurons.
The SVZ contains precursor cells, and the cortical plate contains mature neural cells. Expression of
VANGL2 in the VZ regulates the switch between symmetric and asymmetric cell division. Figure is

based on work by Smith et al., (2017) and was created using BioRender.com.

Alterations in neurogenesis during cortical development can lead to disorders
termed malformations of cortical development (MCDs) symptoms of which include
intellectual disability and drug-resistant epilepsy. Radial glia are specialised
progenitor cells which have long radial processes that enable them to guide new

neurons in radial migration from the ventricular zone to the mantle regions during
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the expansion of the neural tube. Radial glia use symmetrical division to generate
more neural progenitor cells, and asymmetrical cell division to generate post-mitotic
neurons (Figure 12. A). Alterations in the timing of the switch from symmetric to
asymmetric cell division can cause abnormal proliferation of neural progenitors
(Figure 12.B). During cell division, molecular components are split between daughter
cells, this is often carried out through regulation of the mitotic spindle (Smith et al.,
2018). Defects in progenitor proliferation can also be caused by problems with
mitotic spindle orientation. These defects in progenitor proliferation can lead to
increased or decreased production of neurons causing disorders such as
megalencephaly or microcephaly. Neural proliferation and migration can be impaired
by alterations in radial glia scaffolding, leading to neurons accumulating in the VZ
(Figure 12.C). Disruption of the basal membrane can increase neuronal migration so
that they accumulate on the pial surface (Figure 12.D). Intrinsic cellular defects such
as impaired ability of neurons to migrate to the CP can lead to delayed neuronal
migration (Figure 12.E). Defects can occur later in development with impaired
synaptogenesis, neurite extension and impaired connectivity with target cells (Figure

12.F) (Guarnieri et al., (2018).
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Figure 12. Normal cortical development and cortical development in disease
Brain regions are shown on the y-axis, Marginal zone (MZ), Cortical Plate (CP), Intermediate zone (1Z),
subventricular zone (SVZ), Ventricular zone (VZ). A. Radial glia are shown in white and undergo
symmetrical division to generate more neural progenitor cells, they also undergo asymmetrical cell
division to generate post-mitotic neurons. B. Dysregulated timing of the switch from symmetric to
asymmetric cell division can cause abnormal proliferation of neural progenitors, defects in progenitor
proliferation can also be caused by problems with mitotic spindle orientation. These defects in
progenitor proliferation can lead to increased or decreased production of neurons which can cause
megalencephaly or microcephaly. C., Neural proliferation, and migration can be impaired by
alterations in radial glia scaffolding, this can lead to neurons accumulating in the VZ. D. Disruption of
the basal membrane can increase neuronal migration so that they accumulate on the pial surface. E.
Intrinsic cellular defects such as impaired ability of neurons to migrate to the CP can lead to delayed
neuronal migration. F. Defects can occur later in development with impaired synaptogenesis, neurite

extension and impaired connectivity with target cells (Guarnieri et al.,2018).

Microtubules are key components of the cytoskeleton, interactions of actin filament
and microtubules determine the movement and organisation of dendritic and axonal
growth cones (Dent et al, 2003, 2011). During embryonic development, the
microtubule cytoskeleton plays an important role for neurons facilitating cell
division, migration, synapse formation, intracellular trafficking, and signal

transduction (Lasser et al.,, 2018). The DCX protein binds with microtubules to
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increase stability and alter the cytoskeleton, a process which enables neuronal

migration in the developing brain (Slepak et al., 2012).

1.2.4 Adult hippocampal neurogenesis

The hippocampus has a key role in short- and long-term processing of declarative
memory (memory of facts, data, events) and thus is important for learning and
memory formation (Castilla-Ortega et al., 2011). The presence or absence of
hippocampal neurogenesis in the adult human brain remains a heavily debated topic
(Sorrells et al., 2018, 2021, Moreno-liménez et al., 2021). However, in recent years,
strong evidence has emerged to support the persistence of adult hippocampal
neurogenesis (AHN) in humans, specifically in the sub granular zone (SVZ) and the DG
of the hippocampus (Figure 13.) (Boldrini et al., 2018; Moreno-Jiménez et al., 2019,
2021; Tobin et al., 2019). The generation of new neurons and glia in the adult
hippocampus during AHN is thought to play a role in the generation and maintenance
of hippocampal memories. Adult NSC in the mammalian SVZ retain the capacity to
self-renew, proliferate, and differentiate into a range of cell types (Gil-Perotin et al.,
2013; Alvarez-Buylla and Garcia-Verdugo, 2002; Kempermann, 2002). Throughout
life, neurons are added to the granular cell layer of the DG (Deng et al., 2010; Lazarov
and Hollands., 2017) and in AHN, new neurons generated within the SVZ of the DG
can be recruited for hippocampal-dependent learning (Ladrén de Guevara-Miranda
et al., 2018). Adult and embryonic neurogenesis both originate with NSC, the fate of

which is regulated by their local niche (Engler et al., 2018).
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Figure 13. Location of the hippocampus in the adult human brain

Figure 10 displays the location of the Hippocampus and was created using BioRender.com.

Neurodegenerative disorders commonly present with chronic inflammation and a
decline in the generation of functional neurons (Vivar, 2015; Frangois et al., 2013). In
mammals, hippocampal neurogenesis declines with age, and this decline is even
more significant in AD (Vivar, 2015; Moreno-liménez et al., 2019). Defective
neurogenesis occurring in the subgranular zone (SGZ) of the hippocampal DG has
been linked with memory loss and cognitive decline (Zaletel et al., 2018).
Upregulation of AHN has the potential to rescue cognitive impairments resulting
from age and AD and may be a therapeutic target for disease (Lazarov and Hollands.,

2016).

Various markers have been used to identify the presence or absence of neural stem
and progenitor cells in the human adult hippocampus, these markers include
doublecortin (DCX), a MAP expressed by NPC and immature neurons, prospero

homeobox 1 (Prox1) a transcription factor that is highly expressed in dentate granule
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cells of the DG (Karalay et al., 2007; Kempermann et al., 2004; Lavado and Oliver.,
2007) and polysialic acid—neural cell adhesion molecule (PSA-NCAM), a marker of
immature neurons which are developing and migrating, also used to identify
synaptogenesis. PSA-NCAM expression is retained by cells in the adult brain in
regions in which cells have the potential for functional and morphological changes
(Quartu et al., 2008). In 2019, Moreno-liménez et al., obtained healthy brain tissue
from human participants aged 43-89 and identified thousands of DCX positive
immature neurons in the DG of the hippocampus. A subset DCX+ cells expressed
immature neural markers PSA-NCAM and calretinin (CR), Prox1 expression was also
found in 91% of DCX+ cells which suggested these cells had acquired a dentate
granule cell (DGC) fate. CR is a calcium binding protein which is expressed in a range
of neuronal subtypes, it has a role in intrinsic neuronal excitability and in induction
of long-term potentiation (Camp and Wijesinghe., 2009). PSA-NCAM and CR are
transiently expressed by immature neurons (Moreno-Jiménez et al.,2019). In the
study carried out by Moreno-Jiménez et al., (2019), neural markers BlllI-tubulin,
neuronal nuclei (NeuN) and tau were also found in 40-60% of DCX+ cells and markers
of a more mature neural cell type such as Calbindin (CB) were found in approximately
40% of DCX+ cells. NeuN is a marker which is exclusively found in the nuclei of post-
mitotic neurons (Duan et al.,, 2015), BllI-tubulin is a cytoskeletal protein which is
expressed in the brain at relatively high levels and is expressed most highly during
development (Katsetos et al., 2003) and CB is a calcium binding protein that has a
vital role in neuronal plasticity and function. Cells expressing CB can be found in the
DG and CA1 of the hippocampus (Alkadhi., 2019; Westerink et al., 2012; Abraham et
al., 2009; Sloviter et al., 1989. Moreno-Jiménez et al., (2019) found that in healthy
brain tissue, expression of DCX declined as age increased from 40-90 years, indicating
a decline in AHN with age; they also reported a reported significant decline in the
number of DCX+ immature neurons in patients with AD compared with age-matched
controls, suggesting much greater decline in AHN occurs in patients with AD, which

may result from accelerated depletion of the neural stem cell niche. Interestingly, a

55



decline in the number of DCX+ immature neurons was seen in patients that were not
yet suffering from severe cognitive decline, indicating that mechanisms causing loss
off immature neurons begin to occur prior to the onset of severe symptoms of AD.
Moreno-Jiménez et al., (2019) also analysed the expression of markers related to
distinct stages in AHN in AD samples and detected reduced expression of PSA-NCAM,
Prox1, NeuN, BllI-tubulin and CB as disease progressed from Braak stage Il onwards,
indicating impaired maturation of DCX+ cells in AD. Tissue samples acquired for
histopathological analysis of AHN were obtained and processed within 38hrs post-
mortem and were sectioned rapidly on ice before fixation using 4% PFA. Many
previous studies investigating AHN in humans have been unsuccessful in detecting
immature neural cell types in the adult hippocampus. One possible reason for the
detection of immature neural cell types under these conditions is the rapid tissue
processing and the absence of freezing, paraffin inclusion or mechanical alteration of

tissue (Moreno-Jiménez et al., 2019).

In 2020, Scopa et al., reported a significant decline in the proliferation of adult neural
stem cells derived from the SVZ of Tg2576 transgenic mice aged 1.5 months. Tg2576
transgenic mice are an animal model of AD which overexpress an isoform of human
APP which contains a Lys670 = Asn, Met671 - Leu mutation. Tg2576 mice display
increased accumulation of AB, an increase in the ratio of AB42 to ABao, the presence
of amyloid plaques and cognitive memory deficits (Hsiao et al., 1996). At 1.5 months,
Tg2576 mice do not display AB accumulation nor symptoms of neurodegeneration,
however cells derived from these mice did display reduced olfactory bulb
neurogenesis and a reduction in their ability to differentiate into mature neurons.
This impaired neuronal maturation was proposed to be a result of tau-mediated and

microtubule hyperstabilization (Scopa et al., 2020).

Vacuolar sorting protein 35 (VPS35) is a component of retromer and a deficiency of
VPS35 has been linked with increased susceptibility to AD. Deficiency in VPS35 has
also been reported to lead to increased microglial activation and reduced adult

hippocampal neurogenesis (Appel et al., 2018). This indicates that microglial
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activation and reduced adult hippocampal neurogenesis may increase susceptibility
to AD. In PSEN1 NSCs, a decline in functional presenilin 1 results in suppression of
autophagy, along with reduced autophagosome formation and transcription factor
EB (TFEB) expression, this occurs in part via inhibition of y-secretase-independent
ERK/cAMP response element-binding protein (CREB) signalling and activation of
glycogen synthase kinase 3 beta (GSK3pB) (Chong et al., 2018).

In histopathological examination, post-mortem tissue samples from patients with
FAD displayed a trend towards a reduction in new-born neurons, indicative of altered
neurogenesis and premature ageing, they also displayed a trend towards increased

neurogenesis in patients who had a longer disease duration (Arber et al., 2021).

Arber etal., (2021) generated a 3D cerebral organoid and used cortical differentiation
to produce immature and mature neural cells for modelling of neurogenesis. In 2D
and 3D models of PSEN1 cortical differentiation, PSEN1 NSC were more predisposed
to undergo premature neurogenesis when compared with controls. Neural cultures
containing the PSEN1 mutation showed an increase in post mitotic neurons and a
reduction in progenitor cells (Arber et al., 2021). The PSEN1 mutations analysed
affect a domain of PSEN1 which enables docking of extracellular substrates
(Somavarapu and Kepp, 2016; Takagi-Niidome et al.,, 2015), these mutations may
reduce activity of y-secretase. Inhibition of y-secretase using DATPT in neural
precursor cells has been shown to result in cell cycle exit and terminal differentiation
to mature neurons (Borghese et al., 2010; Main et al., 2013; Woo et al., 2009). The
rate of neurogenesis is not significantly affected by inhibition of B-secretase with the
inhibitor LY2886721, indicating the importance of y-secretase in neural development

(Arber et al., 2021).

Dysregulation of neural precursor cell self-renewal and differentiation is a recurring
theme in cell and rodent models of AD (Appel et al., 2018; Scopa et al., 2020). AD
subtypes differ in aetiology but commonly present with impaired neurogenesis

resulting from either an increase or decrease in neural differentiation -in either case,
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impaired differentiation of neural precursors results in a loss of functional mature
neurons. Premature neural differentiation in particular, may be a trait that occurs
more commonly in neural cells containing PSEN1 mutations, these PSEN1 specific
effects may be due to the role of PSEN1 in activation of Notch signalling. FAD
mutations have been shown to reduce Notch signalling by reducing y-secretase
mediated Notch cleavage (Chdavez-Gutiérrez et al.,, 2012; Song et al., 1999) and
mutations in PSEN1 may drive premature neurogenesis in humans via reduced Notch
signalling (Arber et al., 2021). Analysis of gene expression data by Arber et al., (2021)
from the BrainSpan reference atlas indicated differences in spatiotemporal
expression of B and y-secretase subunits during human development, with
enrichment of PSEN1 and APHI1A in cells which were capable of self-renewal, and
enrichment of PSEN2 and APHIA in neurons that had undergone terminal
differentiation, this data indicates that PSEN1 gene expression plays a vital role in
early neural cell specification, and the reduced enrichment of PSEN1 seen by Arber
et al., (2021) in mature neurons indicates that loss of canonical PSEN1 signalling in
immature neurons may lead to their specification. Notch ligands and receptors were
shown to be enriched in the VZ and SVZ of the cortex during development, indicating
that Notch signalling was highest in neurogenic regions. NSC generally displayed
enrichment of Notch and y-secretase, whereas neurons displayed enhanced
expression of APP and B-secretase (Arber et al., 2021), this research indicates that
Notch and y-secretase play important roles during neural stem cell specification, and
that alterations in Notch signalling and in y-secretase function may lead to abnormal

neural specification and thus, abnormal AHN.

Yang et al., (2017) also showed premature neural differentiation in neural precursor
cells derived from patients with PSEN1 mutations S169del and A246E, along with
premature differentiation, neural precursors also displayed increased levels of AR,

phosphorylated tau, and apoptosis when compared with controls (Yang et al., 2017).

PSEN1 mutations may alter proliferation and differentiation of neural progenitor cells

via impaired abnormal Notch and Wnt signalling, leading to an altered balance
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between symmetric and asymmetric cell division. Effects of Notch and y-secretase
inhibition on the cell cycle were seen by Borghese et al., (2010) who found that
inhibiting y-secretase activity in NSC using N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT), resulted in delayed transition from G1 to S phase
and led to premature neural differentiation both in vitro and in vivo models

(Borghese et al., 2010).

Regulation of Notch signalling is critical during development. Notch signalling
determines the timing and duration of neural progenitor proliferation and
differentiation and thus plays a pivotal role in brain development (Hansen et al.,
2010). Notch signalling has also been shown to regulate neural rosette polarity, cell
polarity in basal and apical cells is necessary for stem cell maintenance and for neural
tube closure. Inhibition of Notch signalling resulted in a loss of neural rosettes and
premature neural differentiation (Main et al, 2013). Radial glia are specialised
progenitor cells which have long radial processes that enable them to guide new
neurons in radial migration from the ventricular zone to the mantle regions during
the expansion of the neural tube. Notch signalling is vital for the proliferation of radial
glia stem cells and is one factor in determining neuronal number in the mammalian
cortex (Fiddes et al., 2018). There are three human specific NOTCH2-derived genes
(NOTCH2NLA, NOTCH2NLB and NOTCH2NLC) which are highly expressed in human
cortical neural progenitor cells and may be candidates for 1g21.1 distal duplication/
deletion syndromes. These three paralogs of human specific NOTCH2NL are
expressed highly in radial glia (Fiddes et al., 2018). Duplications of notch related
genes lead to conditions such as macrocephaly and deletions lead to conditions such
as microcephaly. Data published by Fiddes et al., (2018) suggests that the emergence
of NOTCH2NL genes in humans may have led to the larger and more complex
neocortex seen in humans when compared with other primates (Fiddes et al., 2018).
This data indicates that enhanced Notch signalling prolongs cortical neurogenesis
and may delay differentiation of neural progenitors. Despite significant differences

in adult and embryonic neurogenesis, Notch signalling, and inhibitor of DNA-binding
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(ID) factors are vital to both processes (Boareto et al., 2017). Alterations to the y-
secretase complex caused by mutations in PSEN1 may also alter y-secretase cleavage
of its other substrates, this may contribute to the diversity in disease presentation

and cell behaviour seen as a result of different PSENI mutations (Arber et al., 2021).

It is not yet clear how significant human adult neurogenesis is in the context of health
and disease, but significant alterations in adult neurogenesis have been reported in
both human and animal models of AD (Arber et al., 2021; Moreno-Jiménez et al.,
2019; Sung et al., 2020; Teixeira et al., 2018). Premature AHN in AD may result in
depletion of NSC reserves, resulting in reduced capacity for regenerative repair and
accelerated cognitive decline. Notch and Wnt signalling are possible mechanisms to

investigate for modulation of AHN and reduction of disease progression in AD.

1.3 Unifying hypothesis

FAD mutations in PSEN1 lead to dysregulation of neural cell specification in vitro,

leading to depletion of neural stem cell reserves.

1.4 Aims

1. To generate an in vitro model of human adult neurogenesis which would be
used to investigate neural cell specification in FAD compared with controls.

2. To use gPCR and flow cytometry to investigate key pathways governing cell
specification in AD and control NSC.

3. To use RNA sequencing to identify the most significant changes in the AD
transcriptome during neural differentiation.

4. To validate RNA sequencing results using gPCR and flow cytometry.
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2.0 Materials

Materials were sourced as highlighted in table 1.

Table 1. Materials used, origin and catalogue number

Material Origin Catalogue
Number

Dulbecco’s Modified Eagles | Gibco BE12-614F

Medium (DMEM)

Foetal bovine serum (FBS) Fisher 11550356

Scientific UK
Dimethyl Sulfoxide DMSO Fisher BP231-100
Scientific UK

Penicillin/Streptomycin (P/S) | Lonza DE17-603E

antibiotics (100x)

Plasmocin (50mg) Invitrogen ant-mpp

L-Glutamine Lonza 17-605E

Human Embryonic Kidney cell | ATCC CRL-3216

line (HEK293T)

Trypsin/EDTA Lonza CC-5012

Plasmid pCMVR8.74 Addgene 22036

Plasmid pMD2.G Addgene 12259

StbI3™ Chemically Competent E. | Thermo C737303

coli Fisher

Plasmid Mini Kit QIAGEN 27104
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DMEM/F12 (1:1) Gibco, Life | 31331093
Technologies

Non-essential amino acids Life 1140050
Technologies

B27 (50x) Life 12587010
Technologies

N2 (100x) Life 17502048
Technologies

bFGF (100pg/mL) R&D systems | 233-FB-025

Heparin (2mg/mL) Sigma H3149

Knockout Serum Replacement Gibco, Life | 10828-028
Technologies

2-mercaptoethanol (BME) Sigma- 60-24-2
Aldrich

ROCK Inhibitor (Y-27632) Sigma- Y0503-1mg
Aldrich

Mitomycin C Calbiochem 475820

Matrigel® Matrix Corning® 11573560

Gelatin from porcine skin Sigma G1890

TrypLE™ Gibco™ 12604013

mTeSR™1 Basal Medium Stem Cell | 05851

Technologies
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mTeSR™1 5x Supplement Stem Cell | 05852
Technologies

Human iPSC-Derived Neural | Axol Ax0111

Stem Cells - Alzheimer's Disease | Bioscience

Patient (APOE4 HOM)

Human iPSC-Derived Neural | Axol Ax0112

Stem Cells - Alzheimer's Disease | Bioscience

Patient (PSEN1 L286V)

Human iPSC-Derived Neural | Axol Ax0113

Stem Cells - Alzheimer's Disease | Bioscience

Patient (PSEN1 M146L)

Human iPSC-Derived Neural | Axol Ax0114

Stem Cells - Alzheimer's Disease | Bioscience

Patient (PSEN1 A246E)

Human iPSC-Derived Neural | Axol Ax0115

Stem Cells - Alzheimer's Disease | Bioscience

Patient (PSEN2 N1411)

Human iPSC-Derived Neural | Axol Ax0019

Stem Cells (Healthy Female | Bioscience

donor)

Neural Plating XF Medium Axol Ax0033
Bioscience

NucBlue Invitrogen™ R37606

ISOLATE Il Genomic DNA Kit Bioline BIO-52065

63




Human Dermal Fibroblast | Lonza VVPD-1001
Nucleofector™ Kit
Nucleofector™ 2b Device Lonza AAB-1001
PCXLE-hOCT3/4-shp53-F Addgene 27077
PCXLE-hSK Addgene 27078
pCXLE-hUL Addgene 27080
pCXWB-EBNA1 Addgene 37624
Plasmid Midi Kit QIAGEN 12162
pLV-TetO-hNGN2-eGFP-Puro Addgene 79823
Anti-hSOX2 primary antibody R&D Systems | AF2018
Anti-hOCT3/4 primary antibody | R&D Systems | AF1759
Anti-Tra-1-18 primary antibody | R&D Systems | MAB8495
SQSTM1/p62 primary antibody | Abcam Ab56416
Anti-LC3 primary antibody NanoTools 0231-
100/LC35F10
Anti-LAMP1 primary antibody Abcam ab24170
Anti-alpha-SMA primary | Abcam ab5694
antibody
Anti-SOX17 primary antibody R&D Systems | AF1924
Anti- Beta-lll tubulin primary | Abcam ab18207
antibody
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Goat Anti-Rabbit IgG H&L (Alexa | Alexa Fluor® | ab150077
Fluor® 488)
Goat Anti-Mouse I1gG H&L (Alexa | Alexa Fluor® | ab150113
Fluor® 488)
Goat Anti-Mouse IgG H&L (Alexa | Alexa Fluor® | (ab175473)
Fluor® 568)
Donkey Anti-Goat 1gG H&L | Alexa Fluor® | ab175474
(Alexa Fluor® 568)
The Human Dermal Fibroblast | Lonza VPD-1001
(HDF) NucleofectorTM Kit
RNeasy Mini Kit Qiagen 74104
QlAshredder columns Qiagen 79656
RQ1 Rnase- Free Dnase Promega M6101
M-MLV enzyme and 5X reaction | Promega M5313
buffer
dNTPs (10mM each) Thermo 10610851
Scientific™
RNasin® Ribonuclease Inhibitor | Promega N2111
Random Primers Invitrogen™ 48190011
SensiFAST™ SYBR ® No-ROX Kit Meridian BIO-98020
Bioscience
(Bioline)
RNA 6000 Nano Kit Agilent 5067-1511
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Fixation buffer (4% PFA) BiolLegend 420801

Bovine Serum Albumin (BSA) Sigma- B6917
Aldrich

eBioscience™ Fixable Viability | Invitrogen 65-0865-14

Dye eFluor™ 780

Apotracker Green BiolLegend 427402

Dulbecco's Phosphate Buffered | Lonza BE17-512Q

Saline

DPBS (1X),9.5 mM PO4 without

Calcium or Magnesium, 1 L

eBioscience™ Propidium lodide | Invitrogen BMS500PI

Nestin  Monoclonal Antibody | Thermo MA1-110

(10C2) Fisher

Goat Anti-Mouse I1gG H&L (Alexa | Abcam ab175660

Fluor® 405)

2.1 Cell lines used

MEF feeder cells were purchased from Cambridge Bioscience (CBA-310).

Shef3 Human Embryonic stem cells (hESCs) were procured from the UK stem cell

bank (SCSC10-48).

control neonatal dermal fibroblasts (nhDF) were purchased from Fisher Scientific

(C0045C) and PromoCell (CAT NO).
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HEK293T cells were acquired from Dr Steve Howe — institute of child health, UCL.

PSEN1 A246E, PSEN1 M146L and control NSC were purchased from Axol Bioscience
(Ax0114, Ax0113 and Ax0019, respectively), NSC purchased from Axol Bioscience
were all purchased as iPSC derived neural stem cells which were generated from

patient fibroblasts.

PSEN2 N1411 (Ax0115) and APOE4 HOM NSC (Ax0111) had been purchased prior to
initiation of this project from Axol Bioscience (Ax0115) by a student in the McKay lab
group. Stores of these NSC were low as they had previously been passaged a number
of times and reprogramming of PSEN2 N141l mutation containing NSC was not
successful. Reprogramming of APOE4 HOM NSC (Ax0111) was successful in that iPSC
colonies were generated, (Figure 29) but these did not survive multiple passages. For
this reason, experiments to compare AD lines with controls were carried out using

the Axol Bioscience lines Ax0113, Ax0114 and Ax0119 (Table 1, Table 2).

Table 2. Information available on control and PSEN1 lines used.

Identifier Control PSEN1 A246E PSEN1 M146L
Product name ax0019 ax0114 ax0113
Gender Female Female Male

Age of donor | 64 31 53

(years)

Disease Healthy | clinically affected with AD

information

Age of onset of | N/A 45

AD
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APOE genotype | E3/E3 E3/E4 E2/E3

Karyotype Normal

Ethnicity Caucasian Caucasian

Reprogrammin | Episomal | Episomal vector Episomal vector

g method vector

HLA Serotype A2 A24, B18(Bw6) | A1 A3, B35(Bwb)
B44(Bw4), Cw2 Cw12 B47(Bw4), Cw4 Cwb6

Control ax0019 NSC purchased from AxolBioscience were de-differentiated to
produce iPSC and used as controls for comparison of PSEN1 lines purchased from the
same company. PSEN1 A246E NSC purchased from AxolBioscience were de-
differentiated to produce iPSC and were used throughout this project for
investigation of neural differentiation in neural cells containing the PSEN1 A246E
mutation. PSEN1 M146L NSC purchased from Axol Bioscience were de-differentiated
to produce iPSC and were used during the initial stages of this project for
investigation of neural differentiation in neural cells containing the PSEN1 M146L
mutation. iPSC generated from PSEN1 A246E were able to be expanded to a greater
degree than iPSC generated from PSEN1 M146L, this is not likely due to genotypic
differences between the two but was the main reason that the project later

progressed to focus on comparing controls against the PSEN1 A246E line only.

2.2 Plasmids used

pCXLE-hOCT3/4-shp53-F was a gift from Shinya Yamanaka (Addgene plasmid #
27077; http://n2t.net/addgene:27077 ; RRID:Addgene_27077)

pCXWB-EBNA1 was a gift from Shinya Yamanaka (Addgene plasmid # 37624 ;
http://n2t.net/addgene:37624 ; RRID:Addgene_37624)

68



pPCXLE-hUL was a gift from Shinya Yamanaka (Addgene plasmid # 27080 ;
http://n2t.net/addgene:27080 ; RRID:Addgene_27080)

pPCXLE-hSK was a gift from Shinya Yamanaka (Addgene plasmid # 27078 ;
http://n2t.net/addgene:27078 ; RRID:Addgene_27078)
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3.0 Methods

3.1 Cell culture methodologies

Cell culture methodologies were used to culture somatic cells, generate, and
propagate iPSC and to specify these to neural stem and progenitor cells for use in
downstream experiments to model and investigate FAD neural specification. GM
work was carried out according to the appropriate SOPs, COSHH and risk

assessments.

3.1.1 Expansion and culture of NSCs purchased from Axol Bioscience

AD and control NSCs were purchased from Axol Bioscience and were expanded to
generate small stores of NSC before being de-differentiated to iPSC. The lines

expanded were ax0019, ax0114 and ax0113 (Table 2).

AD and control NSC lines were revived into Neural Plating XF Medium onto plates
pre-coated with Matrigel. The following day, Neural Plating XF medium was replaced
with neural expansion medium (NEM) composed of DMEM/F12 (1:1) supplemented
with NEAA (1x), N2 (1x), B27 (1x), Pen/Strep (1x), Plasmocin (100ng/mL), bFGF
(20ng/mL) and Heparin (2ug/mL). Throughout NSC culture and expansion, NEM was
replaced every 2-3 days. When NSCs reached confluency, they were passaged using
TrypLE™ and plated in NEM + Rl onto Matrigel® coated plates. All cells were
incubated at 37°C and 5% CO..

3.1.2 Mitotic inactivation of MEFs for iPSC culture

Inactivated mouse embryonic fibroblasts (iMEFs) can be used as a feeder layer to
maintain stem cell pluripotency and to promote colony expansion, they are

inactivated using Mitomycin C.

Prior to plating MEFs, tissue culture flasks were coated with 0.1% Gelatin (0.1%
Gelatin in ddH,0) for a minimum of 20 minutes at room temperature. Gelatin was

removed before cells were plated and cultured in complete DMEM (DMEM
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(4500mg/L glucose), 10% FBS (v/v), L-Glutamine (4mM), supplemented with 1x (v/v)
non-essential amino acids and with (1x) Penicillin/Streptomycin) which was replaced

on alternate days.

When MEFs reached 85-90% confluency, 150uL/cm? of TrypLE was used to
enzymatically disrupt the cells which were centrifuged at 258 x g for 5 minutes and
then resuspended in the volume of complete DMEM required to passage them in the

ratio 1:4 onto Gelatin coated flasks.

When MEFs reached 85-90% confluency at passage 4 (P4), they were mitotically
inactivated to generate iMEFs. Mitotic inactivation of MEFs was achieved by
incubation in complete DMEM with Mitomycin C (0.1pug/ulL) for 3 hours at 37°C. After
mitotic inactivation was complete, the now inactivated MEFs (iMEFs) were washed
three times in 10mL of Dulbecco’s Phosphate Buffered Saline (DPBS) and then were

enzymatically disassociated from the flask using TrypLE.

iIMEFs were centrifuged and resuspended in freezing media (FBS supplemented with
10% Dimethyl Sulfoxide (DMSO)) at a density of ~5 x 106 cells/mL. iMEFs were stored
at -80°C and defrosted when required for use in culturing induced pluripotent stem
cells (iPSC). For use as a feeder layer in culture of iPSCs, iMEFs were seeded at a
density of 5 x 104 cells/cm? onto cell culture flasks/ plates which had been coated in

0.1% Gelatin.

3.1.3 Reprogramming NSCs

NSC purchased from Axol Bioscience and expanded (3.1.1) were de-differentiated to
generate larger stores of control iPSC and iPSC containing the PSEN1 A246E and
PSEN1 M146L mutations. NSC were nucleofected with reprogramming factors and
shortly after, plated onto iMEFs (3.1.2) for de-differentiation to iPSC, during which

they were cultured in human embryonic stem cell (HESC) media.

HESC Media was made up of DMEM F12 supplemented with components required
for expansion of ESC and iPSC (Table 3).
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Table 3. The composition of HESC media

Component Percentage (%)
DMEM F12 77.88

FBS 20

BME 0.02

P/S 1

Plasmocin 0.1

NEAA 1

An EBNA based system was used for cellular reprogramming of somatic cells to iPSC.
This EBNA based system consisted of the episomal plasmids pCXLE-hSK (Addgene ID
27078), pCXLE-hUL (Addgene ID 27080), pCXLE-hOCTshp53 (Addgene ID 27077)
which enable integration-free, episomal expression of human pluripotency factors
OCT3/4, SOX2, KLF4, L-MYC and LIN28. Alongside plasmids used for expression of
pluripotency factors, the plasmid pCXLE-EBNA1 (Addgene ID 37624) was used to
enhance transfection efficiency and expression of pluripotency factors. NSCs were
plated into a T25 pre-coated with Matrigel and were expanded until they reached
90% confluency. NSCs were then enzymatically disrupted using TrypLE™,
resuspended in DPBS, then centrifuged at 146 x g. Media was aspirated off and pellet
was resuspended in 100ul of electroporation buffer (from a Nucleofector™ Kit)
supplemented with 2ug of each episomal plasmid; pCXLE-hSK (Addgene ID 27078),
pCXLE-hUL (Addgene ID 27080), pCXLE-hOCTshp53 (Addgene ID 27077), pCXLE-
EBNA1 (Addgene ID 37624) (the EBNA based system). The cells, electroporation
buffer and plasmids were transferred to an electroporation cuvette and
electroporated using programme A-033 on the Nucleofector™ 2b Device.

Nucleofected cells were then transferred into 2ml NEM + Rl in one well of a 6 well

72



plate pre-coated with Matrigel. NEM was replaced every 2 days until day 8 when
3x10* nucleofected cells were plated onto one well of a 6 well plate pre-seeded with
iIMEFs. Media was changed to HESC + FGF 1 day after plating to MEFs and was
replaced every 2 days. HESC was composed of DMEM/F12, supplemented with 10%
knockout serum (KSR), 1% non-essential amino acids (NEAA), 0.2% mercaptoethanol,
1% P/S, 0.1% Plasmocin. 2-3 weeks after plating to MEFs, colonies were picked using
a p200/p1000 sterile pipette and plated onto new iMEFs, this was repeated each time

iPSC reached confluency.

3.1.4 Trilineage differentiation

iPSC pluripotency was confirmed by differentiation to all three germ layers, to carry
out trilineage differentiation, iPSC on feeder cells were disrupted using a p200 or
p1000 pipette and plated onto one well of a 6-well plate pre-coated with Matrigel in
mTeSR™1 media. When feeder free iPSC reached 70% confluency, they were
enzymatically disrupted using TrypLE™, centrifuged at 146 x g for 8 minutes and
plated in suspension onto plates with no charge in HESC and RI. After eight days of
culture in HESC, cells were plated onto Nucleon™ Delta positively charged plates,
cultured in DMEM, supplemented with 10% FBS, 100x Penicillin/Streptomycin
antibiotics and 4mM L-Glutamine, herein after referred to as complete DMEM
(cDMEM). Cells from each of the three germ layers were formed after 6-8 days and
immunostaining was used to assess differentiation; SOX17 was used as marker of
endoderm, a-SMA as a marker of mesoderm and B-Ill tubulin was used to stain for

cells of ectoderm lineage.

3.1.5 Culture and expansion of induced pluripotent stem cells (iPSC)

and human embryonic stem cells (hESC)

For continued culture and expansion, iPSC and hESC, can be cultured on feeders (for
example iMEFs) or can be cultured without feeders (feeder free). For reprogramming

and the initial few weeks after generation of iPSC, iPSC were cultured on iMEFs to
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allow for stabilisation and expansion of colonies before transfer to feeder free

culture.

iMEFs were seeded on Nucleon™ Delta plates pre-coated with Gelatin. After a
minimum of 5 hours post plating iMEFs, iPSC lines were plated onto the iMEFs and
cultured in HESC + FGF2. Throughout iPSC culture and expansion, media was replaced
every 2 days. When iPSC reached confluency, they were disrupted using a p200
sterile pipette tip, plated onto new iMEFs and cultured in HESC + FGF2. Cells were
incubated at 37°C and 5% CO..

3.1.6 Feeder free culture and expansion of hESC/iPSC

After stabilisation and expansion of iPSC and hESC colonies on iMEFs, iPSC/hESC were
transferred to feeder free culture. Stem cells were picked and plated onto Matrigel®
Matrix in mTeSR medium, composed of mTeSR™1 Basal medium and mTeSR™1 5x
Supplement. When iPSC/hESC cultured feeder free required passaging, they were
enzymatically disrupted using TrypLE™ and plated onto Matrigel coated plates in
mTeSR medium with 0.1% rock inhibitor (RI). The following day medium was replaced

with fresh mTeSR.

3.1.7 Neural differentiation of human ESC and iPSC to NSC and NPC

iPSC were cultured feeder free on Matrigel coated plates, then enzymatically
disrupted and plated into neural induction medium (NIM), composed of DMEM/F12
(1:1) supplemented with NEAA (1x), N2(1x), Pen/Strep (1x), Plasmocin (100ng/mL),
bFGF (20ng/mL) and Heparin (2ug/mL). iPSC in NIM were then plated at a density of
1x10* into a Nunc 96 V bottom well plate. Neuroepithelial clusters formed in
suspension and media was replaced every day for 5 days. On day 6, aggregates were
re-plated to Matrigel® coated 6-well cell culture plates to allow neural rosette
formation (2-3 days). Rosette clusters formed (NSCs) and were picked using a
p200/p1000 pipette tip for continued culture. To generate NPC, rosette clusters were

resuspended in Neural expansion media (NEM) composed of DMEM/F12 (1:1)
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supplemented with NEAA (1x), N2(1x), B27 (1x), Pen/Strep (1x), Plasmocin
(100ng/mL), bFGF (20ng/mL) and Heparin (2ug/mL) and plated onto Matrigel®
coated cell culture plates. NPCs were then expanded as a monolayer culture on

Matrigel® coated plates.

3.1.8 Generation of neurospheres

iPSC cultured feeder free on Matrigel® coated plates were enzymatically disrupted
and plated into neural induction medium (NIM) composed of DMEM/F12 (1:1)
supplemented with NEAA (1x), N2(1x), Pen/Strep (1x), Plasmocin (100ng/mL), bFGF
(20ng/mL) and Heparin (2ug/mL). iPSC in NIM were then plated at a density of 1x10*
into a Nunc 96 V bottom well plate. Neuroepithelial clusters formed in suspension

and media was replaced every day for 5 days, from then on.

3.1.9 Terminal differentiation

NPC generated from the neural differentiation protocol detailed in 3.1.7 were
cultured in NEM composed of DMEM/F12 (1:1) supplemented with NEAA (1x),
N2(1x), B27 (1x), Pen/Strep (1x), Plasmocin (100ng/mL), bFGF (20ng/mL) and Heparin
(2ug/mL) and plated onto Matrigel® coated plates at low density to encourage neural

differentiation.

3.2 Bacterial work

3.2.1 Increasing stocks of episomal plasmids for reprogramming

Stocks of the EBNA based episomal plasmids used for reprogramming pCXLE-hSK
(Addgene ID 27078), pCXLE-hUL (Addgene ID 27080), pCXLE-hOCTshp53 (Addgene ID
27077) were maintained using StbI3™ Chemically Competent E. coli bacteria. The
StbI3™ chemically competent cells were transformed with plasmid, expanded and

then plasmid DNA was isolated using the Plasmid Midi kit by Qiagen.
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3.2.2 Bacterial transformation

S.0.C medium was warmed to room temperature and selective plates were warmed
to 37°C in an incubator for 30 minutes. One vial of One Shot™ StbI3™ chemically
competent cells was thawed on ice for each transformation. 100ng of plasmid DNA
was added into one vial of comp cells and mixed gently, the mixture was incubated
on ice for 30 minutes to enable DNA entry into cells. The cells were then heated to
42°C for 45 seconds (heat shock) to close the pores of the membrane with the DNA
insert inside, after which the cells were placed on ice for 2 minutes. 250 pL of S.0.C
medium was added to each vial and the vials were shaken horizontally at 37°C for 1
hour at 225 rpm in a shaking incubator. 25-100 pl from each transformation were
streaked on a pre-warmed selective plate and incubated overnight at 37°C. Colonies

were selected and isolated using the Plasmid Midi Kit by Qiagen.

3.2.3 Plasmid isolation

The Plasmid Midi kit by Qiagen was used to isolate plasmid DNA from transformed
bacterial cells. After transformed StbI3™ chemically competent cells were streaked
on selective plates and incubated overnight at 37°C, a single colony was picked and
used to inoculate 2-5mL of LB medium containing a selective antibiotic. The colony
in LB medium was incubated for approximately 8 hours at 37°C with vigorous shaking
(approximately 300 rpm). The starter culture was diluted 1/500 to 1/1000 into
selective LB medium depending on whether the plasmid was high or low copy and

was grown for 12-16 hours at 37°C with vigorous shaking (approximately 300 rpm).

Bacterial cells were then harvested by centrifugation at 6000 x g for 15 minutes at
4°C. Bacterial pellets were resuspended in 4ml of Buffer P1, buffer P2 was then
added, mixed thoroughly, and incubated at room temperature for 5 minutes. To
precipitate DNA, 4ml of Buffer P3 (chilled) was added, mixed and the resulting
solution was incubated on ice for 15 minutes. The solution was centrifuged at
220,000 x g for 30 min at 4°C and the supernatant containing plasmid DNA was

promptly removed. A QIAGEN-tip 100 was equilibrated by applying 4 ml of Buffer
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QBT and allowing the column to empty by gravity flow. The supernatant from step 8

was applied to the QIAGEN-tip which was allowed to enter the resin by gravity flow.

The QIAGEN-tip was washed with 2 x 10 ml Buffer QC. DNA was eluted with 5 ml of

Buffer QF and was then precipitated by adding 3.5 ml of room-temperature

isopropanol to the eluted DNA. The solution was mix and centrifuged immediately at
215,000 x g for 30 minutes at 4°C and supernatant was carefully decanted. The DNA
pellet was washed with 2ml of room temperature 70% ethanol and centrifuged at
215,000 x g for 10 min. The supernatant was then carefully decanted without
disturbing the pellet. The pellet was air-dried for 5-10 min, and the DNA was then
redissolved in a suitable volume of buffer (TE buffer, pH 8.0, or 10 mM Tris-Cl, pH

8.5). DNA yield was determined using spectrophotometry.

3.3. Immunostaining

Immunostaining was used to validate the pluripotency of iPSC produced. Unless

otherwise specified, steps were carried out at room temperature.

Cells were washed with PBS and fixed in 4% paraformaldehyde for 10 minutes. Cells
were then permeabilised with 0.3% Triton X-100 in PBS for 10 minutes.
Permeabilization was not carried out when staining for cell surface proteins. Cells
were washed again with PBS and then blocked in blocking buffer for 60 minutes.
Blocking buffer consisted of 2% BSA and 0.1% Tween 20 in PBS. Cells were then
incubated in blocking buffer with primary antibodies at 4°C overnight. After
incubation with primary antibodies, cells were washed with PBS and incubated in
blocking buffer with the appropriate Alexa Fluor conjugated secondary antibodies for
1 hour in the dark at room temperature. Fluorescence was detected using
fluorescence microscopy (Leica live cell imaging microscope). Primary and secondary

antibodies and concentrations used are displayed in tables 3 and 4.
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Table 4. Primary antibodies and concentration used for immunocytochemistry

(1cc).

Primary antibodies Concentration
Anti-hSOX2 primary antibody 2ug/ml
Anti-hOCT3/4 primary antibody 1pg/ml
Anti-Tra-1-18 primary antibody 2.5ug/ml
SQSTM1/p62 primary antibody 1pg/ml
Anti-LC3 primary antibody 2pg/ml
Anti-LAMP1 primary antibody 2.5ug/ml
Anti-alpha-SMA primary antibody 1pg/ml
Anti-SOX17 primary antibody 1pg/ml

Anti- Beta-Ill tubulin primary antibody 1pg/ml

Table 5. Secondary antibodies and concentration used for immunocytochemistry

(icc).
Secondary antibodies Concentration
Goat Anti-Rabbit 1gG H&L (Alexa Fluor® 488) 4ug/ml
Goat Anti-Mouse IgG H&L (Alexa Fluor® 488) 4ug/ml
Goat Anti-Mouse IgG H&L (Alexa Fluor® 568) 4ug/ml
Donkey Anti-Goat IgG H&L (Alexa Fluor® 568) 4ug/ml
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3.4 Molecular work

All plastics and nuclease free water were subjected to UVC-light prior to use in

molecular work to reduce the risk of DNA contamination in samples.

3.4.1 Isolation of genomic DNA

The ISOLATE Il Genomic DNA Kit is a column-based method which was used for
isolation of genomic DNA from control and AD iPSC lines. iPSC were expanded on a
feeder layer of inactivated mouse embryonic fibroblasts (iMEFs) until they reached
80-90% confluency. Colonies were then picked using a p200/p1000 pipette tip and
re-suspended in lysis buffer GL. Proteinase K solution and lysis buffer G3 were added,
and the sample was incubated at 70°C. 96-100% ethanol was added to adjust DNA
binding conditions and the sample was vortexed. DNA was bound to the silica
membrane of a spin column and washed using wash buffers GW1 and GW2. The silica
membrane was then dried, and DNA was eluted using elution buffer pre-heated to
70°C. DNA samples were checked for quality based on their 260/280 ratio being
around 1.8 (samples were discarded if their 260/280 ration was not between 1.7-

2.0).

3.4.2 DNA sequencing of AD iPSC

Forward and reverse primers were designed specific to the site of each mutation and

were used to sequence these genomic regions for verification of AD iPSC.

Table 6. Forward and reverse primers designed for verification of AD mutations.

Mutation/Allelic Variation PSEN1 A246E PSEN1 M146L

Forward Primer TGGAATTTTGGTGTGG | GGAGGTGGTAATGTGGTT
TGGG GGT

Reverse Primer CAGTGGGGCATTCCTG | ATGCTCACCTTATAGCACCT
TGAC GT
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3.4.3 Isolation of RNA

The RNeasy® Mini Kit is a column-based method that was used to isolate RNA from
control and PSEN1 NSC and neurospheres for transcriptome-based investigation of
neural differentiation in disease. P2 and P3 NSC were expanded on Matrigel® Matrix
coated plates until they reached 80-90% confluence. Approximately 1 x 10 NSC were
enzymatically dissociated from the plates using TrypLE™ and centrifuged at 258 x g
for 5 minutes. Supernatant was removed and the cell pellet was resuspended in
DPBS. Cells were centrifuged again at 258 x g for 5 minutes to form a pellet.
Supernatant was removed and cells were resuspended in 350l of Buffer RLT. Cells
in RLT were transferred to a Qiagen QlAshredder column for homogenisation (cells
were passed through the column using centrifugation at maximum speed for 2
minutes). Post homogenisation, 350ul of 70% ETOH was added to the flow-through
to aid precipitation of RNA. 700ul of sample was then transferred to a RNeasy Mini
spin column placed in a 2ml collection tube and centrifuged at >8000 x g for 15
seconds to bind total RNA -flow through was discarded. Total RNA bound to the spin
column membrane was washed using 700ul of buffer RW1 (centrifuged at 28000 x g
for 15 seconds), 500ul of buffer RPE (centrifuged at 28000 x g for 15 seconds) and
then 500ul of buffer RPE (centrifuged at 28000 x g for 2 minutes). After washes with
buffers RW1 and RPE, the RNeasy spin column was then placed in a new 2ml
collection tube and centrifuged at full speed for 1 minute to dry the membrane. RNA
was eluted into a new 1.5ml collection tube using 30ul of RNase-free water pipetted
directly into the centre of the spin column (centrifuged at 28000 x g for 1 minute). All

RNA samples were stored at -80°C.
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3.4.4 Determination of RNA concentration and purity

A NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer was used after
each RNA isolation to determine concentration and sample purity. All RNA samples
used had a 260/230 ratio in the range 2.0-2.2 and a 260/280 ratio in the range 1.9-
2.2.

3.4.5 DNAse treatment of RNA

The RQ1 RNAse-Free DNase is a DNase | (endonuclease) that was used to degrade
both double-stranded and single-stranded DNA in all RNA samples prior to RT-PCR.
DNase digestion was carried out to prevent genomic contamination in RNA samples

prior to generation of cDNA.

1ug of each RNA sample (1-8ul) was treated with 1pul (1 unit/pug of RNA) of RQ1
RNAse-Free DNase and 1ul of RQ1 DNase buffer (total solution was made up to 10ul
using nuclease free water). Post incubation of RNA with DNase at 37°C for 30
minutes, 1l of RQ1 DNase Stop Solution was added and the mixture was heated to

65°C for 10 minutes to terminate the reaction.

3.4.6 Generation of first strand cDNA for two-step RT-gqPCR

Post treatment with DNase, RNA was reverse transcribed to generate
complementary DNA (cDNA) for investigation using quantitative polymerase chain
reaction (QPCR). Each RNA sample was separated into two: A and B. A underwent
reverse transcription using the enzyme M-MLV reverse transcriptase (RT) and B was

maintained as a no-RT control.

For first-strand cDNA synthesis, 1ug of total RNA was added to 0.5ug of random
primers and made up to 15ul with nuclease free water. To break up the secondary
structure within the template strand, samples were heated to 70°C for 5 minutes,
then cooled immediately on ice to prevent reformation of the secondary structure.
In this order, the following components were added to the reaction: 5ul of M-MLV

5X reaction buffer, 5ul of dNTPs (10mM), 0.6ul of Recombinant RNasin®
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Ribonuclease Inhibitor (25 units), 1ul of M-MLV reverse transcriptase (200 units) and
nuclease free water, which was used to make the solution up to 25ul. Samples were
incubated for 1 hour at 37°C to allow for first-strand cDNA synthesis to take place
and then stored at -20°C. Second strand cDNA synthesis for each sample took place

using forward PCR primers during the first amplification cycle of PCR.

3.4.7 Selecting primers for qPCR

Primer sequences were taken from peer reviewed publications and tested for

efficiency. Primers sets used for qPCRs were between 90-110% efficient.

Multiple housekeeping genes (Table 7.) were selected based on the stability of those
genes in AD. Penna et al., (2011) evaluated common housekeeping genes used for
normalisation during qPCR using human post-mortem brain samples from AD
patients and controls. Genes CYC1 (Cytochrome cl) and EIF4A2 (eukaryotic
translation initiation factor 4a2) were found to be the most stable between AD and
control samples. In a later assessment of brain reference genes for RT-PCR studies in
human neurodegenerative studies, UBE2D2 and RPL13 were reported to be the most
stable reference genes in both the cerebellum and prefrontal cortex (Rydbirk et al.,

2016).

Table 7. qPCR primers for housekeeping genes.

Gene Forward Primer Sequence 5-3’ Reverse Primer Sequence 5-3’

UBE2D2 | TGCCTGAGATTGCTCGGATCT TCGCATACTTCTGAGTCCATTCC

RPL13 CCTGGAGGAGAAGAGGAAAGAGA | TTGAGGACCTCTGTGTATTTGTCAA

EIF4A2 AATTCCGGTCAGGGTCAAGTC GCCACACCTTTCCTCCCAAA

CYc1 GAGGTGGAGGTTCAAGACGG TAGCTCGCACGATGTAGCTG

gPCR primers (
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Table 8) used for investigation of neural differentiation capacity in PSEN1, and control
neural cells were selected to investigate a range of different pathways. Genes AXN2,
LEF1, B-catenin and GSK3B are associated with canonical Wnt signalling (Rapp et al.,
2017) (1.2.2). Using qPCR, expression of these genes was compared in PSEN1 and
control NSC and neurospheres to investigate alterations to Wnt signalling in AD
(Figure 56). Genes Notchl and Jagged1 are associated with Notch signalling (Wolfe.,
2020; Medoro et al., 2018; Haapasalo and Kovacsb., 2011) (1.1.8) and their
expression was compared in PSEN1 and control NSC and neurospheres to investigate
Notch signalling in AD. Genes CSNK1G2, CDH20, ACTG2 and FZD9 are associated with
Whnt signalling pathways (Rapp et al., 2017) (1.2.2) and were shown to be significantly
dysregulated (p<0.05) in RNA sequencing data as PSEN1 NSC matured from P2 to P3.
gPCR was used to validate the changes seen in RNA sequencing data (Figure 91).
Genes JAG2, HEY1, RFNG were significantly dysregulated during PSEN1 neural
differentiation (p<0.05) in RNA sequencing data and are associated with Notch
signalling pathways (Wolfe., 2020; Medoro et al., 2018; Haapasalo and Kovacsb.,
2011) (1.1.8). gPCR was used to validate the changes seen in RNA sequencing data
(Figure 92). Genes LC3, MTOR, Beclinl are associated with autophagy (Tooze and
Yoshimori, 2010; Kiriyama and Nochi, 2015) (5.1.4), thus their expression was
measured in PSEN1 and control NSC and neurospheres to investigate regulation of
autophagy in AD. NQO1, NRF2, STAT3, NFKB1 are genes associated with the
antioxidant response and inflammation (Liu et al., 2016) (5.1.4). Their expression was
analysed in PSEN1 and control NSC to investigate inflammation and antioxidant
response pathways in AD (Figure 57). Genes SOX2 and NES are expressed by
immature neural cells. Expression of SOX2 and NES declines as NSC specify to neurons
at which point MAP2 expression is upregulated (FitzPatrick et al., 2017). Expression
of SOX2, Nestin and MAP2 was compared between PSEN1 and control NSC to

determine whether the rate of neural specification was altered in AD NSC (Figure 58).

Table 8. gPCR primers used for investigation of AD neurogenesis.
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Gene Forward Primer Sequence 5-3’ Reverse Primer Sequence 5-3’
AXIN2 TACACTCCTTATTGGGCGATCA TTGGCTACTCGTAAAGTTTTGGT
LEF1 TGCCAAATATGAATAACGACCCA GAGAAAAGTGCTCGTCACTGT
B- CATCTACACAGTTTGATGCTGCT GCAGTTTTGTCAGTTCAGGGA
catenin
GSK3B AGACGCTCCCTGTGATTTATGT CCGATGGCAGATTCCAAAGG
Notchl | CAATGTGGATGCCGCAGTTGTG CAGCACCTTGGCGGTCTCGTA
Jaggedl | CGGGATTTGGTTAATGGTTATC ATAGTCACTGGCACGGTTGTAGCA
C
LCc3 GAGAAGCAGCTTCCTGTTCTGG GTGTCCGTTCACCAACAGGAAG
NRF2 CAGCGACGGAAAGAGTATGA TGGGCAACCTGGGAGTAG
Keap1 GGCTGTCCTCAATCGTCTCC TCTGTTTCCACATCGTAGCG
MAP2 CTCAGCACCGCTAACAGAGG CATTGGCGCTTCGGACAAG
SOX2 GACCAGCTCGCAGACCTACAT TGGAGTGGGAGGAAGAGGTA
NES GGCAGCGTTGGAACAGAG CATCTTGAGGTCGCCAGCT
(Nestin)
Beclinl | ACCGTGTCACCATCCAGGAA GAAGCTGTTGGCACTTTCTGT
NFKB1 TGCCAACAGATGGCCCATAC TGTTCTTTTCACTAGAGGCACCA
STAT3 CATATGCGGCCAGCAAAGAA ATACCTGCTCTGAAGAAACT
NRF2 CAACTACTCCCAGGTTGCCC AGT GAC TGA AAC GTA GCC GAA
NQO1 GGGCAAGTCCATCCCAACTG GCAAGTCAGGGAAGCCTGGA
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MTOR GGGTCAGAGAGTGGCCTTCAA ATGCTGTCCCTGGTCCTTATG
Notch1 CAATGTGGATGCCGCAGTTGTG CAGCACCTTGGCGGTCTCGTA
FZD9 TGCTCACCTTCTTGCTGGAG GCCAGCGAGTAGACGTTGTA
CSNK1G

AAGGAGCGGTACCAGAAGATCG
2 GAAGAGCTTCCGCAGGTAGTCA
CDH20 GGGACCGACCCTTTGTATGTC CGATGGTAAACACGATGCCAG
ACTG2 GCGTGTAGCACCTGAAGAG GAATGGCGACGTACATGGCA
NCOR2 AAGCAGCGAGCGGCTGCCAT TGCTGAGGGGCGTCGCTCTC
RFNG TGCTGCTGCGTACCTGGATCTC ACAGCAGAGCAATTGGTGTTGA
HEY1 GCTGGTACCCAGTGCTTTTGAG TGCAGGATCTCGGCTTTTTCT
JAG2 AGCCATGCCTTAACGCTTTT CACACACTGGTACCCGTTCA
CHAC1 GGTGACGCTCCTTGAAGATCAT TCAGTGGTTGGTCAGGAGCAT
NCOR2 GGGTAAATATGACCAGTGGGAAGA | TGGCATTCAGAGGGTTAAAAGC

G

3.4.8 Calculating primer efficiency

To determine primer efficiency before use in gPCRs, a standard curve was performed
for every new primer set. cDNA samples used for primer efficiency tests were
generated from RNA taken from NSCs or NPCs to ensure primers were performing
between 90-110% efficiency when using RNA from relevant cell types. The standard
curve was performed using serial dilutions of cDNA sample containing a minimum of
five points. All cDNA samples investigated using qPCR were diluted 1:10 so to ensure
efficiency at this dilution, this point was included in all primer efficiency tests. For the

majority of primer efficiency tests, cDNA was diluted 1:10, 1:50, 1:100, 1:200, 1:300,
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1:400 and each cDNA dilution was measured in triplicate. To calculate % primer

efficiency, average cycle threshold (Ct) values were calculated from the triplicate

measures and plotted against the log of each sample dilution as a scatter plot.

Table 9. Example of average Ct values measured using primers designed to detect

transcripts generated from the housekeeping gene UBE2D2.

Average Ct values | Dilution Sample Quantity | Log (Sample
Quantity)

22.51 1:10 0.1 -1.00

25.84 1:100 0.01 -2.00

26.64 1:200 0.005 -2.30

27.89 1:400 0.0025 -2.60

28.84 1:800 0.00125 -2.90

Sample quantity was calculated based on cDNA dilution. Log (sample quantity) was

plotted against Average Ct values on a scatter plot, a trendline was added and was

used to find the equation of the line (y=m x + c) where m is the slope and c is the y-

intercept.
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Primer Efficiency Scatter Plot
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Figure 14. Primer efficiency scatter plot

Average Ct values measured for dilutions of cDNA were plotted against Log (Sample Quantity) to
produce a trendline and generate the slope value from the equation y = m x + c (where m is the

slope and c the y-intercept).

The slope value was then inputted into the following equation to calculate primer

efficiency: Primer Efficiency (%) = (10~ (-1/slope value)-1) *100

Primer sets which did not fall within 90-110% efficiency at the desired conditions

were discarded.

3.4.9 gPCR based investigation of transcriptomic differences between

control and PSEN1 neural cells

Transcriptomic changes in control and AD neural lines were investigated using
guantitative polymerase chain reaction (qPCR). gPCR analysis was carried out using
the SensiFAST™ SYBR ® No-ROX Kit alongside the CFX Connect Real-Time PCR

Detection System by Bio-Rad (used as per the manufacturer’s instructions).

A master mix was made up for each experiment based on how many wells were
required, there was a separate master mix made up for each primer set used. The

master mix included forward and reverse primers, SensiFAST™ SYBR ® No-ROX and
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nuclease free water. 9ul of the master mix was pipetted into each well of a 96 well
PCR plate, then 1l of the required cDNA (diluted 1:10) was added to each well. The
composition of each well of a 96 well PCR plate was the same when run on the CFX
Connect Real-Time PCR Detection System by Bio-Rad (Table 10. The components of
each well of a 96 well PCR plate.). No RT controls were used for every DNA sample to
ensure no amplification of undesired products and no template controls (NTCs) were
run in triplicate for each primer set (taken from every master mix) to ensure no
contaminating DNA was present in the master mix. If contamination was found to be
present in the NTC wells, results were discarded, and the experiment repeated. All
gPCRs were carried out using the same cycling parameters (Table 11. qPCR cycling

parameters) with the same melt curve settings (Table 12. gPCR melt curve settings).

Table 10. The components of each well of a 96 well PCR plate.

Per well (total 10ul) Volume
(ul)
cDNA 1
Forward primer (10uM) 0.3
Reverse primer (10uM) 0.3
SensiFAST™ SYBR © No-ROX 5
Nuclease free water 34

All gPCRs were carried out using the following cycling parameters on the CFX Connect

Real-Time PCR Detection System by Bio-Rad.
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Table 11. qPCR cycling parameters

qPCR Step Temperature | Time Cycles
Cycling (°C)
Parameters
Hot start 95 10 minutes 1
Denaturation | 95 15 seconds 39
Annealing/ 60 1 minute
Extension

Table 12. qPCR melt curve settings

Melt Curve Temperature (°C) Time
From 65°C to |95 10 seconds
95°C in

65 5 seconds

increments  of

0.5°C

Increment 0.5

3.4.10 Delta Delta Ct method to calculate fold change gene expression

The Delta-Delta Ct method published by Livak and Schmittgen (2001) was used to
calculate fold change gene expression between samples. This method allowed for
analysis of PSEN1 NSC gene expression relative to controls. To begin the Delta-Delta
Ct Method, Ct values for technical replicates were averaged, then to calculate delta

Ct for the averaged Ct values, the following formula was used:

Delta Ct = Average Ct (gene of interest) — Average Ct (housekeeping gene).
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The biological replicates of the control group were averaged to create a ‘control
Average’ and this control Average was used as a calibrator. As all results were
calibrated using the control Average, results are presented relative to the control

Average Ct values. To calculate Delta-Delta Ct the following formula was used:
Delta Delta Ct = Delta Ct (Sample) — Delta Ct (control Average)

After calculation of Delta-Delta Ct, fold gene expression values were calculated, using

the following formula:

Fold gene expression = 2" -(Delta Delta Ct)

3.4.11 Statistical analysis of results

All statistical analyses of results were carried out using GraphPad Prism 9.2.0.

Normality tests were used to determine whether data was normally distributed. For
parametric data, unpaired students t-tests were used to calculate p-values and

determine significance.

For qPCR results, 2”-Delta- Delta Ct values were used for statistical analysis.

3.5 Flow cytometry

3.5.1 Analysis of OCT4 expression in PSEN1 and control iPSC using flow

cytometry

Flow cytometry was used to further validate the pluripotency of PSEN1 and control
iPSC. All centrifugation steps took place at 300 x g for 3 minutes. Wash steps involved
centrifugation, aspiration of supernatant and re-suspension of the cell pellet in 5ml
PBS, before a second centrifugation and re-suspension of the cell pellet in the

appropriate solution.

iPSC were picked using a p200 sterile pipette tip and centrifuged. Cell supernatant
was removed, and cells were re-suspended in 2ml PBS. For fixation, cells were

vortexed whilst 2ml 70% ice cold ethanol was added dropwise, cells were then
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incubated on ice for 30 minutes. Post-fixation, cells were washed then re-suspended
in 400ul of blocking buffer for 1 hour at room temperature. Blocking buffer consisted
of 2% BSA and 0.1% Tween 20 in PBS. After blocking, cells were centrifuged,
supernatant was discarded and cells were re-suspended in blocking buffer with 0.5%
Anti-hOCT3/4 primary antibody, they were then incubated at 4°C for 17 hours. After
incubation with primary antibody, cells were washed and then incubated with the
appropriate Alexa Fluor conjugated secondary antibody in the dark for 1 hour at
room temperature. Cells were then centrifuged; supernatant was discarded, and
cells were re-suspended in BD™ FACSFlow™ Sheath Fluid. Samples were then

analysed using the BD FACSVerse™ Flow Cytometer.

3.5.2 Analysis of cell cycle in PSEN1 and control NSC using flow

cytometry

Propidium iodide (PI) staining was used to investigate cell cycle progression in PSEN1
and control NSC. Cell cycle analysis was performed to investigate possible reasons
for premature neural differentiation in PSEN1 NSC. Unless specified, all
centrifugation steps took place at 300 x g for 5 minutes. Wash steps involved
centrifugation, aspiration of supernatant and re-suspension of the cell pellet in 5ml
DPBS, before a second centrifugation and re-suspension of the cell pellet in the
appropriate solution. DPBS used was azide and protein free. Cells were fixed,

washed, stained, and centrifuged in 15ml falcon tubes.

Approximately 1 x 10% NSC harvested per sample at passage 2 (P2) and at passage 3
(P3) from disease and controls. NSC were enzymatically dissociated from the plates
using TrypLE™ and centrifuged. Cell supernatant was aspirated off and the cell pellet
was re-suspended in 2ml PBS. For fixation, cells were vortexed whilst 2ml of 70% ice
cold ethanol was added dropwise, cells were then incubated on ice for 30 minutes.
Fixation with 70% ethanol also acts to permeabilise the cells which is necessary here
as Pl is a nuclear stain. Post-fixation, cells were washed and re-suspended in 0.5ml

of PBS. They were then stored for up to 3 weeks at 4°C to enable collection of all
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samples at the correct stages for investigation and to allow for simultaneous
measurement of all samples. Once all samples had been collected, cells were washed
and re-suspended in 200ul of 2% BSA in DPBS (cell staining buffer). To ensure the
removal of RNA, 10ul of RNase A was added to each sample, resulting in a final
concentration of 0.5ug/ml per sample. After the addition of RNase A, for each
sample, 10l of Pl (supplied at 0.02mg/ml) was added to 200pl of cells in cell staining
buffer for nuclear staining. Samples were immediately incubated at 37°C for 30
minutes. Post incubation with Pl and RNase A, 200ul of each sample was transferred

into a flow tube and analysed using the MACSQuant® Analyzer 10 Flow Cytometer.

3.5.3 Analysis of apoptosis and necrosis in PSEN1 and control NSC using

flow cytometry

Apoptosis and Necrosis were investigated in PSEN1 and control NSC and NPC. Unless
specified, all centrifugation steps took place at 300 x g for 5 minutes. Wash steps
involved centrifugation, aspiration of supernatant and re-suspension of the cell pellet
in 5ml DPBS, before a second centrifugation and re-suspension of the cell pellet in
the appropriate solution. DPBS used was azide and protein free. Cells were fixed,

washed, stained, and centrifuged in 15ml falcon tubes.

Table 13. Materials used to perform cell cycle analysis of PSEN1 and control NSC.

Materials Concentration for use

Bovine Serum Albumin | 2% in PBS to make cell

(BSA) staining buffer.

Dulbecco's Phosphate | As provided.
Buffered Saline (DPBS)

DPBS (1X),9.5 mM PO4
without Calcium or

Magnesium, 1L

70% Ethanol Made up to 70% in water.
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eBioscience™ Fixable | 1:1000

Viability Dye eFluor™ 780

Apotracker Green Diluted 1:10 and then 5:100
Nestin Monoclonal | 1:100
Antibody

Fixation Buffer (4% PFA) As provided

Goat  Anti-Mouse  1gG | 1:2000
(Alexa Fluor® 405)

Approximately 1 x 106 NSC were harvested per sample at passage 2 (P2) and at
passage 3 (P3) from disease and controls. NSC were enzymatically dissociated from
the plates using TrypLE™ and centrifuged. Cell supernatant was aspirated off and the
cell pellet was re-suspended in 1ml of PBS, to which 1ul of eBioscience™ Fixable
Viability Dye eFluor™ 780 was added. Cells were vortexed immediately and then
incubated at 5°C in the dark for 30 minutes. After incubation, cells were washed and
re-suspended in 100ul of cell staining buffer. Separately, Apotracker was diluted 1:10
in cell staining buffer and then 5ul of the diluted Apotracker was added to the cells
in 100pl of cell staining buffer. Cells were incubated with Apotracker for 20 minutes
in the dark, then washed. For fixation, cells were resuspended in 0.5ml of fixation
buffer and were incubated in the dark at room temperature for 15-20 minutes. Post-
fixation, cells were washed and re-suspended in 0.5ml of PBS. They were then stored
for up to 2 weeks at 4°C to enable collection of all samples at the correct stages for
investigation and to allow for simultaneous measurement of all samples. Once all
samples had been collected, cells were washed and re-suspended in 100l of cell
staining buffer and incubated for 40 minutes to block. After blocking, 1ul of nestin
Monoclonal Antibody (MA1-110) was added to each sample containing 100ul of cell
staining buffer. Cells were incubated with the nestin primary antibody for 1 hour and
then washed. Cells were then incubated with the secondary antibody Alexa Fluor 405

Goat Anti-Mouse 1gG (diluted 1:2000) for 40 minutes in the dark at room
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temperature. Each sample was washed and re-suspended in 200l of cell staining
buffer, which was transferred into a flow tube and analysed using the MACSQuant®

Analyzer 10 Flow Cytometer.

3.5.4 Panel design for flow cytometry using the MACSQuant® analyzer

10 flow cytometer

The initial panel designed to carry out analysis of apoptosis and necrosis in AD neural
cells involved the use of the secondary antibody Alexa Fluor 647. When the
experiment was carried out on control NSC at P2 and P3 using this panel, there was
bleed through of the Alexa Fluor Secondary antibody into other channels, meaning
that results were unreliable. For this reason, the experiment was carried out from
then on using the secondary antibody Alexa Fluor 405, as the use of this secondary

did not result in crossover of wavelengths.

Table 14. Initial panel design for investigating apoptosis and necrosis in AD and

control NSC.

Laser/E | Em Filter | Marker Colour/Form | Host/Targe | Isotyp | Company

x Filter at t e
640 667/30 nestin Alexa Fluor Mouse IgG1 Thermofisher
647 anti-
Human
488 615/20 PI Pl All Species | N/A Thermofisher
640 785/62 eFluor eFluor 780 All Species | N/A Thermofisher

780 Fix Fix Viability
Viability

488 525/50 Apotracke | FITC All Species | N/A BioLegend

r

Table 15. Final panel design for investigating apoptosis and necrosis in AD and

control NSC.
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Laser/E | Em Filter | Marker Colour/Form | Host/Targe | Isotyp | Company
x Filter at t e
402 421 Nestin Alexa Fluor Mouse IgG Thermofisher
405 anti-
Human
488 615/20 PI PI All Species | N/A Thermofisher
640 785/62 eFluor eFluor 780 All Species | N/A Thermofisher
780 Fix Fix Viability
Viability
488 525/50 Apotracke | FITC All Species | N/A BioLegend
r

3.5.5 Using the MACSQuant® analyzer 10 flow cytometer

Before running AD and control NSC samples on the MACSQuant® Analyzer 10 Flow
Cytometer, experimental settings were adjusted using single stain controls and

Fluoresence™ controls to ensure stains did not bleed through to other channels.

To identify the population of interest, and exclude cellular debris, Forward Scatter
(FSC) which is a measure of cell size was plotted against Side Scatter (SSC) which is a
measure of cell granularity or complexity. Once identified, the cell population of
interest was gated, and these cells were then taken forward to be gated to exclude
doublets. For doublet exclusion, SSC-Area was plotted against SSC-Height and cells
which did not follow a linear distribution were excluded. Cells which did follow a

linear distribution were gated as the single cell population of interest.
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Figure 15. Gating the population of interest in flow cytometry

Initial gating of the population of interest was carried out by plotting FSC-H against SSC-H (A) and
then doublets were gated out by plotting SSC-H against SSC-A. Figure 23. Was generated using

FlowLogic to enable this gating to be displayed.

Once settings had been adjusted using FMOs, single stains and unstained samples
and the population of interest had been gated for, measurements for the protein of

interest were taken.

3.5.6 Analysis of flow cytometry results

The program FlowLogic was used to analyse flow cytometry results due to ease of
use. For analysis of Apoptosis and Necrosis in NSC and NPC, the population of interest

was gated (Figure 15. A) and doublets excluded (Figure 15.B). After this,
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Figure 16. Gating of cells for analysis of apoptosis in flow cytometry

Gating of cells for analysis of apoptosis was carried out by first gating to identify nestin positive
cells, SSC-H was plotted against VioBlue-H. Only nestin positive cells were taken forward for
investigation of apoptosis and necrosis (A). Looking at only nestin positive cells, cells which were
negative for FVD were identified (B). Cells which were positive for FVD were dead so only FVD
negative, live cells were selected to be carried forward to the next stages of the experiment. Nestin
positive, live cells were then investigated to determine the % of the population which were positive

for apotracker (C).

3.6 Library preparation for RNA sequencing

3.6.1 Isolation of RNA and preparation for RNA seq

RNA extraction was carried out using the Qiagen RNeasy mini kit as described in
section 3.4.3. ANanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer was
used after each RNA isolation to determine concentration and sample purity (3.3.4).
A Qubit fluorometer was used to quantify RNA samples prior to library preparation

and the RQ1 RNAse-Free DNase was used to degrade both double-stranded and
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single-stranded DNA in all RNA samples to prevent genomic contamination in RNA

samples (3.3.5).

3.6.2 Analysis of RNA integrity

The Agilent RNA 6000 Nano Kit was used along with the 2100 Bioanalyzer system by
Agilent to determine the integrity of RNA samples. The chip priming station and
bioanalyzer were set up ready for use and the RNA ladder was prepared ahead of
time by heat denaturing for 2 minutes at 70°C and followed by cooling on ice. Prior
to taking any measurements on the Agilent 2100 Bioanalyzer system, electrodes
were decontaminated to avoid decomposition of the RNA sample. To do this, wells
of the electrode cleaner were filled slowly with 350ul of RNaseZAP. The electrode
cleaner was placed in the Agilent 2100 Bioanalyzer, and the lid closed for one minute.
The electrode cleaner was removed, and the process repeated with another
electrode cleaner. Water on the electrodes was evaporated before carrying out
analysis of RNA samples. To prepare the gel for running RNA samples, reagents were
equilibrated at room temperature for 30 minutes and then 550ul of Agilent RNA 6000
Nano gel matrix was added into the top receptacle of a spin filter. The spin filter was
placed into a microcentrifuge and spun for 10 minutes at 1500 g. After filtering, 65 pul
of gel was aliquoted into 0.5 ml RNase- free microfuge tubes. Aliquots were stored
at 4 °C and used within one month of preparation. Before preparation of the gel-dye
mix, reagents were allowed to equilibrate to room temperature for 30 minutes. RNA
6000 Nano dye concentrate was vortexed for 10 seconds and then spun down, then
1ul was added to 65 pl of filtered gel. The tube containing filtered gel and 1pl of RNA
6000 Nano dye was vortexed to mix the gel and dye, after which the gel-dye mix was
centrifuged for 10 minutes at 13000 g. The gel-dye mix was stored at 4°C in the dark

for a maximum of one day.

For running samples on the Agilent 2100 Bioanalyzer, the gel-dye mix was
equilibrated to room temperature for 30 minutes and then 9ul of the mix was

pipetted into the chip, into the bottom of the well-marked G. The syringe was used
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to disperse the gel-dye mix throughout the chip and then 9ul of gel-dye mix was
added to two more wells. After loading of the gel-dye mix, 5ul of the RNA 6000 Nano
Marker was added to each sample well and the ladder well. 1ul of RNA ladder was
pipetted into the ladder well and 1ul of each sample was pipetted into each sample
well. After addition of the RNA 6000 Nano Marker, the RNA ladder, and all samples,
the chip was vortexed for 60 seconds at 2400 rpm and then inserted into the Agilent
2100 Bioanalyzer to start the chip run and to generate results. Successful ladder runs
produced one marker peak, five ladder peaks, with correct peak size assignments and
good resolution of all peaks. Features of a successful total RNA run included one
marker peak and two ribosomal peaks. Values were calculated for RNA

concentration, the ribosomal ratio, and the RNA Integrity Number (RIN).

3.6.3 Library preparation using the TruSeq stranded mRNA

The Illumina TruSeq Stranded Total RNA protocol was used for generation of a cDNA
library for RNA Sequencing. 500ng of total RNA was inputted per sample. The first

step in library preparation was purification and fragmentation of mRNA.

3.6.3.1 Purification of mRNA

Total RNA was diluted in nuclease-free ultrapure water to a final volume of 50ul in
each well of a 96-well PCR plate. RNA purification beads (RPB) were vortexed and
50ul of this solution was added to each sample to bind mRNA in the total RNA sample,
the solution of beads and RNA was mixed six times. The plate was then placed on a
thermal cycler and the mRNA Denaturation program was run (Table 16. mRNA

denaturation program).

Table 16. mRNA denaturation program

Temperature (°C) Time (Minutes)
Preheat lid to 100°C Throughout

65 5

4 Hold
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After running the mRNA Denaturation program, the 96 well plate containing RPB,
and diluted RNA was incubated on the bench for five minutes and then centrifuged
for one minute at 280 x g. The plate was then placed on a magnetic stand for five
minutes to enable the magnetic RPB to move towards one side of the well. Once the
RPB in each well had moved towards the closest magnet, the remaining supernatant
could be aspirated from each well. The magnetic stand was removed and 200ul of
bead washing buffer (BWB) was added to each well, the solution was mixed six times
to wash the RPB and bound mRNA. After washing, the plate was placed on a magnetic
stand and left for five minutes for the magnetic beads to move towards the closest
magnet, which resulted in a clear liquid. At this point, all supernatant was discarded
from each well, the magnetic stand was removed and 50 pl of elution buffer (ELB)
was added to each well and mixed six times. The plate was centrifuged at 280 g for
one minute and then incubated by running the mRNA Elution 1 program on the

thermal cycler (Table 17).

Table 17. mRNA elution 1 program

Temperature (°C) Time (Minutes)
Preheat lid to 100°C Throughout

80 2

25 Hold

3.6.3.2 Fragmentation of mRNA

After running the mRNA Elution 1 program on the thermal cycler, 50ul of bead
binding buffer (BBB) was added to each well and mixed thoroughly. The plate was
placed on the thermal cycler and the mRNA denaturation program was run again
after which the plate was incubated at room temperature for 5 minutes. After the
samples had equilibrated to room temperature, the plate was placed on a magnetic
plate and given five minutes for the liquid to clear. All supernatant was discarded

form each well and the magnetic plate was removed. 200ul of BWB was added to
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each well and pipetted up and down six times. The 96 well sample plate was then
placed on a magnetic stand, the solution was allowed to clear, and supernatant was
removed. At this point, 19.5ul of Fragment, Prime, Finish Mix (FPF) was added to each
well and mixed thoroughly before the plate was centrifuged at 280 x g for one
minute. After centrifugation, the plate was transferred to the thermal cycler and the
Elution-2 — Frag — Prime program was run (Table 18) after which the plate was

centrifuged again at 280 x g for one minute.

Table 18. Elution-2-frag-prime program

Temperature (°C)

Time (Minutes)

Preheat lid to 100°C Throughout
94 8
4 Hold

3.6.3.3 Synthesis of first strand cDNA

The previous step produced cleaved RNA fragments primed with random hexamers.
In this step, these RNA fragments were reverse transcribed to produce first strand
cDNA. Actinomycin D was added to the First Strand Synthesis Act D Mix (FSA) to
improve strand specificity via the prevention of DNA dependent synthesis meanwhile

still allowing RNA- dependent synthesis.

Table 19. Synthesise first strand program

Temperature (°C) Time (Minutes)
Preheat lid to 100°C Throughout

25 10

42 15

70 15

4 Hold
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After the fragmentation stages described in section 3.6.3.2, the 96-well plate now
containing purified and fragmented mRNA was placed on a magnetic stand and
allowed to clear. 17ul of supernatant was transferred from each sample to a fresh 96
well-plate. FSA and SuperScript Il (SS Il) were mixed in the ration 1:9 and then 8l of
this mixture was added to each sample in the fresh 96-well plate. The FSA-SS I
mixture was pipetted six times to mix it in with the purified, fragmented RNA samples
and then the 96-well plate was centrifuged at 280 x g for one minute. At this point,
the plate containing mRNA samples and FSA-SS Il was run on the thermal cycler using

the Synthesise First Strand Program (Table 19. Synthesise first strand program).

3.6.3.4 Synthesis of second strand cDNA

After synthesis of first strand cDNA, the RNA template was removed, and a
replacement second strand of cDNA was synthesised. During generation of the
second strand of cDNA, dUTP is incorporated in place of dTTP to generate ds cDNA.

Incorporating dUTP leads to the second strand being quenched during amplification.

The end repair control (CTE) was diluted 1:50 in resuspension buffer and then 5ul of
this was added to each sample containing well. 20ul of second strand marking master
mix (SMM) was added to each well and mixed thoroughly before the plate was
centrifuged at 280 x g for one minute. The plate was then placed on the thermal

cycler and incubated for one hour at 16°C.

3.6.3.5 Purification of cDNA

After synthesis of the second strand of cDNA, 90ul of AMPure XP beads were added
to each well of the 96-well plate containing cDNA samples. Each well was mixed
thoroughly and then the plate was incubated for 15 minutes at room temperature.
After incubation, the plate was centrifuged at 280 x g for one minute and then placed
on a magnetic stand until the liquid cleared. After the liquid was clear, 135ul of
supernatant was removed from each well. Each well was washed twice by adding

200pl of fresh 90% EtOH, incubating on a magnetic stand for 30 seconds and then
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removing all supernatant from each well. After two wash steps in 90% ETOH, the
beads were air-dried on the magnetic stand for 15 minutes, at which point the
magnetic stand was removed and 17.5ul of RSB was added to each well and mixed
thoroughly. Samples in RSB were incubated at room temperature for two minutes,
after which they were centrifuged and placed on a magnetic stand until the liquid
cleared. When all magnetic beads had collected by their closest magnet on the plate,
15ul of supernatant was taken from each sample and transferred to a fresh 96-well

plate.

3.6.3.6 Adenylation of 3’ ends

An adenine nucleotide was added to the 3’ end of each blunt fragment to prevent
ligation to one another. A corresponding Thymine nucleotide was added on the 3’
end of the adapter to provide a complementary overhang for ligation of adapter to

fragment.

The A-Tailing control (CTA) was diluted 1:100 in RSB and then 2.5ul of diluted CTA
was added to each sample containing well in the fresh 96-well plate. After addition
of CTA to each well, 12.5ul of A-Tailing Mix (ATL) was added to each well and mixed
thoroughly. The plate was then centrifuged and incubated using the ATAIL70
program on the thermal cycler (Table 20. ATAIL70 program) after which it was

centrifuged for one minute at 280 x g.

Table 20. ATAIL70 program

Temperature (°C) Time (Minutes)
Preheat lid to 100°C Throughout

37 30

70 5

4 Hold
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3.6.3.7 Ligation of adapters

The ligation of indexing adapters to the ends of double stranded fragments of cDNA
prepares them for hybridisation to a flow cell. The ligation control (CTL) was diluted
1:100 in RSB, after which 2.5ul of diluted CTL, 2.5ul of ligation mix (LIG) and 2.5ul of
RNA adapters were added to each well containing sample. The mixture was pipetted
thoroughly, and the 96-well plate was centrifuged at 280 x g for one minute. At this
point, the plate was placed on the thermal cycler and the LIG program was run (Table
21. LIG program). After samples were ligated with adaptors, 5ul of Stop ligation
buffer (STL) was added to each well and mixed thoroughly, then the plate was

centrifuged.

Table 21. LIG program

Temperature (°C) Time (Minutes)
Preheat lid to 100°C Throughout

30 10

4 Hold

3.6.3.8 Clean up of ligated fragments

After ligation of adapters to fragments, AMPure XP beads were used for clean-up of
ligated fragments. To initiate the clean-up, 42ul of AMPure XP beads were added to
each well containing sample, the AMPure XP beads were allowed to incubate for 15
minutes to enable binding to the cDNA sample, after which the plate was centrifuged
at 280 x g for one minute. The 96-well plate containing samples was then placed onto
a magnetic stand and liquid was allowed to clear. The supernatant was discarded
from each well and two wash steps were performed on the bead bound DNA. Each
wash step involved the addition of 200ul of fresh ETOH to each well, without removal
of the plate from the magnetic stand, the sample was allowed to incubate in the fresh
ETOH for 30 seconds, after which all supernatant was removed from each well. This
wash step was repeated once more for each sample after which samples were left to

air-dry on the magnetic stand for 15 minutes. After samples had air-dried to ensure
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no carry-over of ETOH, the magnetic stand was removed and 52.5ul of RSB was added
to each well and mixed thoroughly. The samples were incubated for 2 minutes at
room temperature in RSB and then the plate was centrifuged for 1 minute at 280 x
g. After centrifugation, the plate was placed on the magnetic stand until liquid
cleared, at which point 50ul of supernatant was transferred from each sample to a
fresh 96-well PCR plate. In the fresh PCR plate, the clean-up procedure described
(adding AMPure XP beads, removing supernatant, washing with ETOH, air-drying,
and then resuspending samples in resuspension buffer) was repeated but with 50pl
of AMPure XP beads being added in the first step instead of 42ul and later, 22.5ul of
RSB being added for resuspension of samples instead of the original 52.5ul. After the
final resuspension of samples in 22.5ul of RSB, 20ul of supernatant (containing

sample) was transferred to a fresh 96-well PCR plate.

3.6.3.9 Enrichment of DNA fragments

After clean-up of ligated fragments, DNA fragments which have adapters ligated to
both ends were selectively enriched using PCR. The purpose of this was to amplify
the quantity of DNA in the library. For selective enrichment of ligated fragments, PCR
was performed using the PCR Primer Cocktail (PPC) which selectively anneals to the

ends of adapters.

To begin this process, the PCR plate containing DNA samples ligated to adapters was
placed on ice. 5ul of PPC was added to each well and then 25ul of PCR master mix
(PMM) was added to each well, after which the mixture was mixed thoroughly. The
plate was centrifuged and then placed on the thermal cycler to run the mRNA PCR

program (Table 22).

Table 22. mRNA PCR program

Temperature (°C) Time

Preheat lid to 100°C Throughout
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98 30 Seconds

98 10 Seconds 15 Cycles
60 30 Seconds

72 30 Seconds

72 5 minutes

4 Hold

3.6.3.10 Clean-up of amplified DNA

After enrichment using the mRNA PCR program, the PCR plate was centrifuged. To
begin the clean-up of amplified DNA, 50ul of AMPure XP beads were added to each
well, the mixture pipetted up and down 10 times, then incubated at room
temperature for 15 minutes. The plate was centrifuged and placed on a magnetic
stand until the liquid cleared, at which point all supernatant was removed from each
well. A wash step was carried out as follows: 200ul of fresh ETOH was added to each
well, the plate was incubated on the magnetic stand for 30 seconds and then all
supernatant was removed from each well. The wash step was repeated and then
samples were air-dried on the magnetic stand for 15 minutes. After air-drying, the
plate was removed from the magnetic stand and 32.5ul of RSB was added to each
well and mixed thoroughly. Samples were incubated in RSB for 2 minutes at room
temperature and then centrifuged, after which they were placed on a magnetic stand
until the liquid cleared, at which point, 30ul of supernatant was transferred from
each sample to a fresh PCR plate. Samples at this point were ready for running on the

Illumina NextSeq and were stored at -25°C.

3.6.4 Analysis of library quality

Upon completion of Library Preparation, the 2100 Bioanalyzer system by Agilent was
used to check library quality, which involved checking the fragment sizes within the
sample as well as sample purity. Sample fragment sizes were expected to fall within

the range of 200-500bp with the majority of fragment sizes being around 260 bp in
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size. The DNA 1000 kit by Agilent was used to analyse sample quality post library

preparation.

The Bioanalyzer and Chip priming station were set up as recommended and the gel-
dye mix was prepared. To prepare the gel-dye mix, the DNA dye concentrate, and
DNA gel matrix were allowed to equilibrate to room temperature. The DNA dye-
concentrate was vortexed and then centrifuged, after which, 25ul of Dye concentrate
was added to a vial of DNA gel matrix. The mixture was vortexed to ensure complete
mixing of the gel and dye, then the gel-dye mix was transferred to the top receptacle
of a spin filter, the spin filter was centrifuged at room temperature at 2240 x g and
then discarded. The gel-dye mix was stored at 4°C in the dark until 30 minutes before
use when it was equilibrated for 30 minutes at room temperature. To begin analysis
of samples using the DNA 1000 kit, 9ul of the gel-dye mix was added to the well-
marked G and a syringe used to disperse the mix to the rest of the wells of the chip,
after which 9ul of gel-dye mix was added to the remaining wells marked G. 5ul of
DNA marker was pipetted into the well-marked with a ladder symbol and into the 12
sample wells. 1pl of ladder was added into the ladder well and 1l of each undiluted
sample was added to each sample well. If any wells remained without sample, 1pl of
deionised water was added to the well. After ladder, DNA marker and all samples had
been loaded to the chip, the chip was placed on an IKA vortex mixer and vortexed for
60 seconds at 2400 rpm. After vortexing the chip was inserted onto the Bioanalyzer
to read results. Successful running of the chip resulted in the visualisation of both
lower and upper markers in each sample. Features of a successful ladder run involved
13 peaks for the DNA 1000 ladder and all peaks well resolved with a flat baseline.
Features of a successful DNA 1000 sample run included all sample peaks appearing
between the lower and upper marker peaks, a flat baseline, baseline readings of at
least 5 fluorescent units, marker readings at least 3 fluorescence units higher than

baseline readings and both marker peaks well resolved from sample peaks.
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3.6.5 Library quantification

JetSeq gPCR was used for quantification of DNA libraries prior to RNA Sequencing.
JetSeq gqPCR enables quantification of only adapter-ligated library molecules,
allowing for optimal flow cell loading to maximise quality and yield of data. The
JetSeq qPCR kit contains a series of 6 pre-diluted DNA standards ranging from 10pM
to 100aM for standard curve development (Table 23. DNA standards for JetSeq
gPCR). The DNA standards consist of a 342bp linear fragment of DNA flanked by
stabilising DNA.

Table 23. DNA standards for JetSeq qPCR

DNA standards (342 bp fragments) Concentration

1 10 pM

1 pM

100 fM

1fM

2
3
4 10 fM
5
6

100 aM

NTCs were included in this assay to detect for contamination during reaction set-up.
NTC reactions gave Ct values at least 3.5 cycles later than the average Ct value for
standard 6. Every sample in the library was diluted 1:10,000 using the JetSeq Dilution
Buffer. Additional dilutions of 1:100,000 and 1:1,000,000 were utilised for each
sample to ensure at least one dilution fell within the dynamic range of the standard
curve generated. A gPCR master mix was prepared to give a total volume of 20ul per

reaction (Table 24. gPCR ).

Table 24. qPCR reagents per reaction

Reagent Volume (pl)
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2x JetSeq Library Quantification Lo-ROX | 10
Mix

Primer Mix 5

Diluted library or DNA standard (1-6) 5

Total volume per reaction 20

Table 25. Primer sequences for JetSeq qPCR

Forward | 5'-AAT GAT ACG GCG ACC ACC GA-3'

Reverse | 5'-CAA GCA GAA GAC GGC ATA CGA-3'

Every sample in the library was run in triplicate at each dilution. Samples were run

on a thermal cycler using the parameters displayed below (Table 26).

Table 26. JetSeq gPCR cycling parameters

Cycles Temperature (°C) | Time Stage
1 95 2 minutes Activation of DNA
polymerase
35 95 5 seconds Denaturation
60 45 seconds Annealing/Extension
Melt Curve -Acquiring in Green

3.6.5.1 Standard curve and analysis of results

For analysis of JetSeq gPCR results, a standard curve was generated. Concentration
values of the different standard dilutions were correlated against their Ct values

(averaged from three technical repeats). Log concentration was plotted against

109




average Ct value for each standard and the standard curve generated was used to

calculate reaction efficiency.
Efficiency (%) = (10 (-1/a) - 1) x 100

Where ais the slope value of the standard curve. The reaction efficiency fell between

90-110%

Library concentration was calculated using the standard curve generated from the

standards. The following equation was used to quantify RNA sequencing libraries:

Library Concentration (pM) = 10((Ct-b)/a) x (342/average fragment length) x dilution

factor
Where a = the standard curve slope and b = the y-intercept

A Qubit fluorometer was also used to confirm the quantities measured using JetSeq

qPCR.

3.6.6 Normalisation and pooling of libraries for RNA sequencing

DNA templates were prepared for cluster generation. Indexed DNA libraries
prepared and stored in the 96-well plate at -25 were thawed on ice and normalised
directly before sequencing. Libraries were stored as individual samples up until this
point to minimise index hopping. DNA libraries were normalised to 10nM and then
pooled together. To begin normalisation of libraries, 10ul of each indexed DNA
sample was transferred to a fresh PCR plate. The library concentration was
normalised via addition of 10mM of Tris-HCl at pH 8.5 with 0.1% Tween 20, which
was made up to 10nM. The sample was mixed thoroughly with Tris-HCl and 0.1%
Tween 20 and then the plate was centrifuged at 280 x g for 1 minute. To pool
libraries, 10ul of each normalised library was transferred to a single well of a fresh
PCR plate. The pooled libraries were pipetted 10 times to mix the library and then

the plate was centrifuged at 280 x g for 1 minute.
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3.6.7 Cluster generation and RNA sequencing mid output

After pooling of the library, libraries were denatured and diluted to 1.3ml at a
concentration of 1.8pM. The sequencing experiment was set up on the BaseSpace
sequencing software hub, the flow cell was prepared, and libraries were loaded onto
the reagent cartridge. 1.3ml of prepared 1.8pM library was pipetted into reservoir
#10. After loading of samples, the flow cell was run on the Illumina NextSeq 500 RNA
Sequencing System for cluster generation and sequencing of reads. Clusters are
generated when single DNA molecules bind to the surface of the flow cell, these are
then amplified to form clusters. Imaging of clusters takes place using two-channel
sequencing chemistry and filter combinations that are specific to each of the chain
terminators which are fluorescently labelled. Each tile of the flow cell is imaged
individually, and imaging of each tile is carried out for each sequencing round. Post
image analysis, the BaseSpace software performed base calling, filtering, and quality
scoring of the overall sequencing run. For generation of RNA sequencing data, a

paired-end run was carried out to a length of 2 x 76 bp.

3.7 Processing and quality control of initial RNA sequencing data

3.7.1 Merging Read 1 and Read 2 Fastq files

For each sample run, there were four sets of Fastq results generated, these four
results were for Lane 1, Lane 2, Lane 3, and Lane 4. For each lane, there were two

Fastq files generated: read 1- the forward read and read 2 -the reverse read.

Fastq files were merged using the tool Concatenate Data Sets through Galaxy. Read
1 samples for lanes 1, 2, 3, 4 were merged in that order and read 2 samples for lanes
1, 2, 3, 4 were merged in that order using concatenate data sets tail to head (galaxy

version 1.0) to produce a merged R1 and merged R2 file for each sample.

3.7.2 Assesment of sequence quality

Sequencing problems often occur in RNA sequencing data, and include low

sequencing quality of raw reads, contamination from other species, residual
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degradation and varied read coverage. Sequence quality was assessed using the tools
FastQC and MultiQC, accessed via the Galaxy website. Each sample file contains the
75bp of sequenced read, a sequence ID, and a quality score. The quality score or Q
score is represented as an ASCIl character to save data (10.2.2.1 Table 33. ASCII
character quality score). Tools like FastQC and MultiQC are able to interpret the ASCII
symbols to present a quality score for the calling of each base. FastQC and MultiQC
assessed the quality of base calling, so assessed the probability that an incorrect base

had been called.

Equation to calculate Phred quality score:
Phred quality score Q=-10 *logio (p)
Q=-10*log10(0.0001)

Q=40

A Q score of 40 means that there is a 1:10,000 chance the reading is incorrect. This

gives a probability value (p) of 0.0001.

Through the galaxy website, FastQC was used to check the quality of base calling-
probability of incorrect base being called. The QC results for all merged R1/R2 files
were combined using MultiQC. Both Fast QC and MultiQC provide the following
modules: Per Base Sequence Quality, Per Base Sequence Content, Adapter Content,
Overrepresented Sequences, Per Sequence Quality Scores, Sequence Length
Distribution, Sequence Duplication Levels, Per Sequence GC Content, Per Base N
Content and Per Tile Sequence Quality. The modules displayed by FastQC and
MultiQC provide information on the quality of reads and give information on
trimming and filtering required to ensure that analysis is carried out using only high
quality sequencing data. FastQC incorporates the Picard-tools libraries for SAM/BAM
processing. The contaminants file parameter was borrowed from the independently
developed FastQC wrapper contributed to the Galaxy Community Tool Shed by J.

Johnson. Adaption to version 0.11.2 by T. McGowan.
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Short read data was inputted to FastQC with no contaminant list used, samples were
analysed both with and without a list of all Illumina adaptor sequences. No
submodule and limit specifying file was used and grouping of bases for reads >50bp
was enabled. There was no lower limit set on the length of the sequence to be shown
in the report. The Kmer test was disabled. Samples were analysed to determine their
per base sequencing quality. Per base sequence quality displays the average quality
score (taken across all reads in that sample) for every position in the read (total 75
bp). Bases with a Q score of higher than 28 were considered to be good quality,
meaning that there is a very good chance that bases in that position have been called
correctly and a very low chance that the reading is incorrect. Bases with a Q score of
lower than 20 are considered to be poor quality, as the probability of incorrect base
calling is higher. Samples were analysed to determine their overall per base
sequence content. This module displays the percentage of each nucleotide base at
every position in the read. Due to the high volume of fragments sequenced per
sample, equal representation of each base is expected at each position in the read.
Samples were analysed for adapter content. This module gives information on the
percentage of adaptor sequence that is found in the sample. If the percentage of
adapter was high in a sample, specific adapter sequences were filtered out. All
samples were analysed for the presence of overrepresented sequences. A sequence
is considered overrepresented if it accounts for >0.1% of reads. This module can be
triggered when used to analyse small RNA libraries where sequences are not
subjected to random fragmentation, and the same sequence may naturally be
present in a significant proportion of the library. Overrepresented sequences were
removed from samples. Samples were analysed for their per sequence quality scores.
This module looks at the quality score distribution across all samples and gives an
average quality per read. All samples were analysed for their sequence length
distribution. This module gives information on the distribution of sequence lengths

over all sequences. Sequence lengths that were too long were trimmed and sequence
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lengths that are too short were filtered out. Samples were analysed for their levels
of sequence duplication; this module displays the percent of sequences that would
remain if duplicated samples were removed. De-duplication of sequences can be
used to remove technical duplication, but would also remove biological duplication,
when working with RNA sequencing data, removing biological duplication would
mean enriched genes would be missed. For this reason, samples were not de-
duplicated. All samples were analysed for their per sequence GC content. A normal
random library roughly displays normal distribution of GC content where central
peak corresponds to the overall GC content of the underlying genome. GC content is
calculated from observed data and used to build a reference distribution, spikes
outward from the bell curve indicate contamination. Samples were analysed for their
per base N content. An N is subbed in when a base call cannot be made with
confidence. All samples were analysed for their per tile sequence quality. Warm
colours indicate a tile had a worse qualities than other tiles for that base. Causes of
poor tile sequence quality include bubbles or debris in the flow cell lane, widespread

poor tile quality is indicative of an overloaded flow cell.

3.7.3 Trimming and filtering RNA sequencing data

The Trimmomatic Galaxy tool was developed within the Bioinformatics Core Facility
at the University of Manchester, with contributions from Peter van Heusden, Marius
van den Beek, Jelle Scholtalbers, Charles Girardot, and Matthias Bernt. It runs the
Trimmomatic program which has been developed within Bjorn Usadel's group at

RWTH Aachen university (Bolger et al., 2014).

Trimmomatic was used to remove poor quality reads, poor quality sequences and
contaminants from RNA sequencing data samples. The RNA sequencing experiment
generated paired end reads. The merged read 1 files were inputted with their
matching merged read 2 files and an initial ILLUMINACLIP step was performed.
Custom adaptor sequences were provided in fasta format. For quality-based

trimming, the Trimmomatic operation performed was SLIDINGWINDOW 4:20. The
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operation MINLEN ensured filtering out of all sequences with a length lower than 25

bp (Appendix 3. Table 36. Example Trimmomatic settings for merged Fastq files).

3.7.4 Infer experiment on BAM file

The Infer Experiment tool (Wang et al., 2012) was used to determine whether paired
end data is forward or reverse stranded (Appendix 3. Table 37. Infer experiment

parameters ).

3.7.5 Alignment to a reference genome

Hierarchical indexing for spliced alignment of transcripts (HISAT) is a highly efficient
system for aligning RNA sequencing reads to a reference genome (Kim et al., 2015,
Musich et al., 2021). Post trimming and filtering, HISAT2 was used to align merged
Read 1 and merged Read 2 files to the reference genome Hg38 (Appendix 3. Table 38.
Example parameters for alignment to reference genome using HISAT2). Sequences

aligned to Hg38 using HISAT2 were analysed for % alignment and alignment quality.

3.7.6 Assesment of alighment quality

The tool HISAT2 was used to analyse % alignment of samples to the reference
genome (Figure 104). BAM/SAM mapping stats and SAMtools flagstat were tools
used to check the mapping statistics of reads, giving data on alignment such as total
reads, unique mapped reads, splice mapped reads, reads mapped in a proper pair,
and QC failed reads. The tool Picard: MarkDuplicates, was used to determine %
duplication in samples (Appendix 3. Figure 105). The tool SAMtools idxstats was used
to determine the number of mapped reads per chromosome (Appendix 3. Figure 106
Figure 106. Number of mapped reads per contigand to check the number of reads which
mapped to X and Y chromosomes (Appendix 3. Figure 107). The tool MultiQC was
used to combine all alignment data for each sample for visualisation. The tool RSeQC
was used to look at Gene Body Coverage to determine whether read coverage is
uniform along transcripts, RSeQC was also used to investigate PKM Saturation to

check read distribution between different genomic features (Appendix 3.Figure 108).
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Percentage reads assigned to the reference genome was analysed (Figure 109).
Alignment quality was assessed before and after filtering using each of the tools

described.

3.7.7 Filtering of alighed sequences

Post alighment of sequences to the reference genome Hg38, aligned BAM files were
filtered to leave only reads which are paired, mapped in a proper pair, and have
mapping quality above 20 on the Phred scale. The tool used was Filter BAM datasets
on a variety of attributes (Galaxy Version 2.4.1), (Barnett et al., 2011), (Appendix 3.
Table 39). Filtering of reads aligned to Hg38 removed data such as reads mapping to
the Y-chromosome and improved quality of data, without greatly reducing number

of reads. Therefore, all aligned BAM files were filtered for quality of alignment.

3.7.8 Generation of read counts

After aligning genes to the reference genome (Hg38) and quality based filtering, the
number of reads mapping to each gene were counted. The tool FeatureCounts uses
BAM files as input and outputs the number of reads (counts) associated with
(mapping to) each feature of interest (genes, exons, transcripts etc.) (Liao et al.,
2014). FeatureCounts was used (Galaxy Version 2.0.1+galaxy2) to generate read

counts for all samples (Appendix 3. Table 41).

3.7.9 Differential gene expression analysis

DESeq?2 uses the read counts files from the feature counts results and determines
differentially expressed features from the count tables. DESeq2 (Galaxy Version
2.11.40.7+galaxyl) was used to identify differentially expressed genes (DEGs)
between disease and control samples (Appendix 3.Table 43) Disease/ control and
passage number (2 or 3) were specified as the two different factor levels. Multiple
count tables were needed to determine differentially expressed genes between
samples. DESeq2 applies normalisation for sequencing depth and library

composition. Gene length normalization does not need to be accounted for because
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counts are compared between sample groups for the same gene. DESeq2 can
estimate biological variance using replicates for each condition and can estimate
significance of expression differences between any two conditions (Love et al. 2014).
DESeq2 performs QC on results and filters out genes which have little or no chance
of being detected as differentially expressed, this increases the power to detect
DEGs. Genes which are filtered out include: genes which have no counts in any
sample, genes with low mean normalised counts and genes which have an extreme
outlier. DESeq2 performs independent filtering, using the mean of normalised counts
as the statistic to filter by. To determine the gene-wise dispersion, DESeq2 uses a
measure of dispersion (a) related to the mean (u) and variance of the data: Var=p +
a*u”2. Dispersion plots display the spread or variability in the RNA sequencing data
set. Genes which have moderate to high count value will have a square root of
dispersion that is equal to the coefficient of variation, meaning that a dispersion
value of 0.01 for a set of biological replicates is equivalent to 10% variation around
the expected mean. Post initial analysis and QC of DESeq?2 results, DESeq2 data was

filtered for significance (p<0.05) and for fold change >1.

3.7.10 Analysis of RNA sequencing data

The tool Volcano Plot was used (Galaxy Version 0.0.5) to create a volcano plot
displaying Differential gene expression values which were up and downregulated
between samples (Appendix 3. Table 44). For pathway analysis, significant (p<0.05)
DEGs were isolated and analysed using the tools Gene Ontology/Panther and
Reactome (Appendix 3. Table 45Table 45. Parameters for GO ). For all results, the
False discovery rate (FDR) was calculated to reduce the possibility of a type 1 error
and reduce the number of false positive results. FDR p-value is indicated for all

results. For significance, an FDR cut off of p<0.05 was employed.
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4.0 Development of a relevant model for investigation of AD

4.1.0 Introduction

4.1.1 Derivation of stem cells

Human embryonic stem cell (ESC) lines are obtained from human in vitro fertilisation
(IVF) embryos that cannot be used for infertility treatment. These cells are
established and expanded in vitro for use in research or as a cell source for
regenerative medicine (Figure 17) (Damdimopoulou et al.,, 2016). During both
embryonic development and in vitro differentiation, pluripotent stem cells are
capable of differentiating down different somatic lineages, progressing through a
progenitor state to mature and specify. Somatic cells are also capable of undergoing
trans-differentiation to become another differentiated state and de-differentiation
via reprogramming to revert back to a pluripotent state (Figure 17.) (Ohnuki and

Takahashi., 2015).
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Figure 17. Waddington’s epigenetic landscape modified to show trans-

differentiation and de-differentiation by reprogramming.

Pluripotent stem cells (yellow) are capable of differentiating down somatic lineages (green) which
are capable of becoming another differentiated state (pink) via trans-differentiation. The purple
circle displays somatic cells undergoing reprogramming to become a pluripotent stem cell (Ohnuki

and Takahashi., 2015, Waddington., 1958).

Induced pluripotent stem cells (iPSC) are a cell type which are phenotypically
identical to ESC. Based on techniques pioneered by Takahashi et al., (2007), iPSC
reprogramming involves transduction of somatic cells with pluripotency factors such
as OCT3/4, SOX2, KLF4, C/L-Myc and LIN28 to induce de-differentiation into
pluripotent stem cells capable of near unlimited cellular division and differentiation
potential (Figure 18). Reprogramming plasmids used in this project were selected
based on work carried out by Takahashi and Yamanaka (2006) and Takahashi et al.,
(2007), in which 24 pluripotency factors- factors expressed by stem cells- were
selected and collectively overexpressed in mouse embryonic fibroblasts (MEFs).
Expression of these factors in somatic cells resulted in the generation of iPSC
colonies. After the generation of iPSC colonies using all 24 factors, individual factors
were withdrawn to determine those which were necessary for iPSC colony formation.
Their data indicated that OCT3/4, KLF4, SOX2, and C-Myc were critical for generation
of iPSC colonies from MEFs (Takahashi and Yamanaka., 2006).
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Figure 18. Derivation of stem cells

ESC can be derived from the blastula and cultured in vitro. iPSC can be generated via addition of

reprogramming factors to an adult somatic cell (Chen et al., 2017).

During this project, patient somatic cells containing mutations in PSEN1 and patient
somatic cells containing the APOE4 allelic variant were reprogrammed to iPSC for
patient specific disease modelling of AD. The purpose of generating iPSC for disease
modelling was to create a cell based model of neurogenesis, to model AHN in AD (1.4
Aims). For reprogramming of patient and AD somatic cells, and EBNA based
integration-free (episomal) system was used. Somatic cells were nucleofected with a
combination of four plasmids: pCXWB-EBNA1, pCXLE-hSK, pCXLE-hUL and pCXLE-
hOCT3/4-shp53-F (Okita et al., 2011). Cells were nucleofected with plasmid pCXWB-
EBNA1 (Figure 95.) for episomal expression of EBNA1, which enhances transfection
efficiency and expression of episomal plasmids. Cells were nucleofected with the
plasmid pCXLE-hUL (Figure 97.) for episomal expression of human L-MYC and LIN28.
Cells were nucleofected with the plasmid construct pCXLE-hSK (Figure 96.) for
episomal expression of human SOX2 and KLF4. The plasmid pCXLE-hOCT3/4-shp53-F
(Figure 98.) was included in the EBNA based episomal system for expression of

human OCT3/4 and shRNA against p53. control and AD iPSC produced were

120



expanded to generate stocks of iPSC containing mutations in PSEN1, stocks of iPSC

containing the APOE4 variant and stocks of control iPSC.

4.1.2 2D and 3D disease modelling

2D and 3D cell culture models aim to mimic the molecular mechanisms which
represent human physiology in vivo (Zbinden et al., 2022). Cell models allow for
investigation of human disease at the molecular level. Re-capitulation of adult
neurogenesis in vitro enables the study of transcriptomic, proteomic and
metabolomic changes which occur specific to disease neurogenesis and enables the
identification of individual pathways and disease processes which may be causing
disease. During this project, iPSC generated from AD patients and controls were
differentiated to generate control and AD patient derived early neural cells for 2D
modelling of AD neurogenesis. 3D cell culture systems are more capable of
recapitulating cellular diversity seen in complex tissues (Costamagna et al., 2019),
therefore iPSC from AD and controls were also differentiated to neurospheres for
investigation of AD neurogenesis in a 3D culture system. Neurospheres are
multicellular organoids. Progression of NSC to mature neurons via progenitors has
been demonstrated in vivo, however neurospheres in vitro contain a heterogenous
cell population which don’t differentiate simultaneously through the different states

of maturity (Figure 19.) (Gil-Perotin et al., 2013).
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Figure 19. The neurosphere assay compared with in vivo neural differentiation

Neurospheres contain a heterogenous cell population which don’t differentiate simultaneously

through progenitor states as NSC in 2D culture do (Gil-Perotin et al., 2013).

2D cell culture enables visualisation of NSC maturation through progenitor cell states
to become mature neurons. FitzPatrick et al., (2018) developed a protocol for
stepwise differentiation of human ESC to mature neurons which allows for
visualisation of neural cell types at defined stages. Cells during the initial stages of
neural differentiation were characterised as neuroepithelial cells (NEC), these were
differentiated to rosette forming progenitor neural cells (NRPC), which were
differentiated further to migratory neural progenitor cells (NPC) and then to mature
neurons. Using transcriptomic analysis, FitzPatrick et al., (2018) determined
characteristic features of neural cells at the distinct stages in the neural
differentiation protocol. Transcriptomic profiles of cells at the NEC and NRPC stages
were the most similar and were more similar to ESC than NPC. Pluripotency markers
OCT4 and Nanog declined from ESC to NRPC stages and were not detected in NPC.
Expression of SOX2 and LIN28 is associated with maintenance of pluripotency in NSC
and was high in NEC and NRPC but was not detected in NPC. Expression of nestin and
PAX6 was highest at the NRPC stage and remained during the NPC stage. Markers of
Vimentin and CDH2 were also high at the NPC stage (FitzPatrick et al., 2018).

The stepwise differentiation protocol developed by FitzPatrick et al., (2018) was used

during this project to generate neural rosette forming neural stem cells and neural
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progenitor cells for interrogation of neural differentiation in PSENI mutation
containing cells compared with controls. The generation of neural rosettes and tubes,
confirmed by SOX2+/nestin+ dual staining (Figure 39, Figure 40, Figure 45),
confirmed the presence of immature NSC which could be further differentiated and

compared between disease and controls to investigate AHN in AD.

NRPC were termed NSC for all future references. The immature NSC (Figure 20.) at
the centre of the rosette are pluripotent stem cells which have been activated by
neural-specific growth factors, cytokines, and transcription factors to begin to
specialise down a neural lineage, these immature NSC are highly proliferative and
can be picked and passaged to generate more NSC. Surrounding the immature NSC,
are more mature NSC, which are proliferative and divide both for self-renewal and
for generation of more differentiated progeny but have less proliferative potential
than the immature NSC at the centre of the rosette. As NSC mature and differentiate
to NPC, they begin to migrate away and can be found on the outskirts of the neural
rosette, NPC have less proliferative potential than NSC. NSC are passaged by picking
the proliferative NSC within the rosette and re-plating them on Matrigel® coated

plates.

Figure 20. Diagram of a neural stem cell rosette.

Neural stem cell rosettes are composed of immature NSC in the centre with maturing NSC

surrounding and NPCs on the outskirts which begin to migrate away from the rosette.
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4.2 Aims

The aim of the work carried out in this chapter was to generate stores of iPSC from
controls and from AD patients and to use these to generate 2D and 3D neural cell
models for the purpose of interrogating mechanisms specific to AD, in particular
mechanisms occurring in AD which may be causing abnormal AHN in disease. NSC
have a limited number of passages before they become mitotically inactive, whereas
iPSC self-renew indefinitely. The generation of stores of iPSC allowed for large-scale
production of neural stem and progenitor cells and enabled the performance of
experiments which required a large number of cells as their starting material. The
number of NSC which could be expanded from the cells purchased was not high
enough to carry out the required experiments. Another reason for the generation of
control and disease iPSC from the neural cells purchased was because the NSC
purchased were not as immature as required for this project -the NSC purchased
were unable to generate neural rosettes and tubes and were not highly proliferative.
This project aimed to investigate neural stem cells from disease and control lines as
they underwent the process of neural specification. De-differentiation of the neural
cells to iPSC enabled the investigation of disease and control cells throughout the
whole process of neural specification and allowed for AD and control NSC to be
compared at the earliest stages in neural differentiation. AD and control neural cells
were transduced with an EBNA based cassette to induce reprogramming to iPSC, they
were then characterised as iPSC and differentiated to NSC and NPC, at which stage

they were further characterised as either NSC or NPC.
The primary objectives of this chapter were:

e Reprogramming of AD and control somatic cells to generate stable iPSC with
and without mutations for PSEN1 and APOE4.

e Characterisation of AD and control iPSC using immunocytochemistry to
detect markers of stemness, comparison of pluripotency in AD and control

iPSC.
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e Differentiation of AD and control iPSC to 2D and 3D neural cell models for
investigation of disease.
e Validation of NSC and NPC phenotypes in the cell models generated using

immunocytochemistry and flow cytometry.

Figure 21. Schematic outlining model development in chapter 1

Schematic displaying the aims of chapter 1 in which control and AD neural cells purchased from
Axol Bioscience were to be reprogrammed to iPSC using an EBNA based system and differentiated

to NSC and NPC (Created in Biorender.com).

4.3.0 Results

In this chapter, iPSC were generated from controls and from patients with FAD PSEN1
mutation. control and PSEN1 iPSC generated were assessed to confirm expression of
pluripotency markers and to validate their capacity for differentiation to all three
germ layers. control and PSEN1 iPSC were then differentiated to NSC and NPC to
model and interrogate AD neurogenesis. NSC and NPC generated were assessed
qualitatively and quantitatively for expression of immature neural markers SOX2 and

nestin.
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4.3.1 Culture of Axol AD and control NSC

The aim of chapter 1 was to generate 2D and 3D neural cell models for the purpose
of interrogating mechanisms specific to AD neurogenesis. To achieve the aims and
objectives stated, NSC were purchased from AxolBioscience, these included control
NSC, NSC containing mutations in PSEN1 (PSEN1 A246E, PSEN1 M146L) and NSC
containing two copies of the APOE4 allele. The NSC purchased were cultured and
expanded but were not able to generate neural rosettes and tubes, NSC also have a
very limited number of passages before they become mitotically inactive, and the
number of NSC that could be expanded from the cells purchased was not high enough
to carry out the experiments required to investigate the process of neural
differentiation in AD. iPSC can self-renew almost continuously, so generating AD and
control iPSC meant that large stocks of control and AD iPSC could be generated and
stored to be later differentiated back down the neural lineage for investigation of AD

neurogenesis.

AD and control NSC lines purchased from AxolBioscience were revived into Neural
Plating XF Medium onto plates pre-coated with Matrigel, which was replaced the
following day with NEM. AD and control NSC were cultured and expanded in NEM.
control and AD NSC purchased from Axol Bioscience were limited in their capacity to
proliferate and did not organise into neural rosettes and tubes, as should be seen
during early stages of neural differentiation. These NSC were phenotypically more
similar to early stage neurally committed NPC (Figure 22.). For accurate comparison
of neural differentiation capacity, PSEN1 and control lines were required to be
compared at the same stages of neural differentiation, thus both control and disease
lines were reprogrammed to iPSC and then differentiated simultaneously to NSC and
NPC. Simultaneous neural differentiation of PSEN1 and controls enabled both lines
to always be maintained under the same conditions and to be measured at the same

stages in their differentiation.
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Figure 22. Culture and expansion of axol NSC

Late passage AD and control NSC purchased from AxolBioscience were cultured and expanded in
NEM. AD and control NSC did not organise into neural rosettes and tubes as should be seen during
early stages of neural differentiation and were phenotypically more similar to early stage NPC. A.)

control NSC. B.) PSEN1 M146L NSC. C.) APOE4 (HOM) NSC. D.) PSEN1 A246E NSC.

4.3.2 De-differentiation of control NSC to generate control iPSC

To induce de-differentiation, somatic cells were transiently transfected with plasmids
that contain genes for expression of pluripotency factors usually expressed by stem
cells. The McKay lab uses a combination of four plasmids: pCXWB-EBNA1, pCXLE-hSK,
PCXLE-hUL and pCXLE-hOCT3/4-shp53-F which utilise episomal integration to
temporarily express pluripotency factors and induce de-differentiation of somatic
cells. Nucleofection of NSC with these pluripotency factors had never before been
achieved in this lab so optimisation of the nucleofection process in NSC (Figure 23.)

was necessary before initiation of reprogramming procedures in AD samples.
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4.3.2.1 Optimising nucleofection of NSC

control NSCs obtained from Axol Bioscience (Figure 22.) were first nucleofected with
the pmax GFP ™ Vector (Figure 99.) for constitutive expression of green fluorescent
protein (GFP) for optimisation of nucleofection efficiency and toxicity. The pmax GFP
™ Vector has a human CMV promoter, this is a strong promoter and enables high-
level constitutive expression of GFP. The pmax GFP ™ Vector also has a gene which

enables resistance to kanamycin.

Nucleofection of NSC with the pmax GFP ™ Vector was carried out using the Human
Dermal Fibroblast (HDF) Nucleofector ™ Kit from Lonza along with the programme P-
022 on the Amaxa Nucleofector. The Human Dermal Fibroblast (HDF) Nucleofector
™ Kit had been previously purchased by the lab for reprogramming HDF so
nucleofection with this kit and programme was attempted in NSC to reduce
experimental costs. 48 hours later, transfected NSC were visualised using the Leica
Live Cell Imaging System (Figure 23.). Transfection with the pmax GFP ™ Vector
resulted in approximately 80% of the population being transfected. Transfection was
considered to be successful in NSC which were expressing GFP and NSC not seen to

be expressing GFP were considered to be untransfected.
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Figure 23. Nucleofection with the pmax GFP ™ vector

control NSCs 3 days after nucleofection with The pmax GFP ™ Vector. Nucleofection with the GFP
plasmid was used to confirm that nucleofection of NSCs was possible using the Human Dermal
Fibroblast (HDF) Nucleofector ™ Kit from Lonza along with the programme P-022 on the Amaxa
Nucleofector. GFP expression is constitutive, meaning cells not expressing GFP have not been
nucleofected with the plasmid. Ai.) Phase-contrast image displaying control NSC after nucleofection
with GFP plasmid. Aii.) Corresponding GFP image. Images were taken at 400X magnification using

Leica Live Cell Imaging System. Scale bar 50um.

Following transfection of the GFP plasmid, varying cell densities of control NSC
ranging from 45 x 10* to 240 x 10* were nucleofected with reprogramming factors
OCT3/4, SOX2, L-MYC, LIN28 and KLF4 (using an EBNA based system and short hairpin
p53 to transiently knockdown p53 expression). The EBNA based system does not
integrate into cellular DNA, but instead binds episomally for transient expression of
pluripotency factors. The use of genome integrating viral vectors could influence
gene expression of transfected cells. Nucleofection of NSC led to cytotoxicity
resulting in low confluencies 6 days post nucleofection, despite cells being plated at
a density of approximately 80% confluency. Lower starting cell densities resulted in
lower chance of cell-survival post nucleofection, however, using starting cell
densities higher than recommended as part of the Amaxa nucleofector protocol
resulted in lower percentage confluency 6 days post nucleofection (Table 27. Cell

densities of NSC for nucleofection with the pmax GFP ™ vector).
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Table 27. Cell densities of NSC for nucleofection with the pmax GFP ™ vector

Nucleofection Starting Cell Density of NSC

% Confluency 6 Days Post

Nucleofection

1 45 x 10* cells 1-5

2 120 x 10%cells 5-10
3 240 x 10* cells 10-20
4 280 x 10*cells 0-5

Optimal cell density for nucleofection of NSCs was determined to be 240 x 10 cells,

as this starting cell density resulted in the greatest number of surviving cells after

nucleofection. The starting cell density of 45 x 10* cells was recommended by Amaxa,

but after nucleofection, a very low number of NSC survived. As successful

reprogramming was achieved using a starting NSC density of 280 x 10*cells, further

reprogramming experiments were carried out using that same cell density. A large

number of cells were lost after each nucleofection due to the cytotoxicity resulting

from the harshness of electroporation on the relatively delicate NSC (Figure 24.). The

programme A-033 on the Amaxa Nucleofector was selected for use in nucleofecting

NSC as it resulted in increased cell survival when compared with the programme P-

022.
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Figure 24. Nucleofection of control NSC with reprogramming factors

Nucleofection of control NSC with reprogramming factors resulted in a massive loss of cells, this
cytotoxicity was the result of transducing cells with the relatively high concentration of DNA
required for reprogramming. A.) control NSC (at a cell density of 240 x 10 cells) before
nucleofection. Ai.) control NSC 6 days after nucleofection with reprogramming factors. All images

were taken at 10X magnification using an EVOS® Digital Microscope.

4.3.3 De-differentiation of SHEF3 and nHDF lines for comparison of

reprogramming efficiency

After optimisation of reprogramming efficiency, control NSC were de-differentiated
to generate large, well characterised cell banks of iPSC. iPSC were generated from
control NSC with the aim of carrying out multiple neural differentiation experiments
to compare the process of AD and control neural specification. For de-differentiation,
control neural cells were transduced with an EBNA based cassette containing a
combination of four plasmids: pCXWB-EBNA1, pCXLE-hSK, pCXLE-hUL and pCXLE-
hOCT3/4-shp53-F which are able to induce de-differentiation in somatic cells for

generation of iPSC.

control iPSC were analysed to confirm expression of pluripotency markers OCT3/4,
SOX2, and most importantly, to confirm expression of Tra-181, a pluripotency marker
that is not expressed as part of the EBNA-based construct used for reprogramming.

The colony forming ability of control iPSC was analysed and compared with that of
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other iPSC (Figure 25.) to confirm that control iPSC were an appropriate comparison

to be used for future investigation of AD neurogenesis.

De-differentiation of neural cells to iPSC enabled investigation of disease and control
cells throughout the process of neural specification and allowed for AD and control
NSC to be compared at the earliest stages in neural differentiation. Two different cell
lines were reprogrammed alongside control NSC to compare reprogramming
efficiency. SHEF3 ESC derived NSCs (SHEF3 NSC) generated during optimisation of
neural differentiation were reprogrammed alongside control NSC, as were neonatal
human dermal fibroblasts (nHDF) which are commonly used in the McKay lab for iPSC
reprogramming. SHEF3 NSC and nHDF were successfully de-differentiated to iPSC
alongside control NSC (Figure 25.).

Figure 25. iPSC generated from the de-differentiation of control NSC, SHEF3 NSC
and nHDF.

Circular colonies of iPSC generated from the de-differentiation of control NSC, SHEF3 NSC and
nHDF. A.) control iPSC. B.) SHEF3 iPSC. C.) nHDF iPSC. iPSC were cultured on a feeder layer of mouse
embryonic fibroblasts (MEFs). All images were taken at 10X magnification using an EVOS® Digital

Microscope.
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4.3.4 Verification of pluripotency in control iPSC

4.3.4.1 Alkaline phosphatase staining

Alkaline Phosphatase Staining was used to compare colony formation in control iPSC
with SHEF3 iPSC and nHDF iPSC. An equal number (three) of primary colonies from
each reprogramming experiment were plated and allowed to develop for two weeks.
Alkaline phosphatase is a membrane bound enzyme which is highly expressed in
stem cells and although not a bona fide marker of pluripotency, it is widely used to
evaluate de-differentiation to pluripotent stem cells (Stefkova et al., 2015). Colonies
indicative of pluripotent stem cells stained positive for alkaline phosphatase and
were counted; three colonies generated from control NSC produced 52 secondary
colonies, three colonies from SHEF3 NSC produced 49 secondary colonies and three
primary colonies produced from nHDF produced 44 secondary colonies (Figure 26.).
There was a trend towards smaller colonies being produced by control iPSC than by
SHEF3 and nHDF iPSC, but the number of colonies detected by positive alkaline
phosphatase staining did not differ significantly between the three reprogramming
experiments, therefore these results indicate that colony forming ability of control

iPSC did not differ significantly to that of SHEF3 iPSC and nHDF iPSC.
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Figure 26. Colony formation

Alkaline phosphatase (AP) staining of colonies. A.) control iPSC. B.) SHEF3 iPSC. C.) nHDF iPSC. AP
staining was carried out to ensure that a relatively similar number of colonies were produced from
nucleofection of each different cell line with reprogramming factors. The number of secondary
colonies derived from three primary iPSC colonies after three weeks of culture was compared
between control, SHEF3 and nHDF iPSC. There was no significant difference in the number of

secondary colonies between control, SHEF3 and nHDF iPSC (n=1).

4.3.4.2 Immunocytochemistry

iPSC generated from control NSC were further investigated for validation of
pluripotency before they could be used as a control to investigate AD neural
differentiation. SOX2 and OCT3/4 are markers that are highly expressed in
pluripotent stem cells and not expressed in differentiated cells, pluripotent stem cells
also have high levels of the antigen Tra-181 (Sokolov et al., 2010). iPSC colonies
generated from control NSC stained positively for pluripotency markers SOX2,

OCT3/4 and Tra-1-81 (Figure 40.) which indicated that control iPSC were pluripotent
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stem cells. control iPSC did not differ significantly from SHEF3 iPSC or nHDF iPSC in
staining for pluripotency markers, thus supporting the use of control iPSC as a viable

control to be used in investigation of PSEN1 neural differentiation capacity.

Figure 27. ICC for pluripotency markers
Control iPSC generated from de-differentiation of Axol control NSC stained positive for markers of
pluripotency; A.) SOX2, B.) Tra-1-81 and C.) OCT4. All images were taken at 200X magnification

using Leica Live Cell Imaging System. Scale bar 50um.

4.3.4.3 Trilineage differentiation of control iPSC

Trilineage differentiation was used to further validate control iPSC as pluripotent
stem cells. control iPSC were cultured in pro-differentiation medium without being
directed to differentiate down a particular lineage, they were then stained for
markers of all three germ layers: B-lIl tubulin (ectoderm), SOX17 (endoderm) and a-
SMA (mesoderm). Cells derived from control iPSC stained positive for markers of all
three germ layers. The ability of control iPSC to differentiate into cells of all three
germ layers indicates that they are pluripotent, as only pluripotent (and totipotent)
stem cells are capable of differentiation down ectoderm, endoderm, and mesoderm

lineages.
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Figure 28. Trilineage differentiation of control iPSC

Control iPSC were differentiated and stained positive for markers of all three germ layers: B-llI
tubulin (ectoderm), SOX17 (endoderm) and a-SMA (mesoderm). Capacity for differentiation to all
three germ layers is a measure of pluripotency. Ai.) Phase-contrast image of control. Aii.)
Corresponding fluorescent image for staining with B-Ill tubulin. Bi.) Phase-contrast image of control.
Bii.) Corresponding fluorescent image for staining with a-SMA. Ci.) Phase-contrast image of control.
Cii.) Corresponding fluorescent images for staining with SOX-17. All images were taken at 200X

magnification using Leica Live Cell Imaging System. Scale bar 50um.
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4.3.5 De-differentiation of PSEN1 NSC to produce PSEN1 iPSC lines

This project aimed to generate an in vitro cell model to investigate differences in
human adult neurogenesis between AD and controls. AD and control NSC were
purchased from Axol Bioscience to study disease neural differentiation but were not
able to generate neural rosettes. Furthermore, it could not be confirmed that both
disease and control NSC purchased from an external source were at the same stage
in neural differentiation. For this reason, it was decided that each neural specification
protocol would be started at the iPSC stage. To begin each neural differentiation
process at the iPSC stage, it was necessary to de-differentiate both disease and

control lines back to iPSC.

After confirmation of pluripotency in control iPSC, AD neural cells containing FAD
mutations PSEN1 A246E, PSEN1 M146L, M146L and the variant APOE4 (HOM) were
nucleofected with reprogramming factors OCT3/4, SOX2, L-MYC, LIN28 and KLF4
(using an EBNA based system and shP53) to cause them to undergo de-differentiation
(Figure 29.). AD neural cell samples containing FAD mutations PSEN1 A246E, PSEN1
were de-differentiated to generate large, well characterised cell banks of iPSC. iPSC
were generated from AD NSC with the aim of carrying out multiple neural
differentiation experiments to compare the process of AD and control neural
specification. For de-differentiation, AD neural cells were transduced with an EBNA
based cassette containing a combination of four plasmids: pCXWB-EBNA1, pCXLE-
hSK, pCXLE-hUL and pCXLE-hOCT3/4-shp53-F which are able to induce de-
differentiation in somatic cells for generation of iPSC. Post nucleofection with
reprogramming factors, AD NSC were plated onto a feeder layer of iMEFs and
cultured for three to four weeks before iPSC colonies began to grow large enough to
be visualised using the EVOS® Digital Microscope. iPSC colonies generated from all
AD NSC lines phenotypically resembled iPSC and were expanded and frozen down for

use in future experiments to investigate AD neurogenesis.
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AD iPSC generated varied in their ability to proliferate and APOE iPSC were not able
to be amplified up to large enough stores of iPSC to be used for future experiments.
iPSC generated from PSEN1 A246E NSC were analysed to confirm expression of Tra-
181, a pluripotency marker that is not expressed as part of the EBNA-based construct
used for reprogramming (Figure 31.). PSEN1 A246E iPSC were also analysed to

confirm that they were able to differentiate to cells of all three germ layers (Figure

32.).
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Figure 29. De-differentiation of control and AD NSC to iPSC

De-differentiation of control and AD NSC was carried out using an EBNA based reprogramming
cassette which binds episomally to upregulate expression of pluripotency factors. control and AD
iPSC generated are shown Ai.) control NSCs. Aii.) control iPSC. Bi.) APOE4 NSCs. Bii.) Corresponding
image of APOE4 iPSC. Ci.) PSEN1 A246E NSCs. Cii.) Corresponding image of PSEN1 A246E iPSC. Di.)
PSEN1 M146L NSCs. Dii.) Corresponding image of PSEN1 M146L iPSC. All images were taken at 10X

magnification using an EVOS® Digital Microscope.
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4.3.6 Production of feeder free iPSC

Feeder free iPSC cultures were generated from PSEN1 and control iPSC for ease of
analysis and for neural differentiation. Initially, iPSC were generated and cultured
on a feeder layer of IMEFs, however, neural differentiation and flow cytometry are
techniques which require a homogenous population of iPSC without
contamination from the feeder layer of iIMEFs. To prevent contamination of
samples with iMEFs, iPSC colonies were picked and plated onto Matrigel© coated
cell culture plates to generate feeder free iPSC (Figure 30.). Feeder free iPSC were
passaged a minimum of three times to ensure any iMEF contamination was not
carried through to experiments, were expanded and then stored for use in

downstream applications such as neural induction and flow cytometry.

Figure 30. Generation of feeder free iPSC

iPSC colonies were picked and plated onto Matrigel © coated tissue culture plates to generate
feeder free iPSC for use in downstream applications. A.) Phase-contrast image of control iPSC on
feeders. Ai, FF control iPSC. B.) PSEN1 A246E AD iPSC on feeders. Bi.) PSEN1 A246E AD iPSC FF. All

images were taken at 10X magnification using an EVOS® Digital Microscope.
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4.3.7 Assessment of pluripotency in PSEN1 iPSC

4.3.7.1 Immunnocytochemistry for pluripotency markers in PSEN1 iPSC

Expression of the pluripotency antigen Tra-1-81 was confirmed in PSEN1 A246E iPSC
using immunocytochemistry. Tra-1-81 is an antigen presented on the cell surface of
cells associated with the pluripotent state and is thus an ideal marker to use as
confirmation that iPSC generated are pluripotent. iPSC were generated from control
and AD NSC for the purpose of generating cells capable of self-renewal, and to enable
simultaneous differentiation of control and AD NSC down a neural lineage for
investigation of AD neurogenesis. Tra-1-81 pluripotency staining alongside positive
SOX2 staining (Figure 31. ICC for pluripotency markers in PSEN1 iPSC) and successful
tri-lineage differentiation was considered sufficient confirmation of stemness in

PSEN1 iPSC.

Figure 31. ICC for pluripotency markers in PSEN1 iPSC
Ai-Aii.) Phase contrast and fluorescent images displaying PSEN1 A246E iPSC stained positive SOX2.

Bi-Bii.) phase contrast and fluorescent images displaying PSEN1 A246E iPSC stained positive for

141



TRA-1-81, an endogenous marker of pluripotency. All images were taken at 200X magnification

using Leica Live Cell Imaging System. Scale bar 50um.

4.3.7.2 Trilineage differentiation of PSEN1 iPSC

Trilineage differentiation was used to differentiate iPSC to cells of all three germ
layers. This was carried out to further validate PSEN1 A246E iPSC as pluripotent stem
cells that are capable of differentiating into cells of ectodermal, endodermal, and
mesodermal lineages. PSEN1 A246E iPSC were allowed to differentiate without being
directed to differentiate down a particular lineage, they were then stained for
markers of all three germ layers: B-lll tubulin (ectoderm), SOX17 (endoderm) and a-
SMA (mesoderm). Cells derived from PSEN1 A246E iPSC stained positive for markers
of all three germ layers. The ability of PSEN1 A246E iPSC to differentiate into cells of
all three germ layers indicates that they are pluripotent, as only pluripotent (and
totipotent) stem cells are capable of differentiation down ectoderm, endoderm, and

mesoderm lineages.
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Figure 32. Trilineage differentiation of PSEN1 iPSC

PSEN1 A246E iPSC were differentiated and stained positive for markers of all three germ layers:
Beta-Ill tubulin (ectoderm), SOX17 (endoderm) and alpha-SMA (mesoderm). Capacity for
differentiation to all three germ layers is a measure of pluripotency. Ai.) Phase-contrast image of
control. Aii.) Corresponding fluorescent image for staining with Beta-Ill tubulin. Bi.) Phase-contrast
image of control. Bii.) Corresponding fluorescent image for staining with a-SMA. Ci.) Phase-contrast
image of control. Cii.) Corresponding fluorescent images for staining with SOX-17. All images were

taken at 200X magnification using Leica Live Cell Imaging System. Scale bar 50um.

4.3.7.3 Analysis of OCT3/4 expression in PSEN1 and control iPSC by

flow cytometry

Expression of the pluripotency marker OCT3/4 was measured in PSEN1 A246E and
control iPSC to compare levels of stemness in iPSC prior to initiation of neural
differentiation. control and PSEN1 A246E iPSC were stained with the anti-hOCT3/4

primary antibody and analysed using the DV Verse flow cytometer. The population
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of interest was gated to exclude dead cells and debris (Figure 33.A), and then further
gated to exclude doublets (Figure 33.B). Unstained samples were run first to enable
identification of stained and unstained populations (shown as the orange peaks in
the P3 section of both D and E in Figure 33.). Cells were categorised into those which
were negative for OCT3/4, those which displayed low expression and those cells

which were highly expressing OCT3/4 (Figure 33.C).

Figure 33. Flow cytometry data displaying OCT4 expression in PSEN1 and control
iPSC

Flow cytometry data displaying OCT4 expression in PSEN1 A246E iPSC and controls. A.) Initial gating
of the population of interest. B.) Gating to exclude doublets. C.) Cells labelled as blue have no
expression of OCT4 (unstained samples), cells labelled as green have low expression of OCT4 and cells
labelled as red have greater expression of OCT4. D.) Visualisation of these different populations in

control iPSC. E.) Visualisation of these different populations in PSEN1 A246E iPSC.

Data recorded on OCT3/4 expression in control and PSEN1 A246E iPSC, is shown

including raw FITC-A Median values for both unstained and stained samples (Table
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28 FITC-A median data acquired from DV Verse flow cytometer displaying unstained

and stained values for OCT4 expression.)

Table 28 FITC-A median data acquired from DV Verse flow cytometer displaying

unstained and stained values for OCT4 expression.

Sample FITC-A Median
control 1 FF iPSC unstained P2 82
control 1 FF iPSC OCT4 P2 10407
PSEN1 A246E 1 FF iPSC unstained P2 90
PSEN1 A246E 1 FF iPSC OCT4 P2 10836
control 2 FF iPSC unstained P2 89
control 2 FF iPSC OCT4 P2 9572
PSEN1 A246E 2 FF iPSC unstained P2 96
PSEN1 A246E 2 FF iPSC OCT4 P2 9459
control 3 FF iPSC unstained P2 58
control 3 FF iPSC OCT4 P2 7308
PSEN1 A246E 3 FF iPSC unstained P2 83
PSEN1 A246E 3 FF iPSC OCT4 P2 10621
control 4 FF iPSC unstained P2 83
control 4 FF iPSC OCT4 P2 9239
PSEN1 A246E 4 FF iPSC unstained P2 90
PSEN1 A246E 4 FF iPSC OCT4 P2 11275
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Data displayed in Figure 34. is representative of the average median fluorescence
intensity (MFI) of OCT3/4 in control and PSEN1 iPSC. Results indicated that there was
no significant difference (p=0.112) in OCT3/4 expression between control and PSEN1
iPSC (Figure 34.), this indicated that PSENI A246E and control iPSC did not differ
significantly in their ability to self-renew and thus, would be beginning the process of
neural differentiation from the same stage. Results generated confirmed the
expression of pluripotency factors in control and PSEN1 iPSC and indicated that there
was no significant difference between PSEN1 and control iPSC in terms of their
expression of pluripotency markers. Results overall indicate that PSEN1 and control

iPSC will begin neural differentiation at the same stage.
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Figure 34. Flow cytometry-based analysis of OCT3/4 expression in control and

PSEN1 A246E iPSC.
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Flow cytometry-based analysis of OCT3/4 expression in control and PSEN1 A246E iPSC. Statistical
analysis of data (unpaired t-test) using GraphPad version 9.2.0 indicated no significant differences
between expression of OCT3/4 in control and PSEN1 A246E iPSC (p=0.112), (n=4). This data

indicates no differences in pluripotency between controls and PSEN1 A246E at the iPSC stage.

4.3.8 Sanger sequencing of iPSC to confirm presence of PSEN1 A246E

mutation

The presence of the PSENI mutation in PSEN1 A246E iPSC was confirmed using
Sanger Sequencing (Figure 35.). DNA was isolated from PSEN1 A246E iPSC and the
primers displayed in 4.2.2 were used to sequence the region of the PSEN1 gene in
which the A246E mutation can be detected. The PSEN1 A246E mutation is a point,
missense mutation in which the base adenine replaces thymine at chromosome 14
position 73659540. Sequencing data displayed in Figure 35. revealed the presence of
the GAG codon in place of the GCG codon which would be in this position in the

absence of mutation. The mutated base is highlighted in blue in Figure 35.

Figure 35. Sanger Sequencing of PSEN1 A246E iPSC for Mutation Confirmation

Sanger sequencing of PSEN1 iPSC confirmed the presence of the A246E point, missense mutation

in the PSEN1 gene at position Chr14:73659540 C>A, codon change: GCG to GAG, Exon 7.

4.3.9 Generation of models for investigation of AD neurogenesis

The first aim of this project (1.4) was to generate 2D and 3D neural cell models for
the purpose of interrogating mechanisms specific to AD neurogenesis. To generate

2D models for investigation of AD neurogenesis, PSEN1 and control iPSC were
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differentiated to NSC and NPC. To generate 3D models for investigation of AD
neurogenesis, PSEN1 and control iPSC were also differentiated to generate

neurospheres.

4.3.9.1 Validation of the neural differentiation protocol using SHEF3

ESC

The neural differentiation protocol which was developed and validated by FitzPatrick
et al., (2018) was utilised in this project to generate NSC and NPC for investigation of
neural differentiation capacity in AD. SHEF3 ESC are an embryonic stem cell line
which were previously used in the McKay by FitzPatrick et al., (2018) to model neural
differentiation from ESC to NPC. Each stage in the neural specification model
developed by FitzPatrick et al., (2018) was well characterised using microarray data,
thus, as their neural differentiation had already been well characterised, SHEF3 ESC
were utilised for method optimisation of neural differentiation to NSC and NPC.
Following the protocol developed and validated by FitzPatrick et al., (2018), ESC were
cultured in V-bottom 96 well plates in NIM media with PVA to encourage formation
of embryoid bodies. NIM was made up of DMEMF12 with Glutamax and
supplemented with factors N2, FGF2, Heparin and NEAA to initiate neural induction
in ESC. The appearance of neural tubes and neural rosettes indicated the presence
of NSC (Figure 36.) and these areas containing neural tubes and rosettes were picked
and passaged to expand the populations of NSC. The cartoon displayed in Figure 36.
displays differentiation of feeder free pluripotent ESC to multipotent NSC and to
more lineage specific NPCs. Neural rosettes and neural tubes which formed during

the NSC stage are highlighted in (Figure 37).
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Figure 36. Stages of neural differentiation.

Images and schematic displaying the process of neural differentiation from stem cell to mature
neuron. A.) SHEF3 embryonic stem cells (ESCs) prior to neural differentiation. B.) Neuroepithelial
cells at day 6 of neural differentiation. C.) Neural rosette forming stem cells at day 10 of neural
differentiation. C.) Neural progenitor cells as shown at day 13+ of neural differentiation. All images

were taken at 20X magnification using an EVOS® Digital Microscope.
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Figure 37. Neural rosettes and tubes

Images A and B display phase-contrast images of SHEF3 NSCs produced during neural
differentiation, with circles highlighting areas of neural rosette (A) and neural tube (B) formation.

Images were taken at 10X and 20X magnification using an EVOS® Digital Microscope.

4.3.9.2 immunocytochemistry for confirmation of neural phenotype

Immunocytochemistry was employed to assess neural phenotype in SHEF3 NSC.
Figure 39. and Figure 40. display staining used alongside phenotypic differences in
cells to confirm the stage of the cells during neural differentiation. OCT4 and SOX2
are markers of pluripotency which are highly expressed during the iPSC stage. OCT4
expression is downregulated during the process of neural differentiation. SOX2
expression remains high in NSC but begins to decline as cells mature to NPC. Nestin
is a marker expressed in neural stem and in neural progenitor cells. MAP2 is a marker
which is expressed in mature neural cells (FitzPatrick et al., 2018). For further
maturation of NSC to NPC, cells were passaged enzymatically for separation and the
factor B27 was added to encourage attachment of more mature neural cells to the
extracellular matrix and thus to encourage differentiation to a more mature neural
phenotype. Terminal differentiation of NPC to neurons varied in success (Figure 41.)
and thus was not used to generate cells for investigation of disease. NSC generated
from SHEF3 ESC were analysed using immunocytochemistry to confirm expression of

immature neural markers SOX2 and nestin (Figure 39., Figure 40.).
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Figure 38. ICC for OCT3/4 expression in SHEF3 NSC and NPC

Staining of NPCs and NSCs for OCT3/4. A.) Phase-contrast image of SHEF3 neural stem cells. B.)
SHEF3 Neural stem cells stained for OCT3/4. C.) Phase-contrast image of neural progenitor cells. D.)
SHEF3 Neural progenitor cells stained for OCT3/4. OCT3/4 expression appeared to be
downregulated as expected during neural differentiation from NSCs to NPCs. All images were taken

at 200X magnification using Leica Live Cell Imaging System. Scale bar 50um.

Figure 39. ICC for SOX2 expression in SHEF3 NSC and NPC
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Staining of NPCs and NSCs for SOX2. A.) Phase-contrast image of SHEF3 neural stem cells. B.) SHEF3
Neural stem cells stained for SOX2. C.) Phase-contrast image of SHEF3 neural progenitor cells. D.)
SHEF3 Neural progenitor cells stained for SOX2. SOX2 expression is downregulated during neural
differentiation from NSCs to NPCs. All images were taken at 200X magnification using Leica Live Cell

Imaging System. Scale bar 50pum.

Figure 40. ICC for nestin expression in SHEF3 NSC and NPC

Staining of SHEF3 NPCs and NSCs for nestin. A.) Phase-contrast image of neural stem cells. B.)
Neuronal stem cells stained for nestin. C.) Phase-contrast image of neural progenitor cells. D.)
Neural progenitor cells stained for nestin. Nestin expression is maintained during neural
differentiation from NSCs to NPCs. All images were taken at 200X magnification using Leica Live Cell

Imaging System. Scale bar 50um.
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Figure 41. SHEF3 NPC differentiation

A.) Phase-contrast image displaying SHEF3 human NPCs before initiation of neural differentiation.
B.) Phase contrast image displaying SHEF3 human NPCs after 14 weeks in terminal differentiation
media. C.) Phase contrast image displaying SHEF3 human NPCs after plating at 50,000 cells /cm? in
NMM. D.) Phase contrast image displaying SHEF3 human NPCs after plating at 150,000 cells /cm?in

NMM. All images were taken at 10X magnification using an EVOS® Digital Microscope.

Results from ICC (Figure 38, Figure 39, Figure 40) display positive staining for nestin
and SOX2 in SHEF3 NSC, indicating the presence of cells of an immature neural
lineage. The presence of neural rosettes in Figure 37 and Figure 36 also indicated
that neural stem cells had been generated in line with the protocol developed by
FitzPatrick et al., (2018). This data confirmed that the protocol for neural
differentiation could be used for generation of NSC from AD and control iPSC to
model AD AHN, and thus to investigate differences in neural specification between

AD neural cells and controls, in line with the aims described (1.4).

4.3.9.3 Neural differentiation of PSEN1 and control iPSC to NSC

After successful differentiation of SHEF3 ESC to NSC and NPC, and validation of the

stepwise neural differentiation protocol developed by FitzPatrick et al., (2018),
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control and AD iPSC containing mutations PSEN1 A246E and PSEN1 M146L were
differentiated alongside control iPSC and nHDF iPSC to NSC.(Figure 42. Figure 43.).

Figure 42. Control and AD neural differentiation to NSC and NPC

Schematic showing control and AD neural differentiation to NSC and NPC. Created in

BioRender.com

At P3 post generation of NSC, control, nHDF and PSEN1 M146L iPSC maintained
the ability to generate neural rosettes and tubes, whereas by this stage PSEN1
A246E NSC had stopped generating neural stem cell rosettes and tubes and had
begun to display the presence of neural processes emanating from populations of

more immature cells (Figure 43.).
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Figure 43. Neural differentiation of PSEN1 and control iPSC to NSC

Ai-Aiv, display PSEN1 M146L iPSC undergoing neural differentiation to generate NSC. i.) PSEN1
M146L iPSC. Aii.) PSEN1I M146L NSC P2. Aii-Aiv.) PSEN1 M146L NSC P3. Bi-Biv show neural
differentiation of PSEN1 A246E from iPSC to NSC. Bi.) PSEN1 A246E iPSC. Bii.) PSEN1 A246E NSC
P2. Bii-Biv.) PSEN1 NSC P3. Ci-Civ display neural differentiation of control iPSC to NSC Ci.) control
iPSC. Cii.) control NSC P2. Ciii-Civ.) control NSC P3. Di-Div show neural differentiation of nHDF
iPSC to NSC. Di.) nHDF iPSC. Dii.) nHDF NSC P2. Diii-Div.) nHDF NSC P3. All images were taken at

10X magnification using an EVOS® Digital Microscope.

4.3.9.4 Neural differentiation to NPC

NSC were further differentiated to generate NPC (Figure 44.). This process was
used in later experiments to investigate differences between control and PSEN1

NPC.
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Figure 44. Neural differentiation to NPC

A.) PSEN1 A246E NPC. B.) control NPC. All images were taken at 20X magnification using an
EVOS® Digital Microscope.

4.3.9.5 Validation of PSEN1 and control NSC and NPC

control NSC, PSEN1 A246E NSC and PSEN1 M146L NSC generated using the neural
differentiation protocol specified in 4.1.7 were stained for SOX2 and nestin for
validation of NSC phenotype and to highlight the neural rosette structures which
are characteristic of NSC (Figure 45.). Neural stem cells generated were stained
with SOX2 and nestin, which are both markers of early neural stem cells. All PSEN1
and control NSC stained positive for both SOX2 and nestin, indicating that they
were immature neural cells. Co-staining of nestin and SOX2 also functioned to
display neural tubes and rosettes, visualisation of these structures was used to
further confirm that the cell populations were in the NSC stage of neural

differentiation. Figure 45.
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Figure 45. ICC for SOX2 and nestin in PSEN1 and control NSC

PSEN1 and control NSC stained positive for expression of SOX2 and nestin. Ai.) control NSC
stained positive for SOX2, Aii.) control NSC stained positive for nestin. Aiii.) Neural rosettes visible
in control NSC with co-staining of SOX2 (red) and nestin (green). Bi.) PSEN1 A246E NSC stained
positive for SOX2. Bii.) PSEN1 A246E NSC stained positive for nestin. Biii.) Neural rosettes visible
in PSEN1 A246E NSC with co-staining of SOX2 (red) and nestin (green). Ci.) PSEN1 M146L NSC
stained positive for SOX2. Cii.) PSEN1 M146L NSC stained positive for nestin. Ciii.) Co-staining of
PSEN1 146L NSC with SOX2 (red) and nestin (green) displays neural rosettes. All images were

taken at 200X maghnification using Leica Live Cell Imaging System. Scale bar 50um.

4.3.9.6 Flow cytometry to assess nestin expression in PSEN1 and

control NSC and NPC

Nestin expression in PSEN1 A246E NSC at P2 and at P3 was assessed using flow
cytometry. Flow cytometry was employed to confirm and compare expression of
nestin in PSEN1 and control NSC and NPC. On average, at P2, 98.9 % of PSEN1 NSC
studied were nestin positive and at P3, 97.9% of PSEN1 NSC were nestin positive

(Figure 46). Analysis of this data using an unpaired t-test in GraphPad 9.2.0
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revealed no significant difference, but a trend towards downregulated expression
of nestin (p=0.0562) from P2 to P3. This data shows that at P2 and P3, post
generation of NSC, >97% of cells were positive for nestin, and indicates that at this
stage in the neural differentiation process, they are immature neural cells. This
data also indicates a trend towards declining nestin expression from the NSC to

NPC stage, which is in accordance with data generated by FitzPatrick et al., (2018).

Nestin expression in PSEN1 NSC
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Figure 46. Percentage of Cells which stained positive for nestin expression in

PSEN1 P2 and PSEN1 P3 NSC

Flow cytometry was used to assess the percentage of cells expressing nestin in PSEN1 NSC at P2
and P3. Results showed that on average 98.9 % of P2 NSC studied were nestin positive and 97.9%
of P3 NSC were nestin positive. Differences in the percentage of cells which stained positive for
nestin expression were analysed using an unpaired t-test in GraphPad Prism version 9.2.0 for
Windows. Results indicate no significant difference in nestin expression between PSEN1 and

control NSC (p= 0.0562).

Flow cytometry data (Figure 47) displays the percentage of cells which stained

positive for nestin in control and PSEN1 NPC. control NPC on average were 90.2%
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positive for nestin, whereas PSEN1 NPC were on average only 82.8% positive for
nestin. There was no significant difference in nestin expression between samples,
but a trend towards reduced expression of nestin in PSEN1 NPC compared with
control NPC (p=0.0508). Results indicate that at the NPC stage in the neural
differentiation protocol carried out, cells are still highly expressing nestin and thus
remain as immature neural cells. The trend towards reduced nestin expression in
PSEN1 NPC compared with control NPC is suggestive of premature differentiation

in neural cells containing the PSEN1 A246E mutation.
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Figure 47. Nestin expression in PSEN1 and control NPC

Flow cytometry was used to measure nestin expression in control and PSEN1 NPC. Results
showed that on average 90.2 % of control NPC studied were nestin positive and 82.8% of PSEN1
A246E NPC were nestin positive. Differences in nestin expression were analysed using an
unpaired t-test in GraphPad Prism version 9.2.0 for Windows. Results indicate no significant

difference in nestin expression between PSEN1 and control NPC (p= 0.0508).
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Figure 48. Staining for mature neural markers

PSEN1 NPC were matured further and stained for cytoplasmic B-lll tubulin (red), and the
neuronal nuclear protein NeuN (green). Positive staining of PSEN1 derived neural cells with B-
[l tubulin and NeuN indicates that NSC generated are capable of developing to mature neural

cells. Images taken at 200X using Leica Live Cell Imaging System. Scale bar 50um.

4.3.9.7 Generation of neurospheres

Neurospheres were generated from control and PSEN1 iPSC for further
investigation of AD neural differentiation capacity using 3D cell culture (Figure 49).
Neurospheres are multicellular organoids that contain a heterogenous cell
population which don’t differentiate simultaneously through the different states
of maturity. The aim of using neurospheres was to enable immature neural cells to
undergo untargeted differentiation, to determine if neural cells containing the
PSEN1 mutation were pushed by intra/extracellular signalling to differentiate into
different neural cell types. The neurospheres generated were to be analysed on a
single cell basis to determine the effect of PSEN1 mutation on neural

differentiation.
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Figure 49. Generation of neurospheres

All images were taken at 10X magnification using an EVOS® Digital Microscope. Ai.)
control neurosphere at day 7. Aii.) control neurosphere day 11. Aiii.) control
Neurosphere day 21. Bi.) PSEN1 A246E neurospheres at day 7. Bii.) PSEN1 A246E
neurospheres at day 11. Biii.) PSEN1 A246E neurospheres at day 21. All images

were taken at 10X magnification using an EVOS® Digital Microscope.

Neurospheres generated stained positive for the immature neural marker SOX2
(Figure 50) indicating that they were expressing immature neural markers.
Preliminary investigation of transcriptomic changes between PSEN1 and control
neurospheres was carried out using gPCR, however, as neurospheres were to be
cultured for a minimum of 21 days before material was taken for analysis, it was
determined that generation of sufficient material for investigation would take too
long, and further data collection was carried out using neural stem and progenitor

cells generated using 2D cell culture.
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Figure 50. Control neurosphere stained for DAPI (A), SOX2 (B)

Immunocytochemistry was used to interrogate SOX2 expression in control and PSEN1
neurospheres. SOX2 is a marker which is present in ESC and NSC but is lost by the NPC stage of
neural differentiation. Positive staining for SOX2 indicated that at day 11, the neurospheres
contained a population of immature neural stem cells. Images taken using an EVOS® Microscope

at 200X maghnification.

4.3.9.8 Chapter summary

The results from this chapter indicated that control and PSEN1 iPSC expressed
pluripotency factors and were capable of generating cells from endodermal,
ectodermal, and mesodermal lineages. Analysis of control and PSEN1 NSC and NPC
confirmed expression of neural precursor markers. All NSC generated neural rosettes
and tube structures and expressed SOX2 and nestin. Greater than 97% of PSEN1 NSC
were expressing nestin and greater than 80% of PSEN1 and control NPC were positive
for nestin expression, validating both populations as immature neural cells. The
average percentage of nestin positive cells was higher in NSC (98.4%) than in NPC
(86.5%) indicating that nestin expression is downregulated as NSC mature to NPC.
The percentage of nestin positive PSEN1 NSC was higher in P2 than in P3 NSC
(p=0.0562), further indicating that nestin expression is downregulated during neural
differentiation. The percentage of nestin positive cells was lower (p=0.508) in PSEN1
NPC compared with control NPC, indicating that PSEN1 NPC were maturing at a faster

rate than control NPC.
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5.0 Investigation of AD neurogenesis

5.1.0 Introduction

Neural specification may be directed by different mechanisms, one of which is the
shift between symmetric and asymmetric cell division (1.2.2) (Chen et al., 2016;
Venkei and Yamashita., 2018). NSC in the niche generally remain in a state of
quiescence but can divide by symmetric cell division to generate two immature
daughter cells, this method of cell division can help to maintain NSC numbers in the
niche. NSC can also be directed by intrinsic or extrinsic factors to divide via
asymmetric cell division, leading to one daughter cell acquiring a more mature fate
and leaving the NSC niche. The cytoskeleton plays an important role in regulation of
cell fate; distribution of cell molecular components between daughter cells is carried
out by the mitotic spindle and can tip the scales to push cells towards asymmetric
cell division, leading to cell specification (Smith et al., 2017). Cytoskeletal structures
may determine cell fate, function, and shape (Fletcher and Mullins., 2010) and the
neuronal cytoskeleton is of vital importance in regulating neural cell proliferation,

migration and, most importantly, cell specification (Wilhelmsson et al., 2019).

5.1.1 The cytoskeleton

The cytoskeleton is a vital component of eukaryotic cells and regulates cell
morphology, motility, spatial organisation, and translocation of intracellular
materials, it is composed of a network of regulatory and filamentous proteins.
Cytoskeletal molecules can be categorised as microtubules, microfilaments, and
intermediate filaments. Molecules classed as microtubules include microtubule
associated proteins (MAPs) and B-lll tubulin. Intermediate filaments include
neurofilaments, lamins, nestins, vimentin and glial fibrillary acidic protein (GFAP).
Microfilaments include B-actin and myosin. Cytoskeletal molecules that cannot be
categorised into one of those groups include cellular adhesion molecules and

catenins such as B-catenin (Figure 51) (Ong et al., 2020).
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Figure 51. Categorisation of cytoskeletal molecules

Cytoskeletal molecules categorised as microtubules, microfilaments, or intermediate filaments.
Cellular adhesion molecules, catenins and actin-related proteins are also cytoskeletal molecules
but do not fit into the three primary groups specified (Ong et al., 2020). Figure created in

Biorender.com.

The neuronal cytoskeleton is composed primarily of microtubules, intermediate
filament proteins and actin filaments. Polymerisation and depolymerisation of
microtubules and actin filaments drives morphological changes and guides
intracellular organisation. Mature neurons have a membrane-bounded axon which
extends from the neural cell body and facilitates transport of signals and materials
from the cell body to the axon terminals at the synapse. Neurofilaments are a type
of intermediate filament found in neurons, they are present within the axon and form
a structural matrix in which microtubules are embedded (Fletcher and Mullins.,
2010). Intermediate filaments are expressed in a cell type specific manner, changes
in cell phenotype during differentiation can be marked by transition from one
intermediate filament type to another, one example of this is the downregulation of

nestin expression as NPC mature to neurons (Bernal and Arranz., 2018, FitzPatrick et
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al., 2018). For this reason, the cytoskeletal molecules expressed by neural cells can

be used to determine their stage in neural differentiation.

Figure 52. Cytoskeletal components in neurons

Cartoon of a mature neuron displaying the cell body, axon, and growth cone. During neuronal
development, the growth cone responds to chemical cues to determine neuronal migration. The
cytoskeleton of neurons is made up of microtubules, intermediate filament proteins and actin

filaments (Fletcher and Mullins., 2010, Rochlin et al., 1999). Figure created in Biorender.com.

5.1.2 Markers of neural differentiation

Nestin is a cytoskeletal type VI intermediate filament protein which is expressed
during the early stages of neural development in mammals (Bernal and Arranz.,
2018). Nestin is expressed in neuroepithelial cells and is considered to be a marker
of neural stem cells (Lendahl et al. 1990; Doetsch et al. 1997; Mignone et al. 2004,
Wilhelmsson et al., 2019). Nestin expression is high in NSC and NPC stages (Bernal
and Arranz., 2018) but is replaced by tissue specific intermediate filament proteins
as NPC mature to neurons (FitzPatrick et al., 2018). Nestin is expressed in progenitor
cells throughout the body, for example, in skin derived precursor cells and in
progenitor cells found in the heart and testis, however, nestin is primarily expressed
by neural precursor cells. Immature neural cells which express nestin include glial
cells such as astrocytes and radial glia as well as NSC and NPC (Bernal and Arranz.,
2018, Filippov et al. 2003). Intermediate filament proteins, including nestin share a

common structure consisting of a central rod domain, an N-terminus head, and a C-
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terminus tail. The central rod domain consists of a-helices and is surrounded by a
globular head and tail. In Vimentin monomers, the N-terminal head is about 100
amino acids, and the C-terminal tail is about 400 amino acids in length. In nestin, the
N-terminal is about 8 amino acids in length and the C-terminal is greater than 1400
amino acids in length. The short N-terminus of nestin prevents it’s self-assembly so
nestin requires other intermediate filaments such as Vimentin to assemble and form
dimers (Bernal and Arranz., 2018). Through its position in the cytoskeleton, nestin
plays a role in cellular migration, self-renewal, and differentiation. In adult mice,
nestin has been shown to play an important role in regulating neurogenesis via Notch
signalling (Wilhelmsson et al., 2019). Wilhelmsson et al., (2019) investigated the
effect of nestin deficiency on neurogenesis in adult mice. Nestin deficiency did not
result in altered proliferation of NPC but did result in enhanced neurogenesis in the
DG of the hippocampus. The increase in hippocampal neurogenesis appeared to be
caused by nestin deficiency in the NSC niche. Notch signalling was downregulated in
nestin deficient astrocytes suggesting that nestin negatively regulates cell survival
and neuronal differentiation through its role in Notch signalling. In behavioural
studies in adult mice, nestin deficiency was associated with impaired long-term

memory (Wilhelmsson et al., 2019).

High levels of microtubule associated proteins (MAP) MAP1, MAP2 and Tau are
expressed almost exclusively by neurons, they have a role in stabilising cytoskeletal
microtubules and are thought to regulate microtubule networks in neuronal axons
and dendrites (Dehmelt and Halpain). MAP interact with tubulin to promote its
assembly into microtubules and to stabilise the microtubule network (Igbal et al.,
2010). In mammals, there are two groups of isoforms of MAP2 which are formed by
alternative splicing, these are grouped into isoforms with a higher molecular weight
(280-270 kDa), termed MAP2a and MAP2b and those with a lower molecular weight
(70-75 kDa), termed MAP2c and MAP2d. All isoforms of MAP2 have a proline -rich
domain, a tubulin binding domain (made up of 3-4 repeats of 18 amino acids at the

C-terminal domain) and have similar N and C-terminal regions. In immature neurons,
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MAP2b, MAP2c and MAP2d are the most highly expressed isoforms, whereas in
mature neurons, isoforms MAP2a and MAP2d are found at higher concentrations.
MAP2 isoforms are able to bind with the C-terminal of tubulin via their proline-rich
domain tubulin binding domain, this results in an increase in the rigidity of
microtubules, enabling the formation of long neural processes. Due to its structural
role in neural cell maturation, MAP2 can be used as an indicator of the functional
state of neurons and a marker of differentiation to more mature neural cell types
(Korzhevskii et al., 2012). Increased expression of MAP2 during neural differentiation
may even play a role in reducing levels of self-renewal as neurons mature. Soltani et
al., (2005) showed that expression of MAP2 was induced in primary cutaneous
melanoma but was absent in metastatic melanoma, suggesting a role for MAP2 in
preventing metastasis. Expression of MAP2 in metastatic melanoma cell lines
resulted in stabilisation of microtubules, reduced growth, and cell cycle arrest in G2-

M phase and (Soltani et al., 2005).

SOX2 is a marker of neurons in the earliest stages in development and is highly
expressed in NSC. Expression of SOX2 and nestin is retained in the postnatal
subventricular zone (SVZ) and hippocampal DG Expression of SOX2 is required for
NSC self-renewal and maintenance but also plays a dose-dependent role in regulating
differentiation to neuronal sub-types. In retinal progenitor cells, SOX2 dosage
determined the temporal and spatial regulation of cellular differentiation (Pevny and
Nicolis., 2010, Taranova et al., 2006). Defective neural proliferation and
differentiation may play a role in the aetiology of neurodegenerative disease;
deletion of a neural cell enhancer from SOX2 in mouse models resulted in cerebral
malformations such as epilepsy, neuronal abnormalities, such as the presence of
protein aggregates in the cytoplasm and cellular degeneration and resulted in the
downregulation of self-renewal and differentiation in neuronal precursor cell
populations (Ferri et al., 2004). In human glioma cell lines, downregulation of SOX2
via overexpression of SOX21 or using siRNA against SOX2 resulted in an increase in

apoptosis (Ferletta et al., 2011).
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5.1.3 Self-renewal and differentiation in neural precursors

In the rodent CNS, neurons are derived from three types of neural stem and
progenitor cells- basal progenitors, radial glial cells and neuroepithelial cells. Basal
progenitors and radial glial cells undergo symmetric neurogenic division,
neuroepithelial cells undergo symmetric proliferative division and neuroepithelial
cells and radial glial cells undergo asymmetric neurogenic cell division (Gotz and
Huttner 2005). In mammals, during the prenatal period, precursor cells in the
germinal zone are actively generating new neurons (Wilhelmsson et al., 2019).
During embryonic and postnatal periods in mammals, there are high levels of cell
division, after which, levels of cell proliferation decline in all tissues except for areas
in which long-lived tissue stem cells are maintained (Urban et al., 2019). The rate of
neurogenesis is reduced in the adult mammalian brain, but low levels of
neurogenesis persist in areas such as the SVZ of the lateral ventricles and the SGZ of
the DG of the hippocampus (Wilhelmsson et al., 2019, Ming and Song 2011, Gotz and
Huttner 2005). Post specialisation, the majority of neuronal cells in the mammalian
brain are maintained in a state of quiescence, also known as reversible cell cycle
arrest (Joseph et al., 2020, Urban et al., 2019). NSC in the adult mammalian brain are
capable of proliferation and differentiation but are located in specialised
environments called niches, where they are exposed to signals that generally
maintain their quiescence. Changes in the local signalling environment can activate
NSC to re-enter the cell cycle and take on a proliferative state (Urban et al., 2019).
Maintenance of NSC reserves and the ability to generate new neurons is dependent
on the rate of neurogenesis, which is in turn dependent on the balance between NSC
quiescence and activity (Urban et al., 2019). The transcriptomic profiles of NSC are
altered with age; with an increase in age, quiescence is increased to reduce total
depletion of the NSC niche (Kalamakis et al., 2019). NSC quiescence is maintained by
the niche in older brains via increased inflammation and regulation of Wnt activity.

The shift from activation to quiescence in NSC with age is associated with a reduction
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in non-canonical Wnt signalling and an increase in inflammation (Kalamakis et al.,

2019).

Figure 53. Effects of ageing on the NSC niche

With anincrease in age, quiescence is increased in the NSC niche and activation of neural stem cells
is decreased to prevent total exhaustion of the NSC niche. With age, there is also a reduction in
non-canonical Wnt signalling and an increase in exposure to more inflammatory factors such as
IFN-gamma (Kalamakis et al., 2019). Figure created in Biorender referencing data generated by

Kalamakis et al., (2019).

Quiescent NSC in the niche can be primed to enter the cell cycle via external stimuli,
such as pro-inflammatory mediators. Although pro-inflammatory cytokines can
activate NSC, they are generally shown to impair successful neurogenesis, for
example, Interleukin-6 and Interleukin-1B have been described as negative
regulators of NSC proliferation (Brett et al., 1995, Kokovay et al., 2012, Belenguer et
al., 2021). In mouse models, induction of peripheral inflammation led to the transient
activation of primed NSC, occurring via interaction of TNF-a with its receptor TNF
receptor 2. Activated NSCs were then returned to quiescence via TNF receptor 1 -
dependent signalling, suggesting opposing roles for inflammatory mediators in

priming NSC to enter the cell cycle (Belenguer et al.,, 2021). NSC in a proliferative
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state spend approximately 3 hours in G1 phase, and time spent in G1 phase increases
by 4-fold as NSC switch to a differentiative phenotype. Inhibition of Cyclin E in these
cells led to an extended G1 phase and an earlier switch to a differentiative
phenotype. The extended G1 phase may enable intracellular accumulation of
transcription factors which induce differentiation (Lange and Calegari., 2010, Lange
et al., 2009, Ruijtenberg et al., 2016). Intrinsic factors which regulate cell
differentiation and proliferation include SOX2, basic helix -loop-helix Hes genes and
small RNA modulators. Extrinsic factors which regulate NSC proliferation and
differentiation include Wnt and Notch signalling, TGFa, FGF, EGF and Sonic hedgehog
signalling (Shi et al., 2007).

As cell cycle regulation can determine the rate of proliferation and differentiation,
cell cycle dysregulation plays a role in the pathogenesis of neurodegenerative
disorders. Aberrant cell cycle activation in neurons can be caused by oxidative stress,
DNA damage, toxic levels of peptide accumulation and the deprivation of growth
factors. Increased intracellular levels of cyclin, proliferating cell nuclear antigen,
cyclin-dependent kinases (CDKs) and a decrease in CDK inhibitors can lead to
hyperphosphorylation of retinoblastoma protein (Rb) and the release of E2
transcription factor (E2F) which initiates DNA transcription for upregulation of DNA
replication. If cells which have undergone DNA replication are not exposed to mitotic
signals such as cell division cycle 2 and cyclin A, they do not exit the cell cycle.
Duplication of genetic material without the induction of mitosis can result in
molecular flaws and the induction of apoptosis, as well as an increase in markers

associated with the response to cell stress (Urban et al., 2019, Joseph et al., 2020).

Inflammation can influence NSC cell cycle re-entry and neuronal specification,
(Kalamakis et al., 2019) and may be upregulated in AD by the accumulation of

intracellular waste products, caused by impairments in autophagic processing.

170



5.1.4 Autophagy, inflammation, and the antioxidant response

Neurodegenerative disorders commonly present with chronic inflammation, a
decline in the generation of functional neurons as well as impaired autophagy and
altered p62 expression (Vivar, 2015; Francois et al., 2013). Autophagy is an
intracellular clearance process by which unwanted and ubiquitinated proteins, as
well as damaged organelles, are degraded and recycled (Nixon, 2013). Autophagy
regulates cellular homeostasis under nutrient-rich conditions and promotes cell
survival during nutrient depravation (Huang and Liu, 2015). The mammalian target
of rapamycin (mTOR) regulates metabolism, translation, and growth as well as
proliferation, differentiation, migration, and the formation of dendrites in neural cell
types (LiCausi and Hartman). During nutrient depletion, MTOR is inhibited, and the
Unc-51-like kinase (ULK)1/2 complex is activated, this induces formation and
elongation of the isolation membrane; a membrane which selectively and non-
selectively envelopes cytosolic contents for degradation during autophagy (Tooze

and Yoshimori, 2010; Kiriyama and Nochi, 2015).

In neurons, autophagy is the principle mechanism for turnover of unwanted
substrates, thus in AD, and other neurodegenerative diseases, defects in autophagic
processing can lead to the intraneuronal accumulation of waste products such as AB
and proteins such as p62 (Bordi et al., 2016; Brandenstein et al., 2016). p62 is a
scaffold protein with a role in regulating key molecular pathways such as autophagy,
inflammation, and antioxidant response pathways. p62 regulates the antioxidant
response and inflammation in part by indirect interactions with transcription factors
NRF2 and NFkB. p62 binds keapl via its keapl interacting region (KIR) and thus,
competes with NRF2 for keap1 binding, releasing NRF2 for nuclear translocation and
activation of antioxidant response genes (Liu et al., 2016). The N-terminal Phox-BEM1
(PB1) domain of p62 enables its homo-oligomerisation with other molecules of p62
and hetero-oligomerisation with kinases including protein kinase C (PKC), which can
then regulate NFkB signalling and downstream inflammation (Liu et al., 2016).

Chronic inflammation exacerbates AD pathology (Wang et al., 2017) and may result
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from the accumulation of p62 and subsequent dysregulation of inflammatory and

antioxidant response pathways.

5.2 Aims

After generation of models for investigation of FAD as described in 4.0, preliminary
work was carried out with the aim to investigate neural differentiation capacity in
control and PSEN1 neural cells as described in 1.4. The purpose of this was to
determine if this cellular model would display differences between AD and control
neural specification, thus differences in proliferation, growth, cell specification, and
cell cycle were to be investigated. Pathways such as inflammation, cell stress and
autophagy were also to be investigated to determine if AD NSC presented with
increased inflammation, cell stress and impaired autophagy, all of which are patterns
that have been associated with AD in numerous publications (Bordi et al., 2016;
Brandenstein et al., 2016; Vivar, 2015; Francgois et al., 2013; Urban et al., 2019;
Joseph et al., 2020).

This chapter aimed to repeatedly differentiate control and PSEN1 iPSC
simultaneously to NSC and NPC to generate material for analysis, the material was to
be used for analysis of differences between control and PSEN1 NSC. As described in
4.0, PSEN1 and control iPSC were simultaneously differentiated to generate NSC and

NPC. For interrogation of PSEN1 neural specification:

e PCR was to be used to investigate markers related to proliferation and
neural specification to understand if these differed between PSEN1 NSC and
controls, and to determine if PSEN1I NSC were more pre-disposed to
differentiate prematurely compared with controls.

e Flow cytometry was to be used to investigate the percentage of cells in
different stages of the cell cycle, to investigate whether PSEN1 NSC were
more likely to be entering the cell cycle and leaving the state of quiescence in

which NSC in the stem cell niche typically reside.
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e (PCR was also to be used to measure expression of markers related to
inflammation, cell stress and autophagy to determine if these were altered as

expected in PSEN1 NSC compared with control NSC.

5.3 Results

NSC containing the PSEN1I A246E mutation were repeatedly less capable of
proliferating to generate more progeny and displayed smaller and fewer neural stem
cell rosettes (Figure 54.). NSC which contained the PSEN1 A246E mutation also
displayed neural-like processes stretching across the cell culture plate. These
phenotypic changes suggested that PSEN1 A246E were primed to differentiate
prematurely when compared with control NSC. To work towards elucidating the
causes of this premature neural differentiation, RNA was extracted from control and
PSEN1 NSC at P2 and P3 and qPCR was used to analyse markers related to aberrant
neural differentiation, these included markers of normal neural differentiation,
proliferation, inflammation, cell stress and autophagy. Preliminary analysis of
autophagy in PSEN1 A246E NSC indicated a trend towards downregulation of
autophagy related markers Beclin-1, MTOR and LC3 compared with controls, and a
trend towards upregulation of P62 expression compared with controls (Figure 55 A).
Preliminary analysis of autophagy related gene expression in PSEN1 M146L displayed
a trend towards upregulation of Beclin-1, MTOR and LC3 when compared with
controls (Figure 55 B). These results indicated that there were variations in
autophagy between NSC containing different PSEN1I mutations. Altered Wnt
signalling in PSEN1 NSC was investigated using probes for expression of LEF-1,
CTNNB1, GSK3-beta, AXIN2 and JAG1. Data displayed a trend towards increased
expression of Wnt-related markers LEF-1, CTNNB1, GSK3-beta and AXIN2 in both
PSEN1 A246E NSC and PSEN1 M146L when compared with controls (Figure 56 A,
Figure 56 B). Data also displayed a trend towards downregulated expression of JAG1
in PSEN1 A246E NSC and a trend towards upregulated expression of JAG1 in PSEN1

M146L NSC when compared with controls.
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Gene expression related to different signalling pathways varied between the two
different PSENI mutations, (Figure 55, Figure 56) for that reason, further
experiments were carried out using only PSEN1 A246E NSC and control NSC. NSC and
neurosphere models were compared to investigate the effect of different culture
methods on the detection of differences between PSEN1 and control immature
neural cell populations (Figure 57, Figure 58) Analysis of inflammation and the
antioxidant response in PSEN1 NSC and neurospheres indicated little difference
between PSEN1 A246E NSC and control NSC. In PSEN1 neurospheres, however, there
was a trend towards upregulation of NRF2, HIF, NQO1 and STAT3 compared with
control neurospheres (Figure 57). Preliminary analysis of markers of neural
differentiation was carried out in PSEN1 A246E NSC and PSEN1 A246E neurospheres.
Results displayed a trend towards upregulated MAP2 and nestin expression in PSEN1
NSC compared with control NSC, but little difference in SOX2 expression between
control and PSEN1 A246E NSC. Investigation of normal neural differentiation in
neurospheres indicated a trend towards increased expression of SOX2 and MAP2 and
decreased expression of nestin in neurospheres with the PSEN1 A246E mutation

compared with control neurospheres (Figure 58).

After preliminary investigation of pathways related to normal and dysregulated
neural differentiation in disease, further analysis was carried out to validate and to
further investigate the changes seen in markers related to neural differentiation. To
generate samples for investigation, control and PSENI A246E iPSC were
differentiated simultaneously to NSC three times and RNA was harvested from the
NSC generated when they reached P2, P3 and P8. PSEN1 A246E samples were
investigated for expression of markers of neural differentiation: SOX2, nestin and
MAP2 as they matured. There was no significant difference (p=0.719) in expression
of SOX2, nestin (p>0.9999) or MAP2 (0.155) between PSEN1 and control NSC. There
was, however, a strong trend towards an increase in MAP2 gene expression in PSEN1
NSC compared with control NSC (Figure 59). MAP2 expression was lowest in samples

taken from P2 NSC and highest from samples taken from P8 NSC, indicating that
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MAP2 increases in NSC as they mature. In each sample pair -consisting of PSEN1 and
control NSC at P2, P3 and P8, MAP2 expression was consistently higher in the PSEN1
mutation containing NSC than in control NSC. The trend towards increasing MAP2 in
PSEN1 NSC supports the notion that PSEN1 A246E NSC were undergoing neural
differentiation at a faster rate than control NSC. Samples from control and PSEN1
NSC which displayed the highest levels of nestin were both taken from NSC at P8.
Expression of nestin did not differ to a large degree between control and PSEN1 NSC
at P2 and P3, however, at P8, there was a greater difference between nestin
expression in PSEN1 and control NSC, this can be seen by the difference between the
highest data points for nestin expression in PSEN1 and control NSC. SOX2 expression
in control NSC displayed very low levels of variation between biological replicates,
higher intra-sample variation was seen between PSEN1 biological replicates (Figure
61). Variability in SOX2 expression in PSEN1 biological replicates may be indicative of

the primary stages of dysregulated neural differentiation in disease (Figure 59).

It was hypothesised that altered cell division and altered cell cycle progression could
influence the progeny generated during neural differentiation, for this reason, cell
cycle progression was investigated in control and PSEN1I NSC and NPC using
propidium iodide staining and flow cytometry. Cell cycle analysis results displayed no
significant difference in the proportion of cells in G1 (p=0.388), G2 (p=0.234) or S-
phases (p=0.113), and no significant difference between sample levels of DNA
fragmentation (p=0.1) but did indicate trends towards an increase in the proportion
of PSEN1 NSC in G1, a decrease in the proportion of PSEN1 NSC in G2 and S-phases
and a trend towards an increase in the percentage of DNA fragmentation in PSEN1

NSC compared with control NSC.
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Figure 54. Altered neural differentiation in PSEN1 A246E NSC
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Repeated simultaneous differentiation of control and PSEN1 iPSC to NSC, consistently revealed
phenotypic differences between PSEN1 and control NSC. As PSEN1 NSC matured, they generated
fewer neural rosettes and tubes, and began to extend neuronal-like processes across the cell
culture plate. These phenotypic differences indicated a more rapid maturation/differentiation in
PSEN1 A246E NSC compared with controls. PSEN1 M146L did not display the same phenotypic
changes during neural differentiation and were similar to controls in their ability to proliferate and
generate new neural stem cells in their rosettes. PSEN1 M146L NSC at P2 (A) and P3 (Ai), PSEN1
A246E NSC at P2 (B) and P3 (Bi), control 1 NSC at P2 (C) and P3 (Ci), control 2 NSC at P2 (D) and P3

(Di). All images were taken at 20X magnification using an EVOS® Digital Microscope.

5.3.1 gPCR-based analyses of PSEN1 NSC and neurospheres

Initial qPCR-based analysis of PSEN1 NSC focused on investigating the role of
autophagy in disease neurogenesis. Both 2D and 3D models of neural differentiation
were used to investigate disease neurogenesis, these included NSC generated from
disease and control lines as well as neurospheres generated from the same
immortalised stem cell lines. The markers Beclin-1, MTOR, LC3 and P62 were selected
for qPCR-based analysis of autophagy in control and PSEN1 NSC. Preliminary analysis
indicated a downregulation in expression of Beclin-1, MTOR and LC3 and an
upregulation in expression of P62 in PSEN1 A246E NSC when compared with controls
(Figure 55 A). In PSEN1 M146L NSC, expression of Beclin-1, MTOR and LC3 was
upregulated compared with controls (Figure 55 B). These results indicated that there

were variations in autophagy between NSC containing different PSEN1 mutations.
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Figure 55. qPCR based analysis of autophagy in PSEN1 NSC

Fold change gene expression in PSEN1 A246E NSC (P3) compared with controls. B.) Fold change
gene expression in PSEN1 M146L NSC (P3) compared with controls. For PSEN1 samples, n=1
biological repeat with 3 technical repeats, for control samples, n=2 biological repeats with 3
technical repeats. Beclin-1 gene expression was lower in PSEN1 A246E NSC than in controls (A) but
was much higher in PSEN1 M146L NSC than in controls (B). MTOR gene expression was reduced in
PSEN1 A246E NSC compared with controls (A) but increased in PSEN1 M146L NSC compared with
controls (B). LC3 gene expression was reduced in PSENI A246E compared with controls but
increased in PSEN1 M146L NSC compared with controls. P62 gene expression was increased in
PSEN1 A246E NSC compared with controls. Gene expression varied widely between the two
different PSEN1 mutations, results indicate variations in autophagy between NSC containing
different PSEN1 mutations. Fold Change Gene Expression was calculated using the Delta-Delta Ct

method.

Altered Wnt signalling in PSEN1 NSC was hypothesised to be a potential cause of the
differences in proliferation and differentiation seen between PSEN1 and control NSC.
Probes selected for investigation of Wnt signalling included LEF-1, CTNNB1, GSK3-
beta, AXIN2 and JAG1. Expression of LEF-1, CTNNB1, GSK3-beta and AXIN2 was higher
in both PSEN1 A246E NSC and PSEN1 M146L than in controls (Figure 56 A, B),
expression of JAG1 was lower in PSEN1 A246E NSC than in controls and higher in
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PSEN1 M146L NSC than in controls. Results indicated that gene expression related to

Whnt signalling increased in PSEN1 NSC compared with controls.
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Figure 56. Expression of markers related to Wnt signalling

A.) Fold change gene expression in PSEN1 A246E NSC (P3) (n=1) compared with controls (n=2). B.)
Fold change gene expression in PSEN1I M146L NSC (P3) (n=1) compared with controls (n=2).
Expression of LEF-1, CTNNB1, GSK3-beta and AXIN2 was higher in both PSEN1 A246E NSC and PSEN1
M146L than in controls (A), expression of JAG1 was lower in PSEN1 A246E NSC than in controls and
higher in PSEN1 M146L NSC than in controls. Overall, results indicate that gene expression related

to Wnt signalling increased in PSEN1 NSC compared with controls.

PSEN1 A246E NSC were compared against control NSC for differences in levels of
oxidative stress and inflammation. Markers selected for investigation of oxidative
stress and inflammation were NRF2, HIF1, NQO1 and STAT3. There was a trend
towards upregulation of NRF2 and NQO1 in PSEN1 A246E NSC, a trend towards
downregulation of STAT3 in PSEN1 A246E NSC and no detectable difference between
PSEN1 A246E and control NSC in expression of HIF (Figure 57 A), (Figure 57 B).

The variation in gene expression between PSEN1 M146L and PSEN1 A246E NSC led
to the decision to focus on one PSEN1 mutation, thus further investigations were

carried out using PSEN1 A246E NSC and control cell lines. Neurospheres generated
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from control and PSEN1 A246E iPSC were analysed alongside PSEN A246E and control
NSC to determine if the model used led to differences in gene expression. In PSEN1
A246E NSC, there was a trend towards upregulation of NRF2 and NQO1 and
downregulation of STAT3 compared with controls. There was no detectable
difference between PSEN1 A246E and control NSC in expression of HIF (Figure 57 A).
In PSEN1 A246E Neurospheres, there was a trend towards upregulation of NRF2, HIF,
NQO1 and STAT3 compared with control neurospheres (Figure 57 B).
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Figure 57. qPCR based analysis of antioxidant-response and inflammation-

related gene expression in NSC and neurospheres

A.) PSEN1 A246E NSC compared with control NSC. Results indicated a trend towards upregulation
of NRF2 and NQO1 and downregulation of STAT3 compared with controls. There was no detectable
difference between PSEN1 A246E and control NSC in expression of HIF. B.) PSEN1I A246E
neurospheres compared with control neurospheres, there was a trend towards upregulation of

NRF2, HIF, NQO1 and STAT3 in PSEN1 A246E neurospheres compared with control neurospheres.

Preliminary investigation of markers related to neural differentiation was carried out
in PSEN1 A246E NSC compared with control NSC (Figure 58). SOX2 is a marker which

is highly expressed by immature NSC and is downregulated as NSC mature to NPC
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and even further downregulated as NSC mature to neurons. Nestin is a marker which
is highly expressed by neural stem and progenitor cells but is downregulated as NSC
differentiate to neurons. Microtubule associated protein 2 (MAP2) is a marker which
is upregulated as NSC mature to NPC and further to mature neurons. Results
displayed a trend towards upregulated MAP2 and nestin expression in PSEN1 NSC
compared with control NSC. There was no difference detected in SOX2 expression
between control and PSEN1 A246E NSC. Investigation of normal neural
differentiation in neurospheres indicated a trend towards increased expression of

SOX2 and MAP2 and decreased expression of nestin.

Figure 58. qPCR based analysis of markers of neural differentiation in NSC and

neurospheres
Preliminary gPCR data comparing expression of markers MAP2, nestin and SOX2 in NSC and in
neurospheres. A.) Results indicated a trend towards upregulation of MAP2 and nestin gene expression
in PSEN1 A246E NSC (n=1) at P8 compared with controls (n=2) at P8. A.) Results indicated that there
was no difference in expression of SOX2 between PSEN1 and control NSC P8. B.) Results indicated a
trend towards upregulation of MAP2 and SOX2 gene expression and downregulation of nestin gene

expression in PSEN1 A246E neurospheres (n=1) at D11 compared with controls (n=2) at D11.
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After preliminary investigation of pathways related to normal and dysregulated
neural differentiation in disease, control and PSEN1 iPSC were differentiated
simultaneously to NSC three times and RNA was harvested from the NSC generated
when they reached P2, P3 and P8. RNA collected from PSEN1 and control NSC at P2,
P3 and P8 was investigated for markers of neural differentiation using qPCR for
expression of markers MAP2, nestin and SOX2 (Figure 59). There was no significant
difference (p=0.719) in expression of SOX2, nestin (p>0.9999) or MAP2 (0.155)
between PSEN1 and control NSC. There was, however, a strong trend towards an
increase in MAP2 gene expression in PSEN1 NSC compared with control NSC. MAP2
expression was lowest in samples taken from P2 NSC and highest from samples taken
from P8 NSC, indicating that MAP2 increases in NSC as they mature. In each sample
pair -consisting of PSEN1 and control NSC at P2, P3 and P8, MAP2 expression was
consistently higher in the PSEN1 mutation containing NSC than in control NSC. The
trend towards increasing MAP2 in PSEN1 NSC supports the notion that PSEN1 A246E
NSC were undergoing neural differentiation at faster rate than control NSC. Samples
from control and PSEN1 NSC which displayed the highest levels of nestin were both
taken from NSC at P8. Expression of nestin did not differ to a large degree between
control and PSEN1 NSC at P2 and P3, however, at P8, there was a greater difference
between nestin expression in PSEN1 and control NSC, this can be seen by the
difference between the highest data points for nestin expression in PSEN1 and
control NSC. SOX2 expression in control NSC displayed very low levels of variation
between biological replicates, higher intra-sample variation was seen between
PSEN1 biological replicates (Figure 59). Variability in SOX2 expression in PSEN1
biological replicates may be indicative of the primary stages of dysregulated neural

differentiation in disease.
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Figure 59. qPCR based investigation of markers of neural differentiation

Early and more mature markers of neural differentiation were compared in PSEN1 and control NSC.
Samples were taken from NSC at P2, P3 and P8. Data points which display higher levels of nestin
were both taken from NSC at P8. For each pair of samples taken (at P2, P3 and P8), MAP2 expression
was higher in PSEN1 NSC than in control NSCin every sample pair. MAP2 expression was also higher
as NSC matured from P2 to P8. There was no significant difference (p=0.719) in expression of SOX2,
nestin (p>0.9999) or MAP2 (0.155) between PSEN1 and control NSC. There was, however, a strong
trend towards an increase in MAP2 gene expression in PSEN1 NSC compared with control NSC.
Normality tests, Paired T-tests and the Wilcoxon test were carried out using GraphPad Prism 9.2.0.
The graph was made using GraphPad Prism 9.2.0 and displays individual data points with the mean

value indicated by a horizontal line.

5.3.2 Cell cycle analysis in PSEN1 and control NSC

Differences in cell cycle progression may lead to altered proliferation and
differentiation in PSEN1 A246E NSC. For this reason, cell cycle progression was
analysed in NSC generated from PSEN1 A246E and control lines. control and PSEN1

iPSC were differentiated simultaneously to NSC in triplicate and 1 x 10° cells were
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harvested from the NSC generated when they reached P3. PSEN1 and control NSC
collected were stained with propidium iodide and analysed using flow cytometry to
investigate the proportion of cells in each stage of the cell cycle. Figure 60. A. displays
differences seen between PSEN1 and control NSC in Forward scatter (FSC) vs side
scatter (SSC) gating. In PSEN1 NSC, cell density is highest closer to the lower ends of
each axis, this indicates an increase in debris and cell death in PSEN1 NSC compared

with control NSC.

Figure 60. Forward scatter vs side scatter differences in PSEN1 NSC

Forward scatter (FSC) vs side scatter (SSC) gating was used to identify cells of interest based on size and
granularity. Warmer colours indicated a greater cell density. A-C represent three biological repeats of
control NSC. D-F represent three biological repeats of PSEN1 A246E NSC. In control NSC, the majority
of cells are located higher up the forward and side scatter plot, whereas in PSEN1 A246E NSC, the
majority of cells are found closer to the bottom of both axes, indicating an increase in debris and cell

death in PSEN1 A246E NSC.

After gating based on cell population, cells were gated further for exclusion of
doublets before analysis of Pl staining results. Figure 61 A-C represent the
distribution of cells in the cell cycle in three biological repeats of control NSC. Figure

61 D-F represent the distribution of PSEN1 A246E NSC in the different stages of the
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cell cycle. The graphs shown for the control NSC biological repeats (A-C) resemble
expected cell cycle results, with a high GO/G1 peak, which is representative of cells
in quiescence or in the G1 phase of the cell cycle, a smaller G2 peak, to represent
cells with twice amount of DNA that have undergone DNA replication, and a lower,
more widely spread peak between the GO/G1 and G2 peaks which represents cells in
the S-phase undergoing DNA replication that have somewhere between one copy
and two copies of DNA. Graphs shown for the PSEN1 A246E NSC biological repeats
do not resemble normal cell cycle plots, on average they display a much lower
number of cells in the GO/G1 phase of the cell cycle than seen in control NSC, a lower
number of cells in the G2 phase of the cell cycle and a lower number of cells in the S-
phase of the cell cycle than seen in control NSC, these differences are plotted in

Figure 62.
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Figure 61. Distribution of control and PSEN1 A246E NSC in cell cycle plots

A-C represent the distribution of cells in the cell cycle in three biological repeats of control NSC. D-
F represent the distribution of PSEN1 A246E NSC in the different stages of the cell cycle. The graphs
shown for the control NSC biological repeats (A-C) resemble expected cell cycle results, with a high
GO/G1 peak, to represent cells in quiescence or in G1 phase of the cell cycle, a smaller G2 peak, to
represent cells with twice amount of DNA that have undergone DNA replication, and number of
cells in between the GO/G1 and G2 peaks which are undergoing DNA replication and have
somewhere between one copy and two copies of DNA (S-phase). Graphs shown for the PSEN1
A246E NSC biological repeats do not resemble normal cell cycle plots, on average they have a much
lower number of cells in the GO/G1 phase of the cell cycle than seen in control NSC, a much lower
number of cells in the G2 phase of the cell cycle and a lower number of cells in the S-phase of the

cell cycle. Cell cycle plots were generated using ModFit LT™.

Results from cell cycle analysis using PI, flow cytometry and ModFit LT™ were
analysed to investigate differences in cell cycle progression between PSEN1 and
control NSC at P3. Figure 62 displays the percentage of PSEN1 A246E and control NSC
at P3 in different stages of the cell cycle Figure 62 A, displays the proportion of NSC
in the G1 phase of the cell cycle, Figure 62 B. displays the proportion of NSC in the
G2 phase of the cell cycle, Figure 62 C. displays the percentage of NSC in the S-phase
of the cell cycle, Figure 62. Cell cycle analysis of PSEN1 A246E and control NSC D.

displays the percentage of DNA fragmentation seen in PSEN1 NSC compared with
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control NSC. There was no significant difference (p=0.3881) between the percentage
of PSEN1 and control NSC in G1 of the cell cycle, but there was a trend (p=0.3881)
towards an increase in the proportion of PSEN1 NSC in the G1 phase of the cell cycle
compared with controls (Figure 62 A). There was no significant difference (0.234) in
the percentage of cells in the G2 phase of the cell cycle, but there was a trend (0.234)
towards a smaller proportion of PSEN1 NSC reaching the G2 phase of the cell cycle
when compared with control NSC. There was no significant difference (p=0.113)
between the percentage of PSEN1 and control NSC in the S-Phase of the cell cycle,
but there was a trend (p=0.113) towards a decrease in the proportion of PSEN1 NSC
in the S-phase of the cell cycle compared with control NSC (Figure 62 C). There was
no significant difference (p=0.1) in percentage DNA fragmentation in PSEN1 NSC
compared with control NSC, but there was a trend (p=0.1) towards increased DNA

fragmentation in PSEN1 NSC at P3 compared with PSEN1 NSC at P2.

Percentage of PSEN1 NSC in the G1 phase of the cell cycle ranged from 47- 78% with
an SEM of 8.5. Percentage of control NSC in the G1 phase of the cell cycle ranged
from 49- 59% with an SEM of 2.7. This data indicates that there was greater variance
between samples containing the PSEN1I mutation than control samples. The
percentage of PSEN1 NSC in the S-phase of the cell cycle ranged from 22-45% with
an SEM of 7.0, whereas the percentage of control NSC in the S-phase of the cell cycle
ranged from 33 to 43% with an SEM of 2.6, this data indicates that there is more
variance between PSEN1 samples than control samples. The percentage of PSEN1
NSC in G2 phase of the cell cycle ranged from 0-7.5% with an SEM of 2.32 whereas
the percentage of control NSC in G2 phase was 8.0% with no variation between
samples and thus an SEM of 0. This indicates again that there is more variation
between PSEN1 samples than controls in terms of their progression through the cell
cycle, this data also indicates that a greater proportion of control NSC reached the
G2 phase of the cell cycle than seen in PSEN1 samples. The percentage of DNA
fragmentation in PSEN1 NSC ranged from 36 to 72% with an SEM of 10.2, whereas
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the percentage of DNA fragmentation seen in control NSC ranged from 24 to 31%

with an SEM of 2.15.
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Figure 62. Cell cycle analysis of PSEN1 A246E and control NSC

Cell cycle analysis of PSEN1 and control NSC. Flow Cytometry was used to investigate differences in
cell cycle progression between PSEN1 and control NSC at P3. A.) displays the percentage of P3 NSC
in phase G1 of the cell cycle, there was no significant difference (p= 0.388) between the percentage
of PSEN1 and control NSC in G1 of the cell cycle, but there was a trend towards a greater proportion
of PSEN1 NSC being in the G1 phase of the cell cycle compared with the proportion of control. B.)
displays the percentage of P3 NSCin the S-phase of the cell cycle, there was no significant difference
(p=0.1125) between the percentage of PSEN1 and control NSC in the S-Phase of the cell cycle, but
there was a trend towards a decrease in the proportion of PSEN1 NSC in the S-phase of the cell
cycle compared with control NSC. C.) displays the percentage of control andPSEN1 NSC in the G2
phase of the cell cycle. There was no significant difference (p=0.234) in the percentage of cells in

the G2 phase of the cell cycle, but there was a trend towards fewer PSEN1 NSC reaching the G2
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phase of the cell cycle when compared with control NSC. D.) displays the percentage of DNA
fragmentation seen in PSEN1 NSC compared with control NSC, there was no significant difference
(p=0.1) in percentage DNA fragmentation in PSEN1 NSC compared with control NSC, but there was
a trend towards increased DNA fragmentation in PSEN1 NSC at P3 compared with PSEN1 NSC at P2.
Normality tests, T-tests and Man-Whitney U tests were carried out using GraphPad Prism 9.2.0.
Graph made using GraphPad Prism displays individual data points with the mean value indicated

by a horizontal line.

5.3.3 Chapter summary

The data shown in this chapter indicate trends towards dysregulation of pathways
related to Wnt signalling, autophagy and neural differentiation in PSEN1 NSC. Cell
cycle analysis results indicated a trend towards an increase in the proportion of
PSEN1 NSCin G1, and a decrease in the proportion of PSEN1 NSC in G2 and S-phases,
these results suggested impairments in cell cycle progression in PSEN1 NSC. Cell cycle
results also displayed a trend towards an increase in the percentage of DNA
fragmentation in PSEN1 NSC compared with control NSC, which may be indicative of
increased apoptosis or necrosis in AD. Pathway dysregulation in PSEN1 required
further analysis on a wider scale to enable a full screen of transcriptomic differences
occuring between PSEN1 and control NSC. For this reason, it was decided that RNA
sequencing would be carried out on control and PSEN1I NSC at multiple stages in
neural differentiation, to enable investigation of the transcriptomic changes which
were occuring exclusively during PSEN1 neural differentiation and pushing them

towards a more neural phenotype.
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6. RNA sequencing

6.1 Introduction

6.1.1 Overview of RNA sequencing

RNA sequencing is a useful tool for bulk transcriptomic analysis of a cell population.
RNA is isolated, purified and fragmented before conversion to cDNA. Adapters are
ligated to cDNA fragments to enable binding to a flow cell, after which the
sequencing library is run to generate reads, which are mapped onto a reference
genome (Figure 63). The lllumina TruSeq Stranded Total RNA protocol can be used
for generation of a cDNA library for RNA Sequencing. Purification of Poly-A containing
mRNA molecules is carried out using poly-T-oligo attached magnetic beads,
fragmentation of mRNA is then carried out using divalent cations at a high
temperature. First strand synthesis of cDNA is carried out using random primers and
the enzyme reverse transcriptase. Addition of actinomycin to the first strand
synthesis mix improves strand specificity as it prevents DNA dependent synthesis but
allows RNA-dependent synthesis. Second strand synthesis of cDNA is carried out
using DNA polymerase | and RNase H. To achieve strand specificity, in the second
strand marking mix, dTTP is replaced by dUTP, during amplification, the second
strand is quenched by the presence of dUTP. After generation of cDNA, 3’ ends are
adenylated to prevent ligation with other blunt fragments during adaptor ligation. A
Thymine nucleotide on the 3’ end of the adapter enables complementary binding of
adapter with fragment. The ligation of adaptors to fragments allows the double
stranded cDNA generated to hybridise to the flow cell. Post ligation of adaptors to
cDNA fragments, cDNA is amplified using PCR. The assay uses a DNA polymerase that
stops incorporating bases at dUTP, this quenches the second strand of cDNA during
enrichment. Bead based purification of enriched DNA products is carried out before
quality control (QC) and quantification of the final library. The LS library which was

used in this project has a single index adaptor.
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Figure 63. Overview of library preparation and RNA sequencing

Overview of the library preparation stages of RNA Sequencing. 1.) RNA is isolated from samples, 2.)
RNA is fragmented into short segments. 3.) RNA fragments are converted into cDNA. 4.) Sequencing
adaptors are ligated, and cDNA fragments are amplified. 5.) The cDNA library is loaded to a flow
cell and Next Generation Sequencing is carried out. 6.) Reads are alignment to a reference genome
to generate read counts that can be compared between samples to investigate differences in gene

expression (Created in BioRender.com).
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Figure 64. Overview of RNA sequencing

Overview of lllumina’s RNA sequencing process. 1.) cDNA library is prepared from RNA samples. 2.)
The cDNA library binds to the flow cell and clusters are amplified. 3.) Fluorescent labelling of
nucleotides enables accurate cDNA sequencing. 4.) Sequencing results are processed for quality
control and then aligned to a reference genome, after which, read counts are generated and used

to interrogate differences in gene expression between samples (Created in BioRender.com).

Cluster generation and sequencing of Read 1- reads map to the antisense strand in
read 1 and map to the sense strand in Read 2. Fragments with no adapters cannot
hybridize to surface-bound primers in the flow cell. Fragments with an adapter on 1

end can hybridize to surface bound primers but cannot form clusters.
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Figure 65. RNA sequencing adapters

RNA Sequencing adaptors are bound to cDNA fragments for attachment to the flow cell

6.1.2 Quality control of RNA seq data

Sequencing problems often occur in RNA seq data, and include low sequencing
quality of raw reads, contamination from other species, residual degradation and
varied read coverage. Each sample file contains the 75bp of sequenced read, a
sequence ID, and a quality score. The quality score or Q score is represented as an
ASCII character to save data. The tools FastQC and MultiQC can interpret the ASCII
symbols to present a quality score for the calling of each base. QC including trimming
and filtering was carried out on the initial sequencing data, on reads post alignment

to the reference genome and on DESeq?2 results.

6.2 Aims

The overarching aim of chapter 3 was to use RNA sequencing to investigate
transcriptomic differences between control and PSEN1 NSC at P2 and P3, and thus to
analyse the transcriptomic differences between control and PSEN1 neural
differentiation. Analysis using RNA sequencing enabled large scale transcriptome
wide analysis of PSEN1 and control NSC and required a relatively low quantity of

starting material. The objectives of chapter 3 were:
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1. Preparation of cDNA libraries for sequencing from RNA isolated from PSEN1
and control NSC at P2 and P3
e Extraction of RNA and DNase digestion
e Analysis of RNA prior to initiation of library preparation
e Library preparation following the Illumina TruSeq Stranded Total
RNA protocol
e Analysis and quantification of cDNA libraries prior to running on the

RNA-sequencing

2. Running cDNA libraries on the Illumina RNA Sequencer 500

e Preparation of libraries for addition to the flow cell

3. Quality control (QC) and Processing of data
e QC of sequencing data
e Alignment to a reference genome
e QCof alignment
e Generation of read counts
e Analysis of RNA seq data- using DESeq2, Reactome and Panther for

pathway analysis

6.3 Results

RNA sequencing was used to investigate transcriptomic differences between control
and PSEN1 A246E NSC at P2 and P3. Investigation of differences in transcription
between control and PSEN1 A246E NSC at P2 and P3 was carried out to investigate
differences in neurogenesis. Biological repeats were generated from the same initial
cell lines -Axol119 control and Axol114 PSEN1 A246E and were classed as biological
repeats because each repeat was generated from a separate neural differentiation
protocol. Three separate experiments were conducted in which A246E iPSC and

control iPSC were differentiated simultaneously to NSC and harvested at P2 and P3.
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Variation was seen between biological repeats which did not differ genetically, this
highlights the variations that can be seen between different neural differentiations
which were carried out in exactly the same manner and highlights the importance of
simultaneously differentiating AD and control lines for investigation of differences
occurring in disease neurogenesis. PSEN1 A246E NSC samples will herein be referred

to as PSEN1 NSC.

Figure 66. RNA sequencing workflow

Workflow to show library preparation for RNA Sequencing, QC, and analysis post sequencing. RNA
was extracted from control and PSEN1 A246E NSC at P2 and P3 and DNase digestion was carried
out to prevent genomic contamination in RNA samples. All RNA samples were quantified and
assessed to determine quality before initiation of library preparation. Library preparation involved
purification and fragmentation of mRNA before adapter ligation, generation of cDNA and
enrichment of cDNA using PCR. RNA sequencing was carried out using the Illumina NextSeq 500
and data generated underwent QC, which included trimming and filtering of low-quality bases and
sequences. After QC of data, sequences were aligned to a reference genome, and the quality of this
alignment was assessed. Read counts were generated and differential gene expression analysis was

carried out to investigate differences in gene expression between samples. Pathway analysis was
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carried out along with further analysis of differences in gene expression (Figure Created in

BioRender.com).

6.3.1 Analysis of cDNA fragment sizes post library preparation

After simultaneous generation of NSC from PSEN1 and control iPSC, RNA was
extracted at P2 and P3. DNase digestion was used to degrade both double-stranded
and single-stranded DNA to prevent genomic contamination in RNA samples. RNA
samples were quantified and assessed to determine quality before library
preparation. Library preparation was carried out using the lllumina TruSeq Stranded
mRNA workflow and consisted of purification and fragmentation of mRNA, adapter

ligation, generation of cDNA and enrichment of cDNA using PCR (Figure 66).

The first cDNA library generated using the Illumina TruSeq Stranded mRNA protocol
was assessed using the 2100 Bioanalyzer system by Agilent to determine quality and
fragment sizes of cDNA samples. cDNA fragment sizes were expected to range from
200-500 bp, however, along with cDNA fragments in the expected range, there were
also larger cDNA fragments seen at >1000 bp (Figure 101). The presence of samples
with these larger fragment sizes was thought to be due to bead contamination, so
further wash steps were carried out using beads, however this did not lead to

removal of the larger cDNA fragments.

After attempts to remove larger fragments were unsuccessful, RNA samples were
processed again for library preparation. The second library preparation resulted in
the generation of cDNA fragments within the expected range (200-500bp) (Figure
67). The issues seen with the first library preparation may have been due to plates

being placed on ice in between steps.
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Figure 67. Bioanalyzer traces displaying cDNA used for RNA sequencing

Screen capture of Agilent 2100 Bioanalyzer electropherograms

Bioanalyzer traces were used to check cDNA fragment sizes after completion of the second library
preparation. The second library preparation performed displayed fragment sizes within the
expected range of 200-500bp in all 12 samples tested. A, B, C display control P3 NSC, D, E, F display
PSEN1 A246E P3 NSC.

6.3.2 Processing of RNA sequencing data

RNA sequencing was carried out using the lllumina NextSeq 500 and data generated
was assessed for quality, prior to processing for data analysis. The RNA sequencing
run was successful and generated a total of 144,239,762 reads, from which, clusters
which could not clearly be identified were filtered out, leaving 136,681,764 reads -
93.6% of the total read count. The PhiX control is a ready to use library to be used as
a control for RNA sequencing runs. Reads 1 and 3 displayed the PhiX control, the
alignment percentages of which were 5.1% and 5.03% indicating high quality
normalisation and quantification of the library. 97.3% of the indexed library had a Q
score greater than 30. 5 billion reads had a Q score between 30 and 35, and 35 billion
reads had a Q score which was in the range 35-40. A Q score of 40 indicates that
thereis a 1:10,000 chance that the base reading was incorrect, this gives a probability

value (p) of 0.0001. This data indicates that the quality of sequencing reads was high.

For analysis of sequencing reads, the 12 samples sequenced were divided into the

four groups PSEN1 A246E NSC P2, PSEN1 A246E NSC P3, control NSC P2 and control
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NSC P3, with each group containing three biological repeats. A one-way ANOVA was
used to compare percentage reads identified between samples using GraphPad
Prism 9.2.0. There was no significant difference in percentage reads identified
between groups (p=0.0757). A one-way ANOVA was also carried out to determine if
the number of identified reads differed significantly between groups, there was no
significant difference between the number of identified reads between groups
(p=0.0715) (Figure 68). These results indicated that sequencing was not significantly
affected by variations in the cDNA concentration loaded and indicated that library
guantification prior to sequencing was successful. The lower percentage of reads
identified in control P3 may have led to a reduction in the identification of lowly
expressed genes meaning that small changes may have been missed. The higher
percentage of reads identified in PSEN1 A246E P3 compared with PSEN1 A246E P2
could have resulted in the loss of data on genes which are upregulated to a smaller
degree from P2 to P3 and indicates that genes which are seen to be upregulated in
P3 compared with P2 may be upregulated to an even greater degree than is seen in
the data. The mean of all three biological repeats is indicated on the graph. All reads

were further filtered prior to analysis.

199



Reads Identified

E 1x107=
S 8x106- ¢
o
?‘g 6x106- e
)
x | [ )
= 4x106 ° o
5 %106 ) d ® ® ®
-Q —
g o O
P 0 T T T T
& & Q2
* & & &
AN PN SN
(o) [8)
O \el \el
é’\r é\
% <
) )
% ¥

Figure 68. Number of reads identified per group

RNA Sequencing reads were grouped as control P3, PSEN1 A246E P3, control P2 and PSEN A246E
P2. The number of reads identified is plotted for each sample group. There was a trend towards an
increase in number of reads identified for the group PSEN1 A246E P2 relative to other groups. A
one-way ANOVA was carried out on all four groups using GraphPad Prism 9.2.0. There was no
significant difference in the number of reads identified between groups (p= 0.0757). The mean of
all three biological repeats is indicated on the graph. B.) A one-way ANOVA was used to compare
the number of reads identified between samples. There was no significant difference in the number

of reads identified between groups (p=0.0715).

RNA sequencing data generated underwent quality control (QC) prior to analysis, QC
included trimming and filtering of low-quality bases and sequences. After QC of
reads, sequences were aligned to a reference genome, and the quality of this
alignment was assessed. Read counts were generated and differential gene
expression analysis was carried out to investigate differences in gene expression
between samples. Pathway analysis was carried out along with further analysis of
differences in gene expression between samples. All QC, formatting and analysis of

RNA sequencing data was done using the galaxy wrapper for each program. The
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sequencing data were uploaded to the Galaxy web platform and the public server

was used at usegalaxy.org for all data analysis.

6.3.3 Quality control of RNA sequencing data

RNA sequencing data underwent quality control (QC) assessment prior to analysis,
QC included trimming and filtering of low-quality bases and sequences. Individual
Fastq files were analysed for quality control using the programs FastQC and MultiQC.
Samples were analysed for their Average Per Base Sequence Quality for every
position in the read (total 75 bp) (Figure 103). At every position in the read, all
samples had a Q score of >30 indicating high quality base identification. Samples
were analysed to determine their overall per base sequence content (Figure 103 B).
The first 10 bases of this sample display an uneven distribution of A/T/G/C. These
first 10 bases are not sequenced incorrectly as their quality score was above 30, the
uneven base distribution at the start of each read was likely due to the use of random
hexamers in first strand synthesis. Samples were analysed for their per base N
content (Figure 103 C), all samples displayed a per base N content of 0%. Samples
were analysed for per tile sequence quality (Figure 103 D), a small number of samples
displayed warm coloured tiles which may have been the result of bubbles or debris
in the flow cell lane, however this issue only occurred for a whole 75 bp sequence on
one tile for affected samples, meaning that the low-quality sequences could be
filtered out. Samples were analysed for adapter content (Figure 103). All samples
analysed passed this module and did not present with a significant amount of adapter
present. Samples were analysed for their per sequence quality scores, (Figure 103)
the average quality per read for all samples was >30. Samples were analysed for
sequence length distribution (Figure 103). All fragments were sequenced to between
72 and 76 bp, with most fragments at 75bp. Samples were analysed for their levels
of sequence duplication (Figure 103), biological duplication is expected in RNA
sequencing and is indicative of levels of gene expression. All samples were analysed
for their per sequence GC content (Figure 103) which was normally distributed in all

samples, with most samples having a mean GC content of 50%. All samples were also
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analysed for the presence of overrepresented sequences, most samples had no
overrepresented sequences but those that did had adaptor sequences and long
strings of G’s, which meant that the machine had detected no signal and had run out
of template (Table 35). All samples underwent trimming and filtering using the tool
Trimmomatic which resulted in the removal of poor-quality bases, poor-quality

sequences, and contaminants (Appendix 3. Table 36).

6.3.4 Alignment, generation of read counts and data analysis

After QC of reads, sequences were aligned to the reference genome (Hg38), and the
quality of this alignment was assessed. Read counts were generated and statistical
analyses were carried out to determine if differences in the number of reads aligned
per sample group had a significant effect on downstream analyses and results. The
rate of alignment was >90% for all samples, which indicated successful alignment of
all samples to the reference genome (Appendix 3. Figure 101). Post alignment of
sequences to the reference genome Hg38, aligned BAM files were filtered to leave
only reads which were paired, mapped in a proper pair, and had a mapping quality
above 20 on the Phred scale. After aligning genes to the reference genome (Hg38)
and quality-based filtering, the number of reads mapping to each gene were counted
(Table 42). The number of reads assigned to the reference genome post filtering was
compared between samples (Figure 69). There was no significant difference
(p=0.0624) in the number of reads assigned between samples, this indicated that
results generated from further analyses would not be affected by differences in the
number of reads assigned to the reference genome per sample group. Generation of

read counts enabled analysis of differential gene expression between samples.
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Figure 69. Number of reads assigned to the reference genome post-filtering

Post QC of alignment, the number of remaining reads assigned to the reference genome was
compared between sample groups. There was no significant difference (p=0.0624) in the number
of reads assigned per group post filtering. These results indicated that the number of reads assigned
per sample group did not affect downstream data analysis. Statistical analysis was carried out using

a one way ANOVA using GraphPad Prism 9.2.0.

6.3.5 Analysis of variance in rna sequencing data

Differential gene expression analysis was carried out to investigate differences in
gene expression between samples. DESeq2 was used to identify genes which were
differentially expressed between sample groups. Differentially expressed genes
(DEGs) were generated for each group comparison i.e., PSEN1 P2 vs PSEN1 P3,
control P2 vs control P3, PSEN1 P2 vs control P2 and PSEN1 P3 vs control P3.
Information on differentially expressed genes (DEGs) was utilised to investigate the
variance between samples and to carry out pathway analysis. Variance between
sample groups sequenced was assessed using a principal component analysis (PCA)
plot (Figure 71.), a Sample-to-Sample Distances Heatmap (Figure 72.) and a

Dispersion Estimates graph (Figure 73.).
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Principal component analysis (PCA) was carried out using DESeq2 through the galaxy
wrapper to elucidate the similarity of gene expression between samples. The PCA
plot generated displays the variation between the transcriptomic profiles captured
for each sample in their principal components -principal component 1 (PC1) and
principal component 2 (PC2) (Figure 70). The PCA plot was used to visualise the
overall effect of batch effects and experimental covariates. Each sample was plotted
on the 2D graph based on its relative variance to the other samples. The distance
between two points on an axis was proportional to the variance in gene expression
between those points i.e., points further apart on an axis were more divergent in
gene expression within that principal component. control NSC samples at P2 and P3
cluster closely together on the PCA plot, and when grouped, display some overlap.
control NSC at P2 and P3 do not display high levels of variance in PC1 and PC2, this
indicates that gene expression profiles do not differ greatly between control NSC at
P2 and at P3. PSEN1 NSC samples at P2 cluster closely together and display low levels
of variance from control samples in PC1 and PC2, but do not overlap with control
samples when grouped together. PSEN1 NSC samples at P3 display high levels of
variance between all biological repeats in both PC1 and PC2 and vary from PSEN1 P2
NSCin both PC1 and PC2. When grouped together, gene expression profiles of PSEN1
NSC at P3 do not overlap with PSEN1 P2 samples or with control samples. This data
indicates that more transcriptional changes have occurred during a single passage in
PSEN1 NSC than in control NSC, indicating that there are more changes in gene
expression during disease neural differentiation than there are in control neural
differentiation. The high levels of variance seen between PSEN1 P3 samples may also
indicate that neural differentiation in FAD is not as carefully regulated as in control

NSC.
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Figure 70. PCA plot displaying variance between RNA seq samples

The Principal Component Analysis (PCA) plot was generated using DESeq2 through the galaxy
wrapper. The PCA plot displays variance in gene expression between sequencing samples. Principal
component 1 was plotted on the x-axis against principal component 2 on the y-axis. The distance
between two points on an axis was proportional to the variance in gene expression between those
points. Control NSC samples at P2 and P3 cluster closely together on the PCA plot, and when

grouped, gene expression profiles for control NSC at P2 and P3 display some overlap.

The Sample-Sample distances plot (Figure 72.) is a clear means by which to
interrogate the similarities and differences between each individual samples. This
enables investigation of similarities and dissimilarities between biological repeats as
well as between samples under the different conditions. The heatmap of the distance
matrix gives an overview of similarities between samples. A hierarchical clustering
based on the sample distances was added to the heatmap. The sample PSEN1 P3 Fis
dissimilar to all other samples including other PSEN1 P3 samples and all samples are
most dissimilar to this sample. This data may indicate that the sample PSEN1 P2 F
should be removed from analysis, however as sample sizes were small (n=3) for each
variable, this sample was not removed. Other biological repeats displayed greater
similarities with other samples in that group and greater differences with samples

from other groups.
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Figure 71. Sample-to-sample distances heatmap

The Sample-to-Sample Distances Heatmap gives an overview of similarities and differences
between samples. Hierarchical clustering was added to the heatmap based on sample distances.
Samples are plotted on both the x and y-axis for comparison with all other samples. No differences
between samples is shown by a dark blue colour, for example, there is no difference between the

sample PSEN1 P2 M and PSEN1 P2 M, because these are the same sample.

The dispersion plot (Figure 72) displays the spread or variability in the RNA
sequencing data set. DESeq2 assumes similar levels of dispersion for genes with
similar expression levels. Gene-wise dispersion estimates were shrunk to the
expected dispersion values, thus reducing the likelihood of false positives. Outliers
were not shrunk towards the fitted values as this can increase the risk of false
positives. The dispersion estimate plot displayed negative correlation between
dispersion levels and mean normalised counts, this indicated no contamination or

outlier samples were present in the sequencing data.
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Figure 72. Dispersion estimates RNA sequencing data

6.3.6 Analysis of differential gene expression in rna sequencing data

DESeq2 was used to identify genes which were differentially expressed between
sample groups. Histograms were used to compare the p-values for DEGs between
samples (Figure 73) and MA-plots were used to display log fold-change attributable
to a given variable, plotted against the mean of normalised counts for all samples in
the data set (Figure 74). Volcano plots were used to display significant (p<0.05) DEGs
from P2 to P3 in PSEN1 and control NSC (Figure 76).

p-Value Histograms for DEGs display few significant DEGs when control NSC are
compared at P2 and P3 (A) but displays a much greater number of significant DEGs
when PSEN1 NSC are compared at P2 and P3 (B). This indicates that there are more
changes occurring in PSEN1 neural differentiation than in control neural
differentiation. Data displays few significant DEGs between control and PSEN1I NSC
at P2 (C) but a much greater number of significant DEGs between control and PSEN1
NSC at P3 (D). This indicates that at the earlier passage, control and PSEN1 NSC do
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not vary significantly, but that as they mature, control and PSEN1 NSC become more

divergent in their gene expression.

Figure 73. p-value histograms for DEGs
Histograms of p-values for DEGs between samples. The y-axis shows p-values, and the x-axis displays
the frequency of that p-value occurring. A.) Histogram of p-values for control P3 vs control P2. B.)
Histogram of p-values for PSEN1 P3 vs PSEN1 P3. C.) Histogram of p-values for control P2 vs PSEN1 P2.
D.) Histogram of p-values for control P3 vs PSEN1 P3. The data displays few significant DEGs when
control NSC are compared at P2 and P3 (A) but displays a much greater number of significant DEGs
when PSEN1 NSC are compared at P2 and P3 (B). This indicates that there are more changes occurring
in PSEN1 neural differentiation than in control neural differentiation. Data displays few significant
DEGs between control and PSENI NSC at P2 (C) but a much greater number of significant DEGs
between control and PSEN1 NSC at P3 (D). This indicates that at the earlier passage, control and PSEN1
NSC do not vary significantly, but that as they mature, control and PSEN1 NSC become more divergent

in their gene expression.

MA-plots are 2D scatter plots which were used to aid visualisation of gene expression
changes in RNA sequencing data between two different conditions, for example,

control vs PSEN1 or early passage vs later passage. MA-plots display log fold-change
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attributable to a given variable, plotted against the mean of normalised counts for all
samples in the data set. Genes which have similar expression values in both
conditions are shown to cluster around M=0 on the y-axis, this indicates no significant
changes in gene expression between the two conditions. Genes which are
upregulated from one condition to another are shown above the M=0 line, genes
which are downregulated from one condition to the other are shown below M=0 on
the y-axis. Red points indicate the adjusted p-value is < 0.1. MA-plots do not consider
p-values, nor do they consider adjusted p-values, for this reason, MA-plots cannot be

used to accurately visualise statistical significance in gene expression.

DESeq2 computes fold change of factor level 1 against factor level 2, meaning that
genes in factor level 2 are upregulated or downregulated compared with genes in
factor level 1. (Figure 74 A). displays genes which were differentially expressed in
control P2 NSC when compared with control P3 NSC. (Figure 74 B). displays genes
which were differentially expressed in PSEN1 NSC at P2 when compared with PSEN1
NSC at P3. Changes in gene expression occurred in both control and PSEN1 neural
differentiation (P2 NSC to P3 NSC). Many genes were upregulated during neural
differentiation from P2 to P3 and are displayed here as downregulated from P3 to
P2. When analysed further, many of the genes differentially expressed from P2 to P3
NSC in both control and PSEN1 samples were genes associated with neural
differentiation. The differences visualised between MA-plots A. and B. indicate that
the number of DEGs with an adjusted p-value of <0.1 is much greater in PSEN1 neural
differentiation (P2 to P3) than in control neural differentiation (P2 to P3), indicating
that there are more changes in gene expression occurring in PSEN1 neural
differentiation than in control neural differentiation. Figure 74 C. displays genes
which were upregulated and downregulated in PSEN1 P2 NSC when compared with
control P2 NSC. Figure 74 D. shows genes which were upregulated and
downregulated in PSEN1 P3 NSC when compared with control P3 NSC. Figure 74 C.
displays a small number of DEGs with an adjusted p-value of <0.1 when PSEN1 and

control NSC are compared at P2, whereas (Figure 74 D). shows this number increasing
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greatly when the same cells are compared one passage later at P3. These data
indicate that gene expression does not vary greatly between PSEN1 and control NSC
at earlier stages in neural differentiation, but that as NSC mature, there is an increase
in transcriptomic differences between cells containing the PSEN1 mutation and

controls.

Figure 74. MA-plots for RNA sequencing data

MA-plots display log fold-change attributable to a given variable, plotted against the mean of
normalised counts for all samples in the data set. Genes with similar expression values in both
conditions are shown to cluster around M=0 on the y-axis, genes which are upregulated from one
condition to another are shown above the M=0 line, genes which are downregulated from one
condition to the other are shown below M=0 on the y-axis. Red points indicate the adjusted p-value
is <0.1. A.) Log fold change values for gene expression changes between control P3 and control P2
NSC. This plot shows genes which were upregulated and downregulated in control P2 NSC when
compared with control P3 NSC. B.) Log fold change values for gene expression changes between
PSEN1 P3 and PSEN1 P2 NSC. This plot shows genes which were upregulated and downregulated in

PSEN1 P2 NSC when compared with control P3 NSC. Many genes were upregulated during neural
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differentiation from P2 to P3 and are displayed here as downregulated from P3 to P2. Changes in
gene expression occurred in both control and PSEN1 neural differentiation (P2 NSC to P3 NSC). The
differences visualised between MA-plots A and B indicate that the number of DEGs with an adjusted
p-value of <0.1 is much greater in PSEN1 neural differentiation (P2 to P3) than in control neural
differentiation (P2 to P3). This indicates that there are more changes in gene expression occurring
in PSEN1 neural differentiation than in control neural differentiation. C.) Log fold change values for
gene expression changes occurring in PSEN1 P2 NSC when compared with control P2 NSC. This plot
shows genes which were upregulated and downregulated in PSEN1 P2 NSC when compared with
control P2 NSC. D.) Log fold change values for gene expression changes between PSEN1 P3 and
control P3 NSC.

Genes which were differentially expressed between sample groups were filtered for
fold change >1 and significance (p<0.05), after which the number of DEGs per sample
group comparison was plotted (Figure 75). Between PSEN1 NSC at P2 and PSEN1 NSC
at P3, 409 genes were differentially expressed. Between control NSC at P2 and
control NSC at P3, 87 genes were differentially expressed. The number of genes
which were differentially expressed during PSEN1 neural differentiation (from P2 to
P3) was 4.7 fold higher than the number of genes seen to be differentially expressed
during control neural differentiation (from P2 to P3). When the sample group control
P2 NSC was compared to the sample group PSEN1 P2 NSC, there were 12 DEGs. When
the sample group PSEN1 P3 NSC was compared with the sample group control P3
NSC, there were 119 DEGs. The number of genes which were differentially expressed
when comparing control and PSEN1 NSC at P3 was 9.92 fold higher than when
comparing control and PSEN1 NSC at P2. Results indicated that the greatest number
of DEGs were seen between PSEN1 NSC at P2 and PSEN1 NSC at P3. The second
largest number of DEGs was seen when comparing control NSC at P3 and PSEN1 NSC

at P3.
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Figure 75. Number of DEGs per sample group comparison

Post filtering of DEGs for fold change >1 and significance (p<0.05), the number of DEGs per sample
group comparison were plotted. Using DESeq2, comparison between PSEN1 NSC at P2 and PSEN1
NSC at P3 generated 409 DEGs, comparison between control NSC at P3 and PSENI1 NSC at P3
generated 119 DEGs, comparison between control NSC at P2 and control NSC at P3 generated 87
DEGs and comparison between control P2 NSC and PSEN1 P2 NSC generated 12 DEGs. Results
indicate that the greatest number of DEGs were seen between PSEN1 NSC at P2 and PSEN1 NSC at
P3. The second largest number of DEGs was seen when comparing control NSC at P3 and PSEN1
NSC at P3. The number of DEGs seen during PSEN1 neural differentiation was 4.7 fold higher than
the number of DEGs seen in control neural differentiation. The number of DEGs seen when
comparing control and PSEN1 NSC at P3 was 9.92 fold higher than the number of DEGs seen when

comparing PSEN1 and control NSC at P2.

MA-plots do not consider p-values nor adjusted p-values so cannot be used to
visualise statistical significance in gene expression, for this reason, volcano plots were
generated to indicate genes with statistically significant differences. DEGs
determined by DESeq2 were filtered based on p<0.05 and a fold change of >1, after
which, volcano plots were generated to display the overall number of genes which

were dysregulated to a statistically significant degree between samples.
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Volcano plots (Figure 76) display a much greater number of statistically significant
(p<0.05) DEGs between PSEN1 NSC P2 and PSEN1 NSC P3 (B) than between control
NSC P2 and control NSC P3 (A). This indicates that there are more statistically
significant (p<0.05) changes occurring during PSEN1 neural differentiation than occur
during control neural differentiation. A greater number of genes are upregulated
during both control (A) and disease (B) neural differentiation than are
downregulated. The most upregulated genes in control neural differentiation (A.) are
PLEC, ANO8, CCDC85B, ADAMTS7 and ZDHHC8. The most upregulated genes in
PSEN1 neural differentiation (B.) are PLEC, CORO1B, BTBD2, LRFN4 and NDUFS7.
With the exception of CORO1B, these genes are all upregulated in both PSEN1 and
control neural differentiation, and almost all are upregulated to a higher degree in

PSEN1 neural differentiation.

Figure 76. Volcano plots for DEGs

Volcano plots display significant (p<0.05) DEGs from P2 to P3 in PSEN1 and control NSC. Blue dots
represent genes which were significantly (p<0.05) downregulated in P3 compared with P2 and red
dots represent genes which were significantly (p<0.05) upregulated in P3 compared with P2. A.)
Volcano plot displaying statistically significant (p<0.05) DEGs from P2 to P3 in control NSC. B.)
Volcano plot displaying statistically significant (p<0.05) DEGs from P2 to P3 in PSEN1 NSC. Data
displayed a much greater number of statistically significant (p<0.05) DEGs between PSEN1 NSC P2
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and PSEN1 NSC P3 (B) than between control NSC P2 and control NSC P3 (A). A greater number of

genes were upregulated during both control (A) and disease (B) neural differentiation than are

downregulated. The five most upregulated genes in control neural differentiation (A.) were PLEC,

ANOS8, CCDC85B, ADAMTS7 and ZDHHCS8. The five most upregulated genes in PSENI neural

differentiation (B.) were PLEC, CORO1B, BTBD2, LRFN4 and NDUFS7.

6.3.6 Analysis of pathways and molecular functions altered in PSEN1

and control neural differentiation

Analysis of the pathways, molecular functions and biological processes dysregulated

in PSEN1, and control neural differentiation was carried out using Gene Ontology

(GO), the protein annotation through evolutionary relationship (PANTHER)

classification system and the Reactome Database.

Prior to pathway analysis, DEGs generated from differential gene expression analysis

were filtered based on p<0.05 and a fold change of >1. Gene Ontology results

indicated that the molecular functions protein binding and binding were significantly

upregulated in PSEN1 NSC at P3 compared with PSEN1 NSC at P2 (FDR p<0.05) (Figure

77).

Analysis Type:

PANTHER Overrepresentation Test (Released 20220202) ‘

Annotation Version and

Release Date:

GO Ontology database DOI: 10.5281/zenodo.5725227 Released 2020-11-01

Analysed List:

upload_1 (Homo sapiens)

Reference List:

Homo sapiens (all genes in

database)

Test Type: FISHER

Correction: FDR

GO molecular function | Homo sapiens - REFLIST (20589) Numbe Expecte Fold + Raw p- | FDR

complete r d Enrichment Value

protein binding (GO:0005515) 14398 324 279.02 + 1.16 4.42E- 2.16E-
07 03

binding (GO:0005488) 16554 355 320.8 + 1.11 6.91E- 1.69E-
06 02
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GO results display molecular functions which were up or downregulated in PSEN1 NSC at P3 compared
with PSEN1 NSC at P2. Processes which are up or down regulated in PSEN1 NSC compared with control

NSC are denoted by a + or a — symbol.

Gene Ontology results indicated that there were no statistically significant
dysregulated pathways seen between control P2 NSC and control P3 NSC, and no
statistically significant dysregulated pathways seen between PSEN1 P2 and PSEN1 P3
NSC. Pathway dysregulation which was seen to be significant as a raw p-value lost
significance when the false discovery rate cut-off of <0.05 was applied. Non-
significant trends seen in pathway dysregulation were investigated using the
Reactome database, significant DEGs were projected onto the human genome in an
aim to elucidate trends in pathway dysregulation and expression data used by
Reactome was obtained from the Gene Expression Atlas. Analysis of control neural
differentiation using Reactome (Figure 78) revealed trends in dysregulation of
pathways related to extracellular matrix organisation, metabolism, gene expression

(transcription), developmental biology, DNA repair and programmed cell death.

Figure 78. Pathway alterations during control neural differentiation

The Reactome database was used to visualise trends in pathways dysregulated during neural
differentiation in control NSC. Pathways dysregulated in control neural differentiation included
metabolism, gene expression (transcription), extracellular matrix organisation, developmental

biology, and programmed cell death. Diagram generated using Reactome.
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Analysis of PSEN1 neural differentiation using Reactome (Figure 79) revealed trends
in dysregulation of pathways related to disease, gene expression (transcription),
metabolism, signal transduction, DNA repair, programmed cell death and the
neuronal system. Within the category of signal transduction, signalling by Notch and
signalling by Wnt were seen to be dysregulated in PSEN1 neural differentiation.
Dysregulation was seen between PSEN1 NSC at P2 and P3 in multiple pathways
involving signalling by NOTCH1, DEGs related to Notch signalling included JAG2,
NCOR2, HEY1, HDAC10 and MIB2. Within the category for programmed cell death,
the intrinsic pathway for apoptosis was dysregulated. DEGs related to neural

differentiation included RPS17, PLEC1, ERBBA4.

Figure 79. Pathway alterations during PSEN1 neural differentiation

The Reactome database was used to visualise trends in pathways dysregulated during neural
differentiation in cells containing the PSENI mutation. Trends were seen in dysregulation of
pathways related to disease, Notch signalling, gene expression (transcription), metabolism, signal
transduction, DNA repair, programmed cell death and the neuronal system. Pathways dysregulated

are indicated using a copper colour. Diagram generated using Reactome.

PANTHER based analysis was carried out to investigate the trends in pathway

dysregulation between control NSC at P2 and P3 and between PSEN1 NSC at P2 and
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P3. Between control NSC at P2 and P3, pathways altered included Wnt signalling,
integrin signalling, VEGF signalling and p38 MAPK signalling pathways, along with
pathways related to development and angiogenesis (Figure 80). DEGs related to
Alzheimer’s disease presenilin pathway included LRP5, LRP3, MMP17, PCSK4 and
DVL1, all of which were all upregulated from P2 to P3 NSC. DEGs related to Wnt
signalling included LRP5 and DVL1, which were both upregulated from P2 to P3 NSC.
In relation to angiogenesis, PKD1 and DVL1 were upregulated during control

neurogenesis.

Figure 80. Pathway Analysis of DEGs in control Neural Differentiation

Pathway analysis of DEGs in control neural differentiation was carried out using PANTHER. Between
control NSC at P2 and P3, pathways altered included Wnt signalling, integrin signalling, VEGF
signalling, p38 MAPK signalling pathways and angiogenesis.

Between PSEN1 NSC at P2 and P3, pathways dysregulated included Wnt signalling,
angiogenesis, Huntington disease and pathways related to Alzheimer’s disease
presenilin pathway. DEGs related to the Alzheimer’s disease presenilin pathway were

DVL1, ACTG2, PUF60, LRP3, MMP17, PCSK4, ERBB4 and FZD9. DEGs related to Notch

217



signalling were NCOR2, HEY1, JAG2 and RFNG. RFNG, NCOR2, JAG2 were upregulated
in P3 NSC compared with P2 NSC and HEY1 was downregulated in P3 NSC compared
with P2 NSC in cells with the PSEN1 mutation (Figure 81).

Figure 81. Pathway analysis of DEGs in PSEN1 neural differentiation

Analysis was carried out using the Panther Classification System to investigate pathways associated
with DEGs dysregulated during PSEN1 neural differentiation. Between PSEN1 NSC at P2 and P3,
pathways dysregulated included Wnt signalling, Notch signalling, angiogenesis, Alzheimer’s disease

presenilin pathway and inflammation mediated by chemokine and cytokine signalling.

Biological processes dysregulated in control neural differentiation were analysed
using the PANTHER classification system. Dysregulated biological processes included
cellular processes, metabolic processes, processes related to biological regulation,
localisation, response to stimulus, signalling and developmental process. DEGs

associated with development included PLEC, ERF, METRN, BTBD2 and MAP1S, all of
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which were significantly upregulated during control neural differentiation. DEGs
associated with cellular processes included JPH4, SIVA1, MIB2, TRAPPCS5, ERF, PLEC
and TPGS1, all of which were significantly upregulated during control neural

differentiation.

Biological Processes Associated with DEGs in Control Neural Differentiation
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Figure 82. Biological processes associated with DEGs in control neural

differentiation

Biological processes associated with DEGs in control neural differentiation were analysed using the
PANTHER classification system. Biological processes which were dysregulated during control neural
differentiation included cellular processes, metabolic processes, biological regulation,
developmental processes, and growth. DEGs associated with processes of the immune system

included EOMES, ZFPM1, ZBTB17, CACTIN and UNC93B1.

Biological processes dysregulated in PSEN1 neural differentiation were analysed
using the PANTHER classification system. Dysregulated biological processes in PSEN1
neural differentiation included cellular processes, metabolic processes, processes

related to biological regulation, localisation, response to stimulus, signalling and
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developmental process (Figure 83). DEGs associated with immune system processes
included EOMES, ZFPM1, ZBTB17, CACTIN and UNC93B1. The DEGs associated with
development seen in control neural differentiation were also significantly
upregulated in disease neural differentiation, however, in PSEN1 neural
differentiation, there were 6 fold more DEGs associated with development,
indicating upregulation of pathways related to development in disease. DEGs in
PSEN1 neural differentiation included CEND1, which plays a role in cell cycle exit and
neuronal differentiation and was significantly upregulated in PSEN1 neural
differentiation, CDH20 which was significantly downregulated in PSEN1 neural
differentiation, FGFR4 -fibroblast growth factor receptor 4- which was significantly
upregulated in PSEN1 P3 compared with P2 and ERG which codes for the ERG protein
— a transcriptional regulator that plays a role in regulation of embryonic
development, cellular proliferation, differentiation, and apoptosis. ERG was
downregulated in PSEN1 neural differentiation. The gene SEMA6B was significantly
upregulated in PSEN1 neural differentiation and is associated with growth and axon

guidance.
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Figure 83. Biological processes associated with DEGs in PSEN1 neural

differentiation

Biological processes associated with DEGs in PSEN1 neural differentiation were analysed using the
PANTHER classification system. Biological processes which were dysregulated in PSEN1 neural
differentiation included cellular processes, metabolic processes, processes related to biological

regulation, localisation, response to stimulus, signalling and developmental process.
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Genes related to cell cycle regulation which were significantly up and downregulated
from P2 to P3 in PSEN1 A246E NSC were collected and analysed to interrogate

mechanisms behind cell cycle dysregulation in disease NSC (Table 29)

Table 29. Log2(FC) Values for significant DEGs Related to Cell Cycle Regulation

Gene Log2(FC)
SCRIB

PIDD1 1.64
FZD9 1.58
E4F1 1.39
NOS3 1.32
FBXW5 1.28
MIIP 1.27
ZBTB17 1.26
DOT1L 1.24
PKD1 1.23
DGKZ 1.22
BOP1 1.19
JUNB 1.14
CEP131 1.14
TP53113 1.10
GADDA45G 1.09
CDT1 1.09
CDK18 1.04
AURKAIP1 1.00
MSX1

CABLES1

MECOM

EDN3

For analysis of DEGs specific to PSEN1 neural differentiation, DEGs found in both
control and PSEN1 neural differentiations were removed and DEGs which were
specific to PSEN1 neural differentiation were manually organised into four
categories: cell signalling, cytoskeletal, nuclear and metabolism (Figure 84). The
majority of DEGs specific to PSEN1 neural differentiation were involved in biological
processes occurring in the nucleus (43%), for example, transcriptional activators and

repressors, 29% of DEGs specific to PSEN1 neural differentiation were associated
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with cell signalling, 14% of DEGs were associated with metabolism and 14% of DEGs

specific to PSEN1 neural differentiation were associated with cytoskeletal processes.

Categorisation of DEGs

Cytoskeletal Nuclear = Cell Signalling Metabolism

Figure 84. Analysis of DEGs exclusively found in PSEN1 neural differentiation

DEGs exclusive to PSEN1 neural differentiation were isolated and grouped into four categories: cell
signalling, cytoskeletal, nuclear and metabolism. The majority (43%) of DEGs were exclusive to
PSEN1 neural differentiation were associated with the nucleus, 29% of DEGs specific to PSEN1
neural differentiation were associated with cell signalling, 14% of DEGs were associated with

metabolism and 14% were associated with cytoskeletal processes.

Further analysis of DEGs specific to PSEN1 neural differentiation revealed significant
dysregulation (p<0.05) of a subset of genes related to Wnt and Notch signalling. DEGs
related to Wnt signalling which were significantly (p<0.05) upregulated during PSEN1
neural differentiation included FZD9, LRP3 and CSNK1G2. DKK2, CDH2 and ACTGZ2
were significantly (p<0.05) downregulated in PSEN1 neural differentiation (Figure
85). DEGs linked with Notch signalling that were significantly (p<0.05) upregulated
during PSEN1 neural differentiation included JAG2, CHAC1, NCOR2 and RFNG. HEY1

was significantly downregulated (p<0.05) during PSEN1 neural differentiation.
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Figure 85. DEGs in PSEN1 neural differentiation linked with Wnt and Notch
signalling

DEGs related to Wnt signalling which were significantly (p<0.05) upregulated during PSEN1 neural
differentiation included FZD9, LRP3 and CSNK1G2. DKK2, CDH2 and ACTG2 were significantly
(p<0.05) downregulated in PSEN1 neural differentiation. DEGs linked with Notch signalling that
were significantly (p<0.05) upregulated during PSEN1 neural differentiation included JAG2, CHACI,
NCOR2 and RFNG. HEY1 was significantly downregulated (p<0.05) during PSENI neural
differentiation. Colder colours relate to downregulation and warmer colours relate to upregulation.
The numbers refer to log2 fold change values, so blue colours are downregulated by a maximum

log fold change of -1 and warmer colours are upregulated by a maximum log fold change of 1.4.

6.3.7 Analysis of pathways and molecular functions altered between

PSEN1 and control NSC at P3

Analysis of DEGs between PSEN1 and control NSC at P3 was carried out using the
Gene Ontology (GO) database. The purpose of this analysis was to interrogate
differences in more mature NSC containing the PSEN1 mutation compared with
controls. Results from GO analysis (Table 30) indicate biological processes which are
significantly (FDR p<0.05) dysregulated between control and PSEN1 NSC at P3. GO

analysis revealed that many biological processes which were significantly (FDR
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p<0.05) dysregulated were associated with nuclear processes such as transcription.
Significantly dysregulated biological processes include regulation of transcription by
RNA polymerase Il, regulation of gene expression, metabolic processes, and cellular

processes.

Table 30. Gene ontology results for biological processes dysregulated between

control NSC P3 and PSEN1 NSC P3.

upload_1 (Hierarchy NEW!)
Homo sapiens (REF)

# # expected Fold Enrichment +/- raw P | FDR

value

GO biological process complete
regulation of transcription by RNA polymerase Il | 2597 35 12.86 2.72 + 1.56E-08 | 6.10E-05
regulation of transcription, DNA-templated 3429 42 16.98 2.47 + 4.55E-09 | 7.12E-05
regulation of gene expression 4783 50 23.69 211 + 2.16E-08 | 4.84E-05

6133 55 30.37 1.81 + 5.80E-07 | 6.49E-04
regulation of macromolecule metabolic process

6654 57 32.95 1.73 + 1.15€-06 | 1.20E-03
regulation of metabolic process
regulation of nucleic acid-templated

3430 42 16.99 2.47 + 4.59E-09 | 3.59E-05
transcription
regulation of RNA biosynthetic process 3439 42 17.03 2.47 + 4.96E-09 2.59E-05
regulation of macromolecule biosynthetic

3953 43 19.58 2.2 + 1.02E-07 | 1.78E-04
process
regulation of biosynthetic process 4172 44 20.66 2.13 + 1.80E-07 2.35E-04
regulation of RNA metabolic process 3724 43 18.44 2.33 + 1.72E-08 | 5.40E-05
regulation of nucleobase-containing compound

3973 45 19.68 2.29 + 1.73E-08 | 4.52E-05
metabolic process
regulation of nitrogen compound metabolic

5586 53 27.67 1.92 + 1.37E-07 | 2.14E-04
process
regulation of cellular metabolic process 5983 52 29.63 1.75 + 4.90E-06 | 4.27E-03
regulation of primary metabolic process 5747 53 28.46 1.86 + 3.56E-07 | 4.29E-04
regulation of cellular biosynthetic process 4113 44 20.37 2.16 + 1.38E-07 | 1.97E-04
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regulation of  cellular macromolecule

3925 43 19.44 2.21 + 8.59E-08 | 1.68E-04
biosynthetic process
nitrogen compound metabolic process 6455 14 31.97 0.44 - 6.02E-05 | 4.29E-02
metabolic process 7968 17 39.46 0.43 - 1.88E-06 | 1.74E-03
primary metabolic process 6969 15 34.52 0.43 - 2.04E-05 1.60E-02
cellular metabolic process 7094 15 35.13 0.43 - 1.33E-05 1.09E-02
cellular process 15139 55 74.98 0.73 - 2.41E-05 1.80E-02
organic substance metabolic process 7506 15 37.17 0.4 - 1.46E-06 | 1.43E-03

Results display biological processes which are significantly (FDR p<0.05) dysregulated
between control and PSEN1 NSC at P3. Significantly dysregulated processes include
regulation of transcription by RNA polymerase I, regulation of gene expression,
metabolic processes, and cellular processes. GO results indicated that these
biological processes are upregulated in PSEN1 NSC at P3 compared with control NSC
at P3. Only results with FDR p <0.05 are displayed. Processes which are up or down

regulated in PSEN1 NSC compared with control NSC are denoted by a + or a—symbol.

Biological processes which were dysregulated between PSEN1 and control NSC at P3
were analysed using the PANTHER classification system. Biological processes
dysregulated between PSEN1 and control NSC at P3 were categorised into one of the
following groups: cellular processes, metabolic processes, biological regulation,
signalling, response to stimulus, multicellular organismal processes, developmental
processes, localisation, biological processes involving interspecies interaction
between organisms, immune system processes, reproduction, and reproductive
processes. DEGs associated with processes of the immune system included EOMES,

ZFPM1, ZBTB17, CACTIN and UNC93B1.
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Figure 86. Biological processes dysregulated between PSEN1 and control NSC at
P3

Biological processes which were dysregulated between PSEN1 and control NSC at P3 were analysed
using the PANTHER classification system. Biological processes dysregulated between PSEN1 and
control NSC at P3 were categorised into one of the following groups: cellular processes, metabolic
processes, biological regulation, signalling, response to stimulus, multicellular organismal processes,
developmental processes, localisation, biological processes involving interspecies interaction
between organisms, immune system processes, reproduction, and reproductive processes. DEGs
associated with processes of the immune system included EOMES, ZFPM1, ZBTB17, CACTIN and
UNC93B1.

Molecular functions which were dysregulated in PSEN1 NSC at P3 compared with
control NSC at P3 were analysed using the PANTHER classification system via Gene
Ontology. Results from GO and PANTHER based analysis (Table 30, Table 31) indicate
molecular functions which are significantly (FDR p<0.05) dysregulated between
control and PSEN1 NSC at P3. GO analysis revealed that many molecular functions
which were significantly dysregulated were associated with nuclear processes such
as transcription. Significantly dysregulated molecular functions include DNA
transcription factor binding activity, RNA polymerase Il transcription regulatory

region sequence specific DNA binding and transcription regulator activity.
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Table 31 Molecular functions significantly dysregulated in PSEN1 P3 NSC compared

with control NSC at P3.

Analysis Type:

PANTHER Overrepresentation Test (Released 20220202)

Annotation Version and Release Date:

GO Ontology database DOI: 10.5281/zenodo.5725227 Released 2020-11-01

Analysed List:

upload_1 (Homo sapiens)

Reference List:

Homo sapiens (all genes in database)

(G0:1901363)

Test Type: FISHER
Correction: FDR
GO molecular function complete Homo upload_ upload_1 upload_1 upload_1 upload_ upload_
sapiens - [ 1(102) (expected (over/under (fold 1 (raw P- | 1(FDR)
REFLIST ) ) Enrichment value)
(20589) )
DNA-binding  transcription  factor | 1390 34 6.89 + 4.94 2.79E-15 1.36E-11
activity, RNA polymerase |l-specific
(G0:0000981)
RNA polymerase Il transcription 1435 34 7.11 + 4.78 6.97E-15 1.71E-11
regulatory region sequence-specific
DNA binding (GO:0000977)
DNA-binding  transcription  factor | 1444 34 7.15 + 4.75 8.34E-15 1.36E-11
activity (G0:0003700)
transcription  cis-regulatory region 1531 34 7.58 + 4.48 4.42E-14 5.41E-11
binding (G0:0000976)
transcription regulatory region nucleic 1533 34 7.59 + 4.48 4.59E-14 4.49E-11
acid binding (G0O:0001067)
sequence-specific ~ double-stranded | 1588 34 7.87 + 4.32 1.24€-13 1.01E-10
DNA binding (G0:1990837)
double-stranded DNA binding | 1686 34 8.35 + 4.07 6.64E-13 4.64E-10
(G0:0003690)
sequence-specific DNA binding | 1694 34 8.39 + 4.05 7.57E-13 4.64E-10
(G0:0043565)
RNA polymerase |l cis-regulatory | 1208 24 5.98 + 4.01 4.88E-09 1.99E-06
region sequence-specific DNA binding
(GO:0000978)
cis-regulatory region sequence- | 1230 24 6.09 + 3.94 6.89E-09 2.60E-06
specific DNA binding (GO:0000987)
transcription regulator activity 1953 35 9.68 + 3.62 7.57E-12 4.12E-09
(G0O:0140110)
DNA binding (GO:0003677) 2498 36 12.38 + 2.91 1.48E-09 | 7.25E-07
metal ion binding (GO:0046872) 4287 48 21.24 + 2.26 4.43E-09 | 1.97E-06
nucleic acid binding (GO:0003676) 3997 44 19.8 + 2.22 4.81E-08 1.57E-05
cation binding (GO:0043169) 4376 48 21.68 + 221 7.44E-09 | 2.60E-06
ion binding (G0:0043167) 6077 51 30.11 + 1.69 1.66E-05 | 5.08E-03
heterocyclic compound binding | 5968 48 29.57 + 1.62 1.15E-04 3.32E-02
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(G0:0097159)

6043
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Analysis carried out by PANTHER Overrepresentation Test revealed significant

dysregulation (FDR p<0.05) of pathways related to DNA binding, transcription factor

activity, organic cyclic compound binding and metal ion binding. Processes which are

up or down regulated in PSEN1 NSC compared with control NSC are denoted by a +

or a—symbol.

Figure 87. Pie graph to represent molecular functions significantly dysregulated

in PSEN1 NSC at P3 compared with controls

Analysis carried out by PANTHER Overrepresentation Test revealed significant dysregulation (FDR

p<0.05) of molecular functions related to DNA binding, transcription factor activity, organic cyclic

compound binding and metal ion binding. PANTHER analysis is presented as a pie graph for ease of

interpretation.

Results from PANTHER based analysis of PSEN1 P3 NSC compared with control P3

NSC (Figure 88) indicated dysregulation of molecular functions related to binding,

transcription regulator activity and catalytic activity as well as molecular transducer

activity, molecular function regulator, transporter activity, molecular adapter activity

and ATP-dependent activity.
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Figure 88. Molecular functions dysregulated between PSEN1 and control NSC at
P3

Molecular functions which were dysregulated in PSEN1 NSC at P3 compared with control NSC at P3
were analysed using the PANTHER classification system, results indicated dysregulation of molecular
functions related to binding, transcription regulator activity and catalytic activity as well as molecular
transducer activity, molecular function regulator, transporter activity, molecular adapter activity and

ATP-dependent activity.

Pathways which were dysregulated between PSEN1 and control NSC at P3 were
analysed using the PANTHER classification system. Pathways dysregulated between
PSEN1 and control NSC at P3 were categorised into one of the following groups: Wnt
Signalling pathways, Integrin signalling, Endothelin signalling pathways, Alzheimer’s
disease presenilin pathway, PI3 kinase pathway, Parkinson disease, 5-
hydroxytryptamine degradation, Heterotrimeric G-protein signalling pathway- Gq
alpha and GO alpha mediated pathway, VEGF signalling pathway, Inflammation
mediated by chemokine signalling pathway, Huntington disease and interleukin

signalling pathway.
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Figure 89. Pathways dysregulated between PSEN1 and control NSC at P3

Pathways which were dysregulated between PSEN1 and control NSC at P3 were analysed using the
PANTHER classification system. Pathways dysregulated between PSENI and control NSC at P3 were
categorised into one of the following groups: Wnt Signalling pathways, Integrin signalling, Endothelin
signalling pathways, Alzheimer’s disease presenilin pathway, P13 kinase pathway, Parkinson disease,
5-hydroxytryptamine degradation, Heterotrimeric G-protein signalling pathway- Gq alpha and GO
alpha mediated pathway, VEGF signalling pathway, Inflammation mediated by chemokine signalling

pathway, Huntington disease and interleukin signalling pathway.

Trends seen in pathway dysregulation between PSEN1 NSC at P3 and control NSC at
P3 were investigated using the Reactome database, significant DEGs were projected
onto the human genome in an aim to elucidate trends in pathway dysregulation and
expression data used by Reactome was obtained from the Gene Expression Atlas.
Analysis using Reactome (Figure 90Figure 78. Pathway alterations during control
neural differentiation Figure 78) revealed significant dysregulation (FDR p<0.05) of
pathways related to gene expression, specifically transcription related pathways,
extracellular matrix organisation, disease related pathways, pathways related to
developmental biology and pathways related to the immune system, specifically the

IPAF inflammasome.
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Figure 90. Pathway dysregulation between PSEN1 and control NSC at P3

Pathways which were dysregulated between PSEN1 and control NSC at P3 were visualised using the
Reactome database. Pathways which are significantly (FDR p<0.05) dysregulated in PSEN1 NSC at
P3 compared with control NSC at P3 are indicated with a copper colour. Gene expression,
specifically transcription related pathways was significantly dysregulated in PSENI NSC at P3
compared with control NSC at P3. Gene expression related to extracellular matrix organisation was
dysregulated in PSENI NSC at P3 compared with controls as were disease related pathways,
pathways related to developmental biology and the immune system, specifically the IPAF
inflammasome. Pathways related to programmed cell death and cell cycle were also dysregulated

between PSEN1 and control NSC at P3. Diagram generated using Reactome.

6.3.8 Chapter summary

RNA sequencing was carried out to generate differential gene expression data for
transcriptome-based comparison of PSEN1 and control NSC during neural
differentiation. Results from RNA sequencing analysis of PSEN1 and control NSC at
P2 and P3 indicated that there were 4.7-fold more gene expression changes occurring
during PSEN1 neural differentiation compared with control neural differentiation
(Figure 75). Volcano plots also indicate that in both control and PSEN1 neural
differentiation (from P2 NSC to P3 NSC), the majority of DEGs were upregulated, and

only a small number of DEGs were downregulated. The five most upregulated genes
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in PSEN1 neural differentiation were PLEC, CORO1B, BTBD2, LRFN4 and NDUFS7.
With the exception of CORO1B, these genes were all upregulated in both PSEN1 and
control neural differentiation, and almost all were upregulated to a higher degree in

PSEN1 neural differentiation (Figure 76).

Pathway analysis carried out using GO indicated that Binding and Protein binding
molecular functions were significantly upregulated (FDR p<0.05) during PSEN1 neural

differentiation (Figure 77).

There were no statistically significant dysregulated pathways seen between PSEN1
P2 and PSEN1 P3 NSC, but trends appeared towards dysregulation of pathways such
as Wnt signalling in both control and PSEN1 neural differentiation (Figure 80, Figure
81) and Notch signalling, which was specific to PSEN1 neural differentiation (Figure
81).

Analysis using Reactome indicated that during PSEN1 neural differentiation, there
were trends towards dysregulation of pathways related to disease, gene expression
(transcription), metabolism, signal transduction, DNA repair, programmed cell death
and the neuronal system. DEGs exclusive to PSEN1 neural differentiation included
genes which play a role in Wnt and Notch signalling pathways. DEGs related to Wnt
signalling which were significantly (p<0.05) upregulated during PSEN1 neural
differentiation included FZD9, LRP3 and CSNK1G2. DKK2, CDH2 and ACTG2 were
significantly (p<0.05) downregulated in PSEN1 neural differentiation. DEGs linked
with Notch signalling that were significantly (p<0.05) upregulated during PSEN1
neural differentiation included JAG2, CHAC1, NCOR2 and RFNG. HEY1 was

significantly downregulated (p<0.05) during PSEN1 neural differentiation (Figure 85).

GO results indicated that there were a range of biological processes which were

significantly dysregulated between control NSC at P3 and PSENI NSC at P3 (Table

30). The biological process that was most significantly upregulated between PSEN1

and control NSC at P3 was regulation of transcription by RNA polymerase Il (FDR
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p<0.0001). GO results indicated that there were a range of molecular functions which
were also altered between PSEN1 NSC at P3 and control NSC at P3 (Table 31). The
molecular function which was most significantly upregulated between PSEN1 and
control NSC at P3 was DNA-binding transcription factor activity, RNA polymerase II-
specific (p<0.0001).

Biological processes which were dysregulated in PSEN1 NSC at P3 compared with
control NSC at P3 were further analysed using the PANTHER classification system,
results indicated dysregulation of biological processes related to cellular processes,
metabolic processes, biological regulation, signalling, response to stimulus,
multicellular organismal processes, developmental processes, localisation, biological

processes involving interspecies interaction between organisms, immune system

processes, reproduction and reproductive processes (Figure 86).

Molecular functions which were dysregulated in PSEN1 NSC at P3 compared with
control NSC at P3 were further analysed using the PANTHER classification system,
results indicated dysregulation of molecular functions related to binding,
transcription regulator activity and catalytic activity as well as molecular transducer
activity, molecular function regulator, transporter activity, molecular adapter activity

and ATP-dependent activity (Figure 87, Figure 88).

Trends in pathway dysregulation between PSEN1 and control NSC at P3 were further
investigated using PANTHER and Reactome. Pathways dysregulated between PSEN1
and control NSC at P3 as indicated by PANTHER based analysis (Figure 89) were
categorised into one of the following groups: Wnt Signalling pathways, Integrin
signalling, Endothelin signalling pathways, Alzheimer’s disease presenilin pathway,
PI3 kinase pathway, Parkinson disease, 5-hydroxytryptamine degradation,
Heterotrimeric G-protein signalling pathway- Gqg alpha and GO alpha mediated
pathway, VEGF signalling pathway, Inflammation mediated by chemokine signalling

pathway, Huntington disease and interleukin signalling pathway.
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Analysis using Reactome (Figure 90) indicated that Gene expression, specifically
transcription related pathways were significantly dysregulated in PSEN1 NSC at P3
compared with control NSC at P3. Gene expression related to extracellular matrix
organisation was dysregulated in PSEN1 NSC at P3 compared with controls as were
disease related pathways, pathways related to developmental biology and the

immune system, specifically the IPAF inflammasome.
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7.0 Interrogation of RNA sequencing results

7.1 Introduction

The work in this chapter was carried out to validate results shown in 5.3.2, 6.3.6 and
6.3.7. RNA sequencing data analysis indicated a trend towards dysregulation of Wnt
signalling pathways between PSEN1 NSC at P2 and PSEN1 NSC at P3 (Figure 81). To
validate and interrogate Wnt and Notch pathway dysregulation in PSEN1 neural
differentiation, DEGs which play a role in Notch and Wnt signalling were identified
from RNA sequencing data for analysis using gPCR. Results of RNA sequencing
indicated that Wnt related genes FZD9, LRP3 and CSNK1G2 were significantly
upregulated in PSEN1 neural differentiation and that CDH20, DKK2 and ACTG2 were
significantly downregulated in PSEN1 neural differentiation. Notch related genes
JAG2, CHAC1, NCOR2 and RFNG were significantly upregulated in PSEN1 neural
differentiation, whereas HEY1 was significantly downregulated (Figure 85). DEGs
selected for gPCR-based analysis were dysregulated exclusively in PSEN1 neural
differentiation and were all up or downregulated by a fold change of >1 with a p-
value of <0.05. DEGs selected for investigation of Wnt signalling were FZD9, ACTG2,
CSNK1G2 and CDH20 and DEGs selected for investigation of Notch signalling
pathways were JAG2, HEY1 and RFNG. gPCR primers were selected for the DEGs
related to Wnt and Notch signalling, and primer efficiency tests were used to ensure

primer sets were between 90-110% efficient.

7.2 Aims

This chapter aimed to investigate and validate RNA sequencing results and to further
investigate previous cell cycle results using a combination of transcriptomic and
protein-based methods, to this end, gPCR was employed to validate transcriptomic
alterations in PSEN1 NSC and flow cytometry was used to investigate alterations in

apoptosis in live, nestin positive PSEN1 NSC.
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7.3 Results

7.3.1 Wnt and Notch signalling in PSEN1 neural differentiation

gPCR was used to validate and interrogate the changes in gene expression seen in
RNA sequencing data. gPCR primers were selected for CSNK1G2, FZD9, CDH20 and
ACTG2 underwent primer efficiency tests to ensure primer sets were between 90-
110% efficient. NSC were generated from PSEN1 lines in three separate neural
differentiations and were harvested at P2 and P3 for extraction of RNA. RNA used
for RNA sequencing was also generated from three separate neural differentiations
and was measured alongside RNA generated from the newer neural differentiations
of PSEN1 NSC. Results of gPCR based analysis of PSEN1 NSC at P2 and P3 (Figure
92.) indicated no significant differences between PSEN1 NSC at P2 and P3 in FZD9
(p=0.387), ACTG2 (p= 0.156), CSNK1G2 (p=0.776) or CDH20 (p= 0.132) between P2
and P3 NSC but did indicate a trend towards increased expression of ACTG2,
CSNK1G2 and CDH20 in P3 NSC compared with P2 NSC. Results of FZD9 expression

may indicate dysregulation of FZD9 in PSEN1 NSC as they mature.
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Figure 91. qPCR based interrogation of Wnt signalling in PSEN1 neural

differentiation

gPCR based interrogation of Wnt signalling indicated no significant differences between PSEN1 NSC
at P2 and P3 in CSNK1G2 (p=0.776), FZD9 (p=0.387), CDH20 (p= 0.132) or ACTG2 (p= 0.156),
between P2 and P3 NSC but did indicate a trend towards increased expression of ACTG2 (p=0.156),
CSNK1G2 (p=0.776), and CDH20 (p= 0.132) in P3 NSC compared with P2 NSC. Results of FZD9
expression may indicate dysregulation of FZD9 in PSEN1 NSC as they mature. Normality tests, T-
tests and Man-Whitney U tests were carried out using GraphPad Prism 9.2.0. Graph made using
GraphPad Prism displays individual sample values with the mean value indicated by a horizontal

line.

Results of qPCR-based analysis of PSEN1 NSC at P2 and P3 (Figure 92) indicated a
significant increase in RFNG (p=0.0430) gene expression between PSEN1 NSC at P2
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and P3. There were no significant differences in JAG2 (p=0.7143) or HEY1 (p=0.344)
between PSEN1 NSC at P2 and P3, but results did indicate a trend towards increased
expression of JAG2 and HEY1 in PSEN1 NSC at P3 compared with PSEN1 NSC at P2.
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Figure 92. gPCR based interrogation of Notch signalling in PSEN1 neural
differentiation

gPCR based interrogation of Notch signalling indicated that there was a significant increase in RFNG
(p=0.0430) gene expression between PSEN1 NSC at P2 and P3. There were no significant differences
in JAG2 (p=0.7143) or HEY1 (p=0.344) between PSEN1 NSC at P2 and P3, but results did indicate a
trend towards increased expression of JAG2 and HEY1 in PSEN1 NSC at P3 compared with PSEN1
NSC at P2. Normality tests, T-tests and Man-Whitney U tests were carried out using GraphPad Prism
9.2.0. Graph made using GraphPad Prism displays individual sample values with the mean value

indicated by a horizontal line.
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7.3.2 Apoptosis in PSEN1 neural differentiation

Analysis of RNA sequencing results revealed genes which were differentially
expressed from P2 to P3 in PSEN1 NSC that were associated with programmed cell

death (Figure 79

Figure 79. Pathway alterations during PSEN1 neural differentiation). Alterations in
apoptosis between PSEN1 and control early neural cells and between PSEN1 NSC P2
and P3 were investigated using flow cytometry. Apotracker Green was used
alongside a fixable viability dye (eFluor™ 780) to enable exclusion of dead cells. The
nestin monoclonal antibody (MA1-110) was used to isolate only nestin positive NPC
for investigation of apoptosis. In this way, it was ensured that only live, nestin
positive NSC and NPC which were undergoing apoptosis were included in results.
Results indicated no significant difference (p=0.334) in the percentage of cells which
were positive for apotracker between PSEN1 NSC at P2 and PSENI NSC at P3.
However, a trend (p=0.334) was seen towards increasing numbers of apotracker

positive cells as PSEN1 NSC matured from P2 to P3 (Figure 93).
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Figure 93. Apoptosis in PSEN1 neural differentiation

Flow Cytometry was used to investigate differences in apoptosis between PSEN1 NSC at P2 and P3.
The cell stain Apotracker was used along with a viability dye to ensure that only live cells which

were undergoing apoptosis were included in these results. The nestin monoclonal antibody (MA1-
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110) was used to isolate only nestin positive NPC for investigation of apoptosis. Results indicated
no significant difference (p=0.334) in the percentage of cells which were positive for apotracker
between PSEN1 NSC at P2 and PSEN1 NSC at P3. However, a trend was seen towards increasing
numbers of apotracker positive cells as PSENI NSC matured from P2 to P3. Normality tests and a
Students T-test were carried out using GraphPad Prism 9.2.0. Graph made using GraphPad Prism

displays individual sample values with the mean value indicated by a horizontal line.

Analysis of RNA sequencing results revealed genes which were differentially
expressed between control and PSEN1 NPC that were associated with programmed
cell death (Figure 90Figure 90. Pathway dysregulation between PSEN1 and control
NSC at P3). control and PSEN1 NPC were analysed for differences in the percentage
of cells undergoing apoptosis. Results indicated no significant difference (p=0.143) in
the percentage of cells which were positive for apotracker between PSEN1 NPC and
control NPC, but a trend (p=0.143) was seen towards increasing numbers of

apotracker positive cells in PSEN1 NPC when compared with controls (Figure 94).
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Figure 94. Apoptosis in PSEN1 NPC compared with controls

Flow Cytometry was used to investigate differences in apoptosis between PSEN1 and control NPC.
The cell stain Apotracker was used along with a viability dye to ensure that only live cells which

were undergoing apoptosis were included in these results. The nestin monoclonal antibody (MA1-
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110) was used to isolate only nestin positive NPC for investigation of apoptosis. Results indicated
no significant difference (p=0.143) in the percentage of cells which stained positive for apotracker
between control and PSEN1 NPC. Results however, displayed a trend towards increasing numbers
of apotracker positive cells in PSEN1 NPC compared with control NSC. Normality tests, T-tests and
Man-Whitney U tests were carried out using GraphPad Prism 9.2.0. Graph made using GraphPad

Prism displays individual sample values with the mean value indicated by a horizontal line.
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7.3.3 Chapter summary

Results from gqPCR-based analysis of Wnt related DEGs indicated no significant
difference between PSEN1 NSC at P2 and P3, but a trend towards upregulation of
ACTG2, CSNK1G2 and CDH20 in P3 PSEN1 NSC (Figure 82). Results from analysis of
Notch related signalling pathways indicated a significant increase in RFNG gene
expression (p=0.0430) in PSEN1 NSC at P3 compared with PSEN1 NSC at P2. There
was no significant difference in JAG2 and HEY1 gene expression in PSEN1 NSC at P3
compared with P2 but a trend towards increased expression of both genes during

PSEN1 neural differentiation (Figure 92).

PSEN1 NSC at P2 and P3 were analysed for differences in the percentage of cells
undergoing apoptosis. Results indicated no significant difference (p=0.334) in the
percentage of cells which were positive for apotracker between PSEN1 NSC at P2 and
PSEN1 NSC at P3. However, a trend was seen towards increasing numbers of
apotracker positive cells as PSEN1 NSC matured from P2 to P3 (Figure 94.). control
and PSEN1 NPC were analysed for differences in the percentage of cells undergoing
apoptosis. Results indicated no significant difference (p=0.143) in the percentage of
cells which were positive for apotracker between PSEN1 NPC and control NPC, but a
trend was seen towards increasing numbers of apotracker positive cells in PSEN1 NPC

when compared with controls (Figure 95.).
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8.0 Discussion

8.1 Adult hippocampal neurogenesis

This study generated iPSC from mutation confirmed AD and control donor cells and
employed a pre-validated neural differentiation protocol (FitzPatrick et al., 2018) to
differentiate iPSC to NSC and NPC. The purpose of this study was to interrogate
neural differentiation capacity in AD and controls to improve understanding of AHN
in AD. In vitro and in vivo models of AD commonly display dysregulation of self-
renewal and/or differentiation in neural precursor cells (Appel et al., 2018; Scopa et
al., 2020). Many AD subtypes present with impaired neurogenesis resulting from
either an increase or decrease in neural differentiation, often resulting in a loss of
functional mature neurons. Premature neural differentiation in particular, may be a
trait that occurs more commonly in conjunction with mutations in PSEN1 and these
PSEN1 specific effects may be due to the role of PSEN1 in activation of Notch
signalling. In this study, PSEN1 (A246E and M146L) and control NSC iPSC were
repeatedly differentiated to NSC and NPC and continuously displayed phenotypic
differences corresponding with a more mature phenotype in populations containing
the PSEN1 A246E mutation. These PSEN1 NSC had a reduced capacity for self-renewal
and an increased propensity for differentiation (Figure 42). This premature
differentiation was also seen by Yang et al., (2017) who found that NPC derived from
patients with the PSEN1 A246E mutation were more predisposed to undergo
premature neural differentiation and increased apoptosis than controls. This
correlates with flow cytometry data from this study which indicated apoptosis was
increased in live, nestin+ NPC containing the PSEN1 mutation (Figure 94) compared

with controls at the same stage in neural specification.

AD mutations have been shown to reduce Notch signalling by reducing y-secretase
mediated Notch cleavage (Chavez-Gutiérrez et al., 2012; Song et al., 1999), and this
reduced Notch signalling may drive dysregulated AHN in humans (Arber et al., 2021).

In cell models, inhibition of Notch signalling results in a loss of neural rosettes and
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premature neural differentiation (Main et al, 2013). Dysregulation of Notch
signalling was seen in this study in RNA sequencing data specific to PSEN1 neural
differentiation (Figure 78, Figure 79). Notch related DEGs significantly upregulated
(p<0.05) in PSEN1 NSC at P3 compared with P2 included NCOR2, JAG2, CHAC1 and
RFNG. gPCR based validation displayed significant upregulation of RFNG (p=0.04) in
PSEN1 NSC at P3 compared with PSEN1 NSC at P2, and indicated a trend towards

upregulation of JAG2 expression, correlating with RNA sequencing data (Figure 92).

This study is unique in that it compares the transcriptomic profiles of PSEN1 and
control NSC as they progress through neural specification. This study design
generated data on both control and PSEN1 neural differentiation to allow for
comparison between the two at early (P2) and later (P3) time-points. The number of
DEGs (p<0.05) between PSEN1 and control NSC at P3 was 9.92-fold higher than the
number of DEGs between PSEN1 and control NSC at P2 (Figure 75), suggesting
transcriptomic differences between PSEN1 and control NSC become more
pronounced as cells specify further down the neural lineage. This finding links back
to data generated by (Arber et al., 2021) using the BrainSpan reference atlas which
indicated differences in spatiotemporal expression of  and y-secretase subunits
during human development, with enrichment of PSEN1 and APH1A in cells which
were capable of self-renewal, and enrichment of PSEN2 and APH1A in neurons that
had undergone terminal differentiation. The findings from this study, coupled with
the findings from Arber et al, (2021) suggest that expression of PSENI1 varies
depending on the stage of neural specification and that there are different PSEN1
related requirements from neural stem and progenitor cells as they pass through
different stages of maturity, leading to disease specific effects only being detected at

discreet stages in differentiation.

8.2 Dysregulated neural differentiation in AD NSC/NPC

This project generated evidence for premature neural differentiation in AD NSC and

NPC showing trends towards reduced nestin expression in PSEN1 NPC compared with
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controls (Figure 47, Figure 58, Figure 59) and trends towards reduced nestin
expression in PSENI NSC as they mature (Figure 46, Figure 59). Nestin is a
cytoskeletal type VI intermediate filament protein, expressed during the early stages
of neural development in mammals (Bernal and Arranz., 2018). Nestin is expressed
in neuroepithelial cells and is considered to be a marker of neural stem cells (Lendahl
et al. 1990; Doetsch et al. 1997; Mignone et al. 2004, Wilhelmsson et al., 2019).
Nestin expression is high in NSC and NPC stages (Bernal and Arranz., 2018) but is
replaced by tissue specific intermediate filament proteins as NPC mature to neurons
(FitzPatrick et al., 2018). Downregulation of nestin expression in PSEN1 neural cells
(Figure 47) indicates that mutations in PSEN1I may induce a premature neural
differentiation phenotype. MAP2 isoforms are able to bind with tubulin and increase
in the rigidity of microtubules, enabling the formation of long neural processes. Due
to its structural role in neural cell maturation, MAP2 can be used as an indicator of
the functional state of neurons and a marker of differentiation to more mature
neural cell types (Korzhevskii et al., 2012). Increased expression of MAP2 during
neural differentiation may even play a role in reducing levels of self-renewal as
neurons mature. Soltani et al., (2005) showed that expression of MAP2 was induced
in primary cutaneous melanoma but was absent in metastatic melanoma, suggesting
a role for MAP2 in preventing metastasis. Expression of MAP2 in metastatic
melanoma cell lines resulted in stabilisation of microtubules, reduced growth, and
cell cycle arrest in G2-M phase (Soltani et al., 2005). Both AD and control NSC showed
trends towards increased expression of MAP2 with maturation (Figure 59), and at all
timepoints measured (P2, P3, P8), MAP2 was increased in PSEN1 NSC compared with
controls (Figure 58, Figure 59), suggesting a more differentiated phenotype in PSEN1
NSC and neurospheres than in controls at the same stage. MAP2 is a MAP with similar
functions to tau, however tau localises to neural axons to stabilise microtubules,

whereas MAP?2 localises to cell bodies and dendrites.

This data provides novelty in that MAP2 expression was measured in PSEN1 and

control NSC at multiple timepoints during neural differentiation and at every
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timepoint MAP2 expression was higher in PSEN1 NSC (Figure 59), providing further
support to the hypothesis that the mutation PSEN1 A246E promotes neural

specification in NSC.

8.3 Altered Cell Signalling in AD NSC/ NPC

Signalling pathways which are known to be affected by AD and which may play a role
in causing premature neural differentiation in PSEN1 were investigated in this project
and displayed trends towards dysregulation of Wnt signalling, autophagy and
antioxidant response pathways in AD (Figure 55, Figure 56, Figure 57). Yang et al.,
(2017) suggested a role of altered Notch and Wnt signalling in dysregulating
neurogenesis. With the exception of JAG1, genes associated with Wnt signalling were
increased in both PSEN1 A246E and PSEN1 M146L NSC compared with controls
(Figure 56) JAG1 is a regulator of Notch signalling via the Notch ligand Jagged1. Using
a transgenic mouse model, Marathe et al., (2017) showed that targeted loss of
Jagged1 expression during adulthood caused a reduction in exploration-dependent
Notch activation and induced spatial memory loss (Marathe et al., 2017). Work by
Sargin et al.,, (2013) showed that mice with a heterozygous mutation resulting in
reduced expression of Jagl displayed impairments in spatial memory formation
indicating the importance of Jagl-Notch signalling in memory formation in the adult
brain (Sargin et al., 2013). Downregulation of JAG1 in PSEN1 A246E NSC may
contribute to reduced Notch signalling and dysregulated AHN in AD. JAG1 was
actually upregulated in PSEN1 M146L NSC which may explain the lack of premature
differentiation seen in PSEN1 M146L NSC. Transcription of Wnt related genes is
regulated in part by the interaction of B-catenin with TCF/LEF. Both PSEN1 A246E and
PSEN1 M146L NSC displayed upregulated expression of LEF1 and CTNNB1 which
codes for the protein B-catenin (Figure 56). Upregulated expression of these
important Wnt related factors is indicative of enhanced Wnt signalling in AD (Jia et
al., 2019). AXIN forms part of the B-catenin destruction complex which prevents -
catenin nuclear translocation and transcription of Wnt target genes. Upregulation of

AXIN2 leads to B-catenin degradation. Wnt/B-Catenin/LEF1 signalling promotes
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cellular proliferation (Mu et al., 2019), however the increase in B-Catenin and LEF1
in PSEN1 NSC may be regulated by the increased AXIN2. Neurodegenerative
disorders commonly present with chronic inflammation, a decline in the generation
of functional neurons as well as impaired autophagy and altered p62 expression
(Vivar, 2015; Frangois et al., 2013). In neurons, autophagy is the principle mechanism
for turnover of unwanted substrates, thus in AD, and other neurodegenerative
diseases, defects in autophagic processing can lead to the intraneuronal
accumulation of waste products such as AB and proteins such as p62 (Bordi et al.,
2016; Brandenstein et al., 2016). Beclin-1 and LC3 play an important role in formation
of autophagosomes for autophagy and were downregulated in PSEN1 A246E but
upregulated in PSEN1 M146L NSC compared with controls (Figure 55). Pickford et al.,
(2008) revealed reduced expression of Beclin-1 in mouse models of AD associated
with a reduction in clearance of waste materials and AB (Pickford et a., 2008).
Downregulation of Beclin-1 and LC3 is indicative of reduced autophagy in PSEN1
A246E NSC compared with controls. MTOR regulates metabolism, translation, and
growth as well as proliferation, differentiation, migration, and the formation of
dendrites in neural cell types (LiCausi and Hartman). During nutrient depletion,
MTOR is inhibited, and the Unc-51-like kinase (ULK)1/2 complex is activated, this
induces formation and elongation of the isolation membrane; a membrane which
selectively and non-selectively envelopes cytosolic contents for degradation during
autophagy (Tooze and Yoshimori, 2010; Kiriyama and Nochi, 2015). P62 gene
expression was upregulated in PSEN1 A246E NSC compared with controls (Figure 55),
downregulated mTOR and upregulated p62 would indicate an increase in autophagy,
thus results indicate a trend towards dysregulation of autophagy in disease. p62
regulates the antioxidant response and inflammation in part by indirect interactions
with transcription factors NRF2 and NFkB. p62 binds keap1 via its keapl interacting
region (KIR) and thus, competes with NRF2 for keap1 binding, releasing NRF2 for
nuclear translocation and activation of antioxidant response genes (Liu et al., 2016).

The N-terminal Phox-BEM1 (PB1) domain of p62 enables its homo-oligomerisation
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with other molecules of p62 and hetero-oligomerisation with kinases including
protein kinase C (PKC), which can then regulate NFkB signalling and downstream
inflammation (Liu et al, 2016). Chronic inflammation exacerbates AD pathology
(Wang et al., 2017) and may result from the accumulation of p62 and subsequent
dysregulation of inflammatory and antioxidant response pathways. Analysis of genes
related to inflammation and the antioxidant response displayed little variation
between PSEN1 A246E and control NSC, but NRF2, HIF1, NQO1 and STAT3 were
upregulated in PSEN1 A246E neurospheres compared with control neurospheres
(Figure 57) These results show that culturing cells of the same cell lines using
different cell culture methodology can lead to disparate effects on cell signalling. The
increase in inflammatory markers in neurospheres could be more representative of
disease or could be a result of hypoxia and inflammation in cells within the
neurosphere that have limited access to nutrients. These results show novelty in that
gene expression of PSEN1 NSC was compared in two different cell culture models and

results showed that the cell model used for investigation of AD can affect results.

8.4 Dysregulated Cell Cycle Progression and Apoptosis in AD NSC and

NPC

NSC in the niche are generally maintained in a state of quiescence (Cheung et al.,
2013), but can be primed to enter the cell cycle via external stimuli, such as pro-
inflammatory mediators. Although pro-inflammatory cytokines can activate NSC,
they are generally shown to impair successful neurogenesis, for example, Interleukin-
6 and Interleukin-1B have been described as negative regulators of NSC proliferation
(Brett et al., 1995, Kokovay et al., 2012, Belenguer et al., 2021). NSC in a proliferative
state spend approximately 3 hours in G1 phase, time spent in G1 phase increases by
4-fold as NSC switch to a differentiative phenotype. Inhibition of Cyclin E in these
cells led to an extended G1 phase and an earlier switch to a differentiative
phenotype. The extended G1 phase may enable intracellular accumulation of

transcription factors which induce differentiation (Lange and Calegari., 2010, Lange
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etal., 2009, Ruijtenberg et al., 2016). Cell cycle analysis of PSEN1 A246E NSC revealed
trends towards an increased proportion of cells in GO/G1 phases and a decrease in
the proportion of PSEN1 NSCin G2 and S-phases compared with controls (Figure 63.).
Results were generated from three biological repeats of control and PSEN1 A246E
NSC and in all measurements, PSENI NSC biological repeats displayed greater
variation between samples than controls. A greater number of biological repeats
displaying the same results would likely yield significant results. Trends in results
(Figure 62) indicate impaired cell cycle progression in PSEN1 NSC. As cell cycle
regulation can determine the rate of proliferation and differentiation, cell cycle

dysregulation plays a role in the pathogenesis of neurodegenerative disorders.

Cell cycle progression is regulated by cyclins, cyclin-dependent kinases (CDK) and A
CDK (cyclin-dependent kinase) inhibitors (CDKI). The interaction between Cyclin D
and CDK4 or CDK6 forms a CDK4/6-cyclin D complex, the formation of this complex
regulates cell entry into G1 phase. Formation of the CDK4/6-cyclin D complex results
in phosphorylation of Rb and the release of E2F for activation of DNA transcription.
Inhibitors such as members of the Cip/Kip family and the INK4 family can prevent cell
cycle progression. Cell cycle regulators including cyclins, CDKs, cip/kip family of
inhibitors, caspases, bax and p53 have been identified to be involved in impaired cell

cycle regulation and associated with neural pathology (Wang et al., 2019).

GO analysis of RNA sequencing data revealed significant dysregulation of genes with
a role in cell cycle regulation (Error! Reference source not found.), CABLES1 Cdk5
and Abl enzyme substrate 1 expression were significantly downregulated in PSEN1
NSC at P3 compared with the same cells at P2. Growth arrest and DNA damage
inducible gamma (GADD45G) was significantly upregulated in PSEN1 NSC at P3
compared with PSEN1 NSC at P2. Expression of this gene is associated with stress-
related growth arrest and DNA damage. Genes MIIP, ZBTB17, DGKZ, CDT1, PIDD1,
SCRIB, AURKAIP1, DOT1Land TP53113 were all significantly upregulated in PSEN1 NSC
at P3 compared with PSEN1 NSC at P2 and are all associated with negative regulation

of cell cycle (Table 29). RNA sequencing data also revealed dysregulation of pathways
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associated with Chk1/Chk2(Cds1) mediated inactivation of the Cyclin B:Cdk1 complex
(Figure 91.). The MKRN3 gene was significantly downregulated in PSEN1 NSC at P3
compared with control NSC at P3 and regulates cell proliferation via ubiquitination
of PABPC1. Prevention of PABPC1 ubiquitination via inactivation of MKRN3 has been
shown to prevent cell cycle arrest at the G2/M transition and to enhance

transcription of PABC1 target genes (Li et al., 2021).

In AD, terminally differentiated neurons can be activated to enter the cell cycle,
ultimately leading to their death (Wang et al., 2019). Altered expression of cell cycle
regulators has been seen in brain regions affected by AD, such as the hippocampus,
for example, neurons in the hippocampus with NFT have also displayed positive
staining for cdk1 and cyclin B1. Presence of these markers indicates that cells passed
the G1/S phase checkpoint and underwent cell cycle arrest at G2 phase (Atwood and
Bowen., 2015, Busser et al., 1998). Aberrant cell cycle activation in neurons can be
caused by oxidative stress, DNA damage, toxic levels of peptide accumulation and
the deprivation of growth factors. Altered activation of cell cycle regulators plays a
role in a range of CNS disorders. In CNS disease, activation of the cell cycle in
astrocytes and microglia leads to proliferation and is associated with glial scar
formation and the production of inflammatory cytokines. In mature neurons
however, instead of inducing proliferation, unregulated cell cycle re-entry results in
neuronal cell death. Apoptosis is often increased in CNS injury and is associated with
a cell cycle blockade at the G1-S phase. In some subtypes of AD, some neurons
undergo DNA synthesis but are prevented from completing the cell cycle due to cell
cycle arrest at the transition from G2 to M-phase (Wang et al., 2009). Cell cycle
abnormalities play a major role in both LOAD and EOAD/FAD and appear prior to the
accumulation of AB plaques and tau NFT, therefore represent an important target to

prevent neuronal loss in AD (Atwood and Bowen., 2015).

Pathway analysis of RNA sequencing results displayed trends in dysregulation of
pathways related to programmed cell death in PSEN1 neural differentiation, (Figure

79.) programmed cell death related pathways were also dysregulated during control
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neural differentiation (Figure 80.) and were seen to be dysregulated between control
and PSEN1 NSC at P3 (Figure 91.). DEGs associated with apoptosis included CARD8
and MKRN3, Card8 is caspase recruitment domain family member 8, and was
significantly downregulated in PSEN1 compared with control NSC at P3. MKRN3
codes for expression of Makorin ring finger protein 3 and was also significantly
downregulated in PSEN1 compared with control NSC at P3. In control Neural
differentiation PLEC and BBC3 were both significantly upregulated from p2 to p3 and
are associated with apoptosis. Cell cycle analysis of PSEN1 and control NSC at P3 also
revealed a trend towards an increased percentage of DNA fragmentation in PSEN1
NSC compared with controls (Figure 63.). Increased DNA fragmentation in disease
may be a result of apoptosis; if cells which have undergone DNA replication are not
exposed to mitotic signals such as cell division cycle 2 and cyclin A, they do not exit
the cell cycle. Duplication of genetic material without the induction of mitosis can
result in molecular flaws and the induction of apoptosis, as well as an increase in
markers associated with the response to cell stress (Urban et al., 2019, Joseph et al.,
2020). Neural cells exposed to stress/DNA damage may attempt to re-enter cell cycle
but begin to undergo apoptosis at the G1/S phase checkpoint (Frade and Ovejero-
Benito, 2014). In analysis by flow cytometry, nestin positive, live PSEN1 NSC displayed
a trend towards increased apoptosis as they matured from P2 to P3 (Figure 94),
PSEN1 NPC also displayed a trend towards an increase in the percentage of nestin
positive live cells undergoing apoptosis when compared with control NPC at the same
passage (Figure 95). These results provide further, novel evidence to the hypothesis
that apoptosis is increased in PSEN1 immature neural cells compared with controls
and is also increased as PSEN1 neural cells mature -increased apoptosis in PSEN1 NSC

may be a result of cell cycle dysregulation.

8.5 Comparison of PSEN1 and control Neural Differentiation

The transcriptomic profiles of PSEN1 A246E and control NSC at P2 and P3 were
compared to look for differences in neural differentiation between PSEN1 and

control NSC. Interestingly, the number of genes which were differentially expressed
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during PSEN1 neural differentiation (from P2 to P3) was 4.7-fold higher than the
number of genes seen to be differentially expressed during control neural
differentiation (from P2 to P3) (Figure 74, Figure 77). This data indicates that there is
a much greater number of transcriptomic changes occurring in PSEN1 neural
differentiation when compared with controls at the same stage. The majority of DEGs
in both PSEN1 and control neural differentiation were upregulated. The five most
upregulated genes in control neural differentiation (A.) were PLEC, ANOS8, CCDC85B,
ADAMTS7 and ZDHHC8. The five most upregulated genes in PSEN1 neural
differentiation (B.) were PLEC, CORO1B, BTBD2, LRFN4 and NDUFS7. With the
exception of CORO1B, these genes were all upregulated in both PSEN1 and control
neural differentiation, and almost all were upregulated to a higher degree in PSEN1
neural differentiation (Figure 77.). Many genes were differentially expressed in both
PSEN1 and control neural differentiation and were indicative of normal neural
differentiation. DEGs associated with development in control neural differentiation
were PLEC, ERF, METRN, BTBD2 and MAP1S, all of which were significantly
upregulated during control neural differentiation (Figure 83). The DEGs associated
with development seen in control neural differentiation were also significantly
upregulated in disease neural differentiation, however, in PSEN1 neural
differentiation, there were 6-fold more DEGs associated with development,
indicating upregulation of pathways related to development in disease (Figure 84).
Other interesting DEGs in PSEN1 neural differentiation included CEND1, which plays
arole in cell cycle exit and neuronal differentiation and was significantly upregulated
in PSEN1 neural differentiation, CDH20, FGFR4 and ERG. ERG codes for the ERG
protein which regulates transcription and in particular, plays a role in regulation of
embryonic development, cellular proliferation, differentiation, and apoptosis. ERG
was downregulated in PSEN1 neural differentiation. Downregulation of ERG along
with FLI1 in endothelial cells has been shown to trigger endothelial-to-mesenchymal
transition (Nagai et al., 2018), suggesting that downregulation of ERG in PSEN1 neural

differentiation may be contributing to the premature neural differentiation seen in
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disease. SEMA6B was another DEG associated with growth and was significantly
upregulated in PSEN1 neural differentiation. SEMA6B encodes a member of the
semaphorin family of proteins which have an important role in axon guidance,
therefore upregulation of SEMA6B may contribute to the neural phenotype in PSEN1
NSC.

The pathway cytoskeletal regulation by Rho GTPase was dysregulated during PSEN1
neural differentiation, DEGs included ACTG2, PUF60, MYH14 and ARPCI1B, all of
which were upregulated from P2 to P3 (Figure 81). This pathway was not shown to
be dysregulated during control neural differentiation. Polymerisation of actin and
interactions between actin and myosin have been shown to modulate differentiation
of stem cells to more mature mesodermal and endodermal lineages (Boraas et al.,
2018). In neurons, actin filaments play a role in axon integrity (Arnold and Gallo.,
2014). Myosins are motor proteins which are able to produce mechanical forces to
drive actin cytoskeletal dynamics. In the brain, interactions between actin and non-
muscle myosin Il contribute to neural morphology, polarisation, and migration during
development (Javier-Torrent and Saura., 2020). MYH14 is a non-muscle myosin and
ARPCI1B is a component of the Arp2/3 complex which plays a role in actin
polymerisation and cell motility. Upregulation of these components indicates
cytoskeletal changes in PSEN1 neural differentiation which are not occurring in
control neural differentiation and may play a role in the premature neural

differentiation seen in PSEN1 NSC.

GO analysis of dysregulated molecular functions in PSENI1 neural differentiation
indicated that binding and protein binding were significantly dysregulated during
PSEN1 neural differentiation (Figure 77), 335 significantly dysregulated DEGs were
associated with binding. Proteins encoded by these DEGs were diverse and included
growth arrest and DNA damage inducible proteins interacting protein 1, autophagy
related protein2 homolog A, Apoptosis regulatory protein Siva, cell polarity related

proteins and transcriptional regulators.
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Between PSEN1 NSC at P2 and P3, pathways dysregulated included Wnt signalling,
angiogenesis, Huntington disease and pathways related to Alzheimer’s disease
presenilin pathway. The most dysregulated pathway in both PSEN1 and control
neural differentiation was the Alzheimer’s Disease Presenilin Pathway (Figure 81,
Figure 82). In control neural differentiation, DEGs in this pathway were LRP5, LRP3,
MMP17, PCSK4 and DVL1, all of which were all upregulated from P2 to P3 NSC. In
PSEN1 neural differentiation, DEGs related to the Alzheimer’s disease presenilin
pathway were DVL1, ACTG2, PUF60, LRP3, MMP17, PCSK4, ERBB4 and FZD9, all of
which were upregulated from P2 to P3, excluding ACTG2 and ERBB4. ACT2 encodes
the protein Actin y-2, actin filaments play an important role in cytoskeletal
maintenance. In AD, actin filaments can interact with proteins such as APP,
presenilin, tau and apolipoprotein E which may contribute to neurodegeneration
(Ostrowski et al., 2005). ERBB4 is a member of the epidermal growth factor receptor
subfamily and plays a role in proliferation. The proteins described as being members
of this pathway have been reported to be dysregulated during AD, however, also play
important roles in healthy cells. Interestingly, the amyloid beta precursor protein
binding family A member 3 APBA3 was upregulated in both PSEN1 and control neural
differentiation but was upregulated to a greater degree in PSEN1 neural

differentiation (p<0.0001) than in control neural differentiation (p<0.001).

DEGs shown in both PSEN1, and control neural differentiation were said to be
associated with normal neural differentiation. DEGs exclusive to PSEN1 neural
differentiation were isolated and manually categorised as fitting into either nuclear,
cytoskeletal, cell signalling or metabolism-related categories (Figure 85.) The
majority (43%) of DEGs exclusive to PSEN1 neural differentiation were associated
with the nucleus, 29% were associated with cell signalling, 14% were associated with

metabolism and the remaining 14% were associated with cytoskeletal processes.

Notch signalling pathways were dysregulated in PSEN1 neural differentiation (Figure
81) but were not shown to be dysregulated during control neural differentiation

(Figure 80), suggesting the PSEN1 A246E mutation leads to dysregulated Notch
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signalling in PSEN1 neural differentiation. DEGs related to Notch signalling which
were significantly upregulated during PSEN1 neural differentiation included NCOR2,
HEY1, JAG2, CHAC1 and RFNG. HEY1 gene expression was significantly
downregulated in P3 NSC compared with P2 NSC containing the PSEN1 mutation
(Figure 81, Figure 85. DEGs in PSEN1 neural differentiation linked with Wnt and Notch

signalling).

Regulation of Notch signalling is critical during development, Notch signalling
determines the timing and duration of neural progenitor proliferation and
differentiation and thus plays a pivotal role in brain development (Hansen et al.,
2010). In particular, Notch signalling has been shown to regulate neural rosette
polarity, playing a role in determining symmetric vs asymmetric cell division and
ultimately, cell fate. Dysregulation of notch and Wnt signalling plays a role in altered
neural specification in PSEN1 NSC and NPC, recent research describes a link between
mutations in PSEN1, reduced Notch signalling and premature differentiation (Arber

etal, 2021).

Wnt signalling pathways were shown to be dysregulated during both PSEN1 and
control neural differentiation. Upon isolation of DEGs which were exclusive to PSEN1
neural differentiation, a subset of Wnt genes which were only dysregulated in PSEN1
neural differentiation were identified (Figure 85). DEGs related to Wnt signalling
which were significantly upregulated (p<0.05) during PSEN1 neural differentiation
included FZD9, LRP3 and CSNK1G2. DEGs which were significantly downregulated
(p<0.05) during neural differentiation included DKK2, CDH2 and ACTG2.

Gene ontology (GO) analysis of differentially expressed genes (DEGs) specific to AD
neural differentiation revealed significant dysregulation (FDR p<0.05) of genes
related to neurogenesis, apoptosis, cell cycle, transcriptional control, and cell
growth/maintenance as PSEN1 NSC matured from P2 to P3. The majority of DEGs in
both PSEN1 and control neural differentiation were upregulated, this indicated that

neural specification involves more upregulation of gene expression than
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downregulation. That the number of upregulated genes was much greater in PSEN1
neural differentiation than in control and that the topmost upregulated genes in
PSEN1 neural differentiation (PLEC, CORO1B, BTBD2, LRFN4 and NDUFS7) are
associated with neural differentiation (cytoskeletal changes, movement of cells,
promotion of neurite outgrowth in hippocampal neurons, metabolic shifts from
glycolysis to oxidative phosphorylation) indicates that presence of the PSEN1
mutation results in the initiation of more transcriptomic changes during neural
differentiation, those which likely lead to the premature neural differentiation
phenotype seen in PSEN1 lines (Figure 42, Figure 43). This data provides novel
evidence of pathway dysregulation during PSEN1 neural differentiation, particularly
related to the upregulation of pathways which promote neural differentiation. This
data supports the hypothesis that the PSEN1 mutation promotes premature neural

specification.

8.6 Comparison of PSEN1 and control NSC at P3

GO analysis of DEGs between PSEN1 and control NSC at P3 was carried out to
interrogate differences in more mature NSC containing the PSEN1 mutation
compared with controls. Comparison of PSEN1 and control NSC at P3 revealed

significant dysregulation of a range of pathways and molecular functions.

Biological processes which were most significantly dysregulated between PSEN1 and
control NSC at P3 were associated with regulation of transcription and gene
expression, these pathways were shown to be significantly upregulated in PSEN1 NSC
at P3 compared with control NSC at P3. After this, pathways associated with
regulation of metabolic processes were the most significantly dysregulated.
Regulation of metabolic processes was upregulated, whereas metabolic processes

themselves were downregulated in PSEN1 NSC compared with control NSC (

Results display biological processes which are significantly (FDR p<0.05) dysregulated
between control and PSEN1 NSC at P3. Significantly dysregulated processes include

regulation of transcription by RNA polymerase Il, regulation of gene expression,
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metabolic processes, and cellular processes. GO results indicated that these
biological processes are upregulated in PSEN1 NSC at P3 compared with control NSC
at P3. Only results with FDR p <0.05 are displayed. Molecular functions that were
most significantly dysregulated between PSEN1 and control NSC at P3 were related
to DNA-binding transcription factor activity, RNA polymerase Il specific. After this,
the most significantly dysregulated molecular functions were related to
transcriptional regulation and DNA binding, all of these molecular functions related
to DNA binding and transcription were shown to be upregulated in PSEN1 NSC at P3
compared with control NSC at P3 (Figure 87).

Analysis using the PANTHER classification system revealed trends in pathway
dysregulation (Figure 89). The topmost dysregulated pathway between PSEN1 and
control NSC at P3 was the Wnt signalling pathway. After this, was integrin and
endothelin  signalling pathways, Alzheimer’s disease-presenilin  pathway,
angiogenesis, and cadherin signalling. Pathways which were dysregulated between
PSEN1 and control NSC at P3 were visualised using the Reactome database and
indicated significant dysregulation of gene expression (specifically transcription),
extracellular matrix organisation, developmental biology, pathways related to the
immune system and pathways related to programmed cell death (Figure 90). A
greater number of gene expression changes were occurring during PSEN1 neural
differentiation than during control neural differentiation (Figure 76). Results from GO
analyses show that there was an increase in expression of genes associated with
transcription in PSEN1 compared with control NSC at P3 (Figure 87). This increase in
transcription and DNA binding in PSEN1 NSC may have led to an increase in
expression of genes related to developmental pathways, pushing PSEN1 NSC towards
neural specification. This data provides novel evidence of significantly upregulated
gene expression during PSEN1 neural differentiation and supports the hypothesis
that disease causing changes which occur in AD may be a result of abnormal AHN and

impaired neural specification.
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8.7 Limitations and further study

Data generated is limited by the number of biological replicates used. For each
experiment, the NSC utilised were produced using three biological repeats of control
and PSEN1 A246E, each of which were generated from a separate neural
differentiation procedure. Flow cytometry-based analysis of cell cycle progression,
apoptosis and nestin expression in PSEN1 NSC generated results which displayed
clear trends towards cell cycle dysregulation, increased apoptosis and decreased
nestin expression in PSEN1 NSC. qPCR results displayed trends towards enhanced
MAP2 expression with maturation in PSEN1 NSC compared with controls, as well as
dysregulation of Wnt signalling. The addition of further biological replicates in the
study would have enhanced the power and reproducibility of results, however, the
onset of the SARS-CoV-2 pandemic and subsequent lab closure hindered the
undertaking of lengthy neural differentiation procedures, and thus prevented

generation of sufficient material for further repetitions.

Another important limitation to the study is the interpretation of Gene ontology
results. Initial GO/Panther analysis of RNA sequencing data was carried out on DEGs
specific to PSEN1 neural differentiation. Within this data set, pathway dysregulation
of Wnt and Notch signalling was identified (Figure 81) and led to the prioritisation of
gPCR-based validation to confirm dysregulation of Wnt and Notch related genes
between PSEN1 NSC at P2 and P3. Dysregulation of Wnt and Notch signalling
pathways was only highlighted in PSEN1 neural differentiation due to a total of 8
DEGs, which upon validation via RNA sequencing did not display the same significant
results seen in the RNA sequencing data. Upon later GO/Panther re-analysis of RNA
sequencing results, comparison between PSEN1 NSC at P3 and control NSC at P3
revealed significant upregulation (FDR<0.0000259) of 5 biological processes related
to transcription and gene expression as well as significant upregulation
(FDR<0.000000725) of 12 molecular functions related to DNA binding and
transcription factor activity. The number of significantly upregulated biological

processes and biological pathways which are related to the same or similar processes
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and functions means that these results are more likely to be true and to be able to
be validated though further transcriptomic/ proteomic work. Thus, in further study,
the significant dysregulations in metabolism and transcription related processes
which were seen in PSEN1 NSC compared with control NSC would be interrogated to
confirm the specific transcription factors driving these changes in PSEN1 neural

differentiation.

8.8 Conclusion and Impact

The findings described in this work indicate that the mutation PSEN1 A246E
predisposes immature neural cells to neural specification at a faster rate than is seen
in controls. The 4.7-fold increase in DEGs (p<0.05) during PSEN1 neural
differentiation compared with controls (Figure 75, Figure 76) indicates that the
PSEN1 A246E mutation has a major effect on early neural specification. If
hippocampal neurogenesis does occur in adults, this data indicates that it is
significantly altered in patients with the PSEN1 A246E mutation. Data generated in
this study point towards PSEN1 NSC being pushed to differentiate prematurely
(Figure 43, Figure 60, Figure 62, Figure 81). This premature neural specification may
result in depletion of the neural stem cell niche in patients with the PSENI mutation,
reducing their ability for regenerative repair and increasing the rate of disease
progression. Accelerated loss of the NSC niche may accelerate the effects of inter and
intra- neuronal AB and Tau, resulting in the faster rate of disease progression seen in
FAD patients compared with patients with LOAD. These data indicate that along with
targeting AB and Tau accumulation, treatment of FAD also requires therapies
targeted at maintaining the NSC niche and preventing premature differentiation of

the NSC reserves within it.

Restoration of functional AHN in the early stages of AD has the potential to delay
disease onset, improving quality of life for patients and reducing healthcare costs. In
terms of LOAD, delaying disease onset by 5 years is predicted to lower disease

prevalence by 41% and associated healthcare costs by 40% by the year 2050

260



(zZissimopoulos et al., 2014). Improved treatment of FAD will undoubtedly lead to

improved treatment of LOAD, which will benefit millions worldwide.

Improved understanding of the mechanisms which lead to NSC depletion and
impaired neurogenesis in AD will aid the identification of therapeutic targets for
treatment. Therapeutic agents currently in use for treatment of AD, including AChEi
and the NMDA receptor agonist Memantine, act to improve neuronal
communication, survival, and plasticity. These agents focus on reducing disease
symptoms rather than treating the cause of disease, primarily because disease
mechanisms are still not fully understood. Therapeutic agents targeted at reducing
inter and intraneuronal A have been in development for several decades with little
success (Aghaizu et al., 2020; Behl et al., 2020), suggesting that AB is not the primary
disease-causing agent in AD. BACE inhibitors and inhibitors of y-secretase which are
both focused on reducing inter and intraneuronal levels of AR have not yet shown
beneficial effects on reducing disease progression but have displayed major side
effects, including hippocampal atrophy and worsened cognition, these negative
effects are likely due to the widespread roles of BACE and y-secretase in neural
function (Nash et al., 2021; Coric et al., 2012). In FAD mutations which result in
impaired y-secretase cleavage, overexpression of y-secretase could be beneficial,
however, as y-secretase has such a varied range of substrates, adverse effects would

be likely.

Pathway analysis of RNA sequencing data generated in this study indicates that
altered PSEN1 neural specification may be directed by dysregulated Notch and Wnt
signalling (Figure 79). The trends towards increased apoptosis in PSEN1 NSC (Figure
93, Figure 94) may occur as a result of altered cell cycle regulation (Figure 62), which
may be another effect of enhanced neural specification and dysregulated Wnt and
Notch signalling in FAD. Wnt signalling pathways have been targeted in AD models
with some success, with activation of Wnt signalling -by molecules such as the GSK3-
B inhibitor LiCl- achieving results such as enhanced neuronal survival, a reduction in

soluble and insoluble AB, rescued memory retention, restored myelination, restored
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retention of short and long-term memory, protection against dendritic spine loss
mediated by Dkk1, increased microglial cell number in the hippocampus and cortex,
increased excitatory synapse numbers and an increase in cell cycle markers c-Myc
and Cyclin D1 (Zhang et al., 2019; Zheng et al., 2017; Cerpa et al., 2010; Alvarez et al.,
2004; Marzo et al., 2016; Salcedo-Tello et al., 2014; Vargas et al., 2014; Sellers el al.,
2018). Synapse degeneration is a feature of AD which is correlated with cognitive
decline. Dickkopf-1 (Dkk1) is a Wnt agonist that is increased in AD and plays a role in
synaptic failure mediated by AB. Restoration of Wnt signalling in adult transgenic
mice which inducibly express Dkk1 in the hippocampus, was shown to reverse
synapse degeneration in the hippocampus and to improve learning and memory
deficits (Marzo et al., 2016), this research indicates that restoration of normal Wnt
signalling is a viable therapeutic option for reducing neuronal loss and enhancing

patient cognition and survival.

This work highlights a new and pressing need for therapies that prevent premature
neural specification in AD and promote maintenance of hippocampal NSC reserves.
Further analysis of PSEN1 and control NSC is required to identify key therapeutic
targets in Notch and Wnt signalling pathways. Restoration of normal Notch and Wnt
signalling in PSEN1 immature neural cells has the potential to prevent neuronal loss

and reduce the rate of disease progression.
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10.0 Apendices

10.1 Appendix 1

10.1.1 Plasmid maps for plasmids used in iPSC reprogramming

Figure 95. Full sequence map for pPCXWB-EBNA1.

Full Sequence Map for pCXWB-EBNA1.
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Figure 96. Full sequence map for pCXLE-hSK.
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Figure 97. Full sequence map for pCXLE-hUL.
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Figure 98. Full sequence map for pCXLE-hOCT3/4-shp53-F.
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Figure 99. Vector map for the pmax GFP ™ Vector

The pmax GFP ™ Vector has a human CMV promoter, this is a strong promoter and enables high-
level constitutive expression of GFP. The pmax GFP ™ Vector also has a gene which enables

resistance to Kanamycin.

10.2 Appendix 3: RNA sequencing data analysis

10.2.1 Bioanalyser traces of cDNA fragments post library preparation
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Figure 100. Bioanalyzer traces displaying cDNA fragment size of samples

Screen capture of Agilent 2100 Bioanalyzer electropherograms. Bioanalyzer traces were used to
check cDNA fragment sizes after completion of library preparation. The initial library preparation
performed displayed small quantities of fragments with sizes above 1000bp. B, C, E display control
P3 NSC, F,G,H display PSEN1 A246E NSC, N, 1, L, display control NSC at P2, J, M, D display PSEN1 NSC
at P3.
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Figure 101. Example of contamination with larger DNA fragments

Screen capture of Agilent 2100 Bioanalyzer electropherograms. A.) Larger DNA fragments of
>1000 bp were detected in sample C. B.) In the second library preparation, in all samples, all

fragment sizes detected were in the range 200-500bp.

10.2.2 Initial quality data for sequencing reads

Figure 102. Q score of sequencing reads

A.) Overall Q Score for all samples sequenced (including the PhiX control). 5 billion reads had a Q
score between 30 and 35, and 35 billion reads had a Q score which was in the range 35-40. B.)
Overall Q Score for All Indexed Samples (PSEN1 A246E and control NSC). 1309.329 million reads
had a Q Score of 30-35. 255.7556 million reads had a Q score of 35-40. Samples with a lower Q
score were filtered out. 97.19% of the library had a Q score greater than 30, this indicated that

sample reads had less than a 1:1000 chance of being incorrect.
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Table 32. Index sequences and reads identified per index

Index Index Sample Percentage Reads | Number of reads Number  of
Number Sequence ID Identified (PF) Per reads
Index Identified
1 GAGTGG N 7.3817 39,378,352 2,906,792
2 TAGCTT F 9.2222 49,358,484 4,551,938
3 ACTTGA C 6.9201 36,978,912 2,558,978
4 GATCAG E 3.9307 20,987,656 824,962
5 TTAGGC B 5.9588 31,812,204 1,895,626
6 GTGGCC H 6.894 36,886,982 2,542,989
7 GGCTAC D 12.5691 67,074,004 8,430,599
8 ACTGAT J 7.0502 37,696,268 2,657,662
9 ATTCCT M 10.4196 55,751,512 5,809,085
10 GTTTCG L 6.8913 36,854,614 2,539,762
11 CGTACG G 8.2077 43,890,034 3,602,362
12 ATCACG 8.1283 43,436,142 3,530,620
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10.2.2.1 Table 33. ASCII character quality score

Symbol ASCII Q-Score | Symbol ASCII Q-Score
Code Code
! 33 0 6 54 21
" 34 1 7 55 22
# 35 2 8 56 23
S 36 3 9 57 24
% 37 4 : 58 25
& 38 5 ; 59 26
' 39 6 < 60 27
( 40 7 = 61 28
) 41 8 > 62 29
* 42 9 ? 63 30
+ 43 10 @ 64 31
, 44 11 A 65 32
- 45 12 B 66 33
46 13 C 67 34
/ 47 14 D 68 35
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48 15 69 36
49 16 70 37
50 17 71 38
51 18 72 39
52 19 73 40
53 20
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10.2.3 Quality control of RNA sequencing data

Table 34. Example FastQC input parameters

Input Parameter Value

Input FASTQ file Sample B, Merged Read 1s
Contaminant list Nothing Selected

Adapter list Illumina Adaptor Sequence File
Submodule and Limit specifying file Nothing Selected

Disable grouping of bases for reads >50bp No

Lower limit on the length of the sequence to be | Nothing Selected

shown in the report

length of Kmer to look for Test Disabled

Samples were inputted individually into FastQC using the input parameters specified
(Table 34. Example FastQC input parameters). Using FastQC, samples were analysed
for their Average Per Base Sequence Quality for every position in the read (total 75
bp) (Figure 103). Bases with a Q score of higher than 28 are good quality, with a very
low probability of incorrect base calling. It is common in Illumina sequencing, for
initial and final base readings to be of a poorer quality than the middle section of the
fragment. At every position in the read, all samples had a Q score of >30 indicating
high quality base identification. Samples were analysed to determine their overall
per base sequence content (Figure 103 B). This module displays the percentage of
each nucleotide base at every position in the read. Due to the high volume of

fragments sequenced per sample, at each position, equal representation of each
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https://usegalaxy.org/datasets/bbd44e69cb8906b55af9623b8e96ed1d/show_params

base was expected at each position in the read. The first 10 bases of this sample
display an uneven distribution of A/T/G/C. These first 10 bases are not sequenced
incorrectly as their quality score was above 30. The uneven base distribution at the
start of each read was likely due to the use of random hexamers in first strand
synthesis. Cleaved RNA fragments were primed with random hexamers and reverse
transcribed into first strand cDNA. Random hexamers are not that random and favour
certain bases at the start of the sequence, resulting in enrichment of kmers at 5’ end.
Samples were analysed for their per base N content (Figure 103 C), all samples
displayed a per base N content of 0%. Samples were analysed for per tile sequence
quality (Figure 103 D), warm coloured tiles indicate a tile has a worse read quality
than other tiles for that position in the read. A small number of samples displayed
this issue which may have been the result of bubbles or debris in the flow cell lane.
The issue appeared to occur for just one whole 75bp sequence in the affected
samples so affected sequences were filtered out. The presence of many warm
coloured tiles would have indicated that the flow cell had been overloaded but this
was not an issue in any samples. Samples were analysed for adapter content (Figure
103). This module gives information on the percentage of adaptor sequence that is
found in the sample. If the percentage of adapter was high in a sample, specific
adapter sequences were filtered out. All samples analysed passed this module and
did not present with a significant amount of adapter present. Samples were analysed
for their per sequence quality scores (Figure 103). This module looks at the quality
score distribution across all samples and gives an average quality per read. Entire
sequences which are poor quality were filtered out. The average quality per read for
all samples was >30. All samples were analysed for their sequence length distribution
(Figure 103). This module gives information on the distribution of sequence lengths
over all sequences. Sequence lengths that were too long were trimmed and sequence
lengths that are too short were filtered out, this module raises a warming when all
sequences are not of the same length. All fragments were sequenced to between 72

and 76 bp, with the majority of fragments at 75bp. Samples were analysed for their
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levels of sequence duplication, (Figure 103) this module displays the percent of
sequences that would remain if duplicated samples were removed. De-duplication of
sequences can be used to remove technical duplication, but would also remove
biological duplication, when working with RNA sequencing data, removing biological
duplication would mean enriched genes would be missed. For this reason, samples
were not de-duplicated. All samples were analysed for their per sequence GC content
(Figure 103). In a normal random library, you expect to see roughly normal
distribution of GC content, GC content was normally distributed in all samples with

most samples having a mean GC content of 50%.

Figure 103. FastQC results for sequencing samples

A sample of results generated using tool FastQC. Results displayed have been selected to display
any issues that were found to be present in sequencing samples. A.) Per Base Sequence Quality.
The y-axis displays the Q score, bases with a Q score of higher than 28 are considered to be good
quality. The x-axis displays the base position in the read (bp). The results display the average quality
score given at each position in the read. All samples displayed very good average sequencing quality

at every base position in the read. B.) Per Base Sequence content. This graph displays the
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percentage of each nucleotide (A, T, C, G) present at each position in the read. The x-axis indicates
position in the read (bp), and the y-axis displays the percentage of base detected. For every sample,
results indicated equal representation of each nucleotide at every position in the read from
positions 10-13 to position 75 in the read. C. N Content Across all Bases. This graph displays
percentage on the y-axis and position in read on the x-axis. All samples displayed 0% N content
across all bases. D. Per Tile Sequencing Quality. The x-axis displays position in the read (bp). The y-
axis is tile number on the lllumina flow cell. Warm colours indicate a tile had a worse quality than
other tiles for that base. This result was present on a small number of samples and indicated poor
quality of one whole 75bp sequence on just one tile. E.) Percentage Adapter present per sample.
The x-axis displays position in the fragment (bp), the y-axis displays percentage. In all samples, this
module displayed 0 % adapter present. F.) Sequence Length Distribution. The x-axis displays
sequence length (bp), and the y-axis displays the number of reads for that sample. Results show
that all fragments sequenced were between 72 and 76 bp in length and that most fragments were
sequenced to 75bp. G.) Per Sequence Quality Scores. The x-axis displays mean sequence quality,
and the y-axis displays number of sequences. Results show that the average sequence quality per
read ranged from 28 to 35 with the majority of sequences displaying a quality score between 34
and 35. H.) Sequence Duplication Levels. The x-axis displays Sequence Duplication level, and the y-
axis displays the percentage. The line shown in blue is % Total Sequences. Results indicate that
approximately 50% of the sample shows a sequence duplication level of 1, with about 12% of
samples displaying a sequence duplication level of greater than 10 and no samples displaying
sequence duplication levels greater than 500. The red line displays the level of duplication that
would be seen if sequences were de-duplicated i.e., if the sample was de-duplicated >80% of
samples would display a sequence duplication level of 1. I.) Per Sequence GC Content. Mean GC
content (%) is plotted (x) against number of reads (y). Results showed normal distribution of GC

content in all samples.

Table 35. Overrepresented sequences in RNA sequencing data

Sequence Count % Possible Source
GATCGGAAGAGCACACGTCTGAAC 8712 0.101 TruSeq Adapter, Index 11
TCCAGTCACGGCTACATCTCGTATGC (100% over 50bp)

GGGGGGGGGGGGGGGGGGGGGGGGGGGG | 6386 0.137 No Hit
GGGGGGGGGGGGGGGGGGGGEG
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All samples were analysed for the presence of overrepresented sequences. A sequence is considered
overrepresented if it accounts for >0.1% of reads. This module can be triggered when used to analyse
small RNA libraries where sequences are not subjected to random fragmentation, and the same
sequence may naturally be present in a significant proportion of the library. The majority of samples
had no overrepresented sequences. The overrepresented sequences detected were derived from
adaptors or were composed of a long sequence of G’s. The G is generated when the sequencer detects

no signal, so has run out of template. These bases were of low quality so were removed.

10.2.4 Trimming and filtering of sequencing data

Table 36. Example Trimmomatic settings for merged Fastq files.

Tool Trimmomatic
Input Parameter Value
Single-end or paired-end reads? pair_of_files
Input FASTQ file (R1/first of pair) B, Merged Read 1s
Input FASTQ file (R2/second of pair) B, Merged Read 2s
Perform initial ILLUMINACLIP step? Yes

Select standard adapter sequences or provide custom? Custom

AGATCGGAAGAGCACACGTCTGAACTCC
AGTCA
AGATCGGAAGAGCGTCGTGTAGGGAAA
Custom adapter sequences in fasta format
GAGTGT
GATCGGAAGAGCACACGTCTGAACTCCA

GTCACGGCTACATCTCGTATGC

Maximum mismatch count which will still allow a full match

to be performed
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Tool

Trimmomatic

Input Parameter

Value

How accurate the match between the two 'adapter ligated'

reads must be for PE palindrome read alignment

30

How accurate the match between any adapter etc.

sequence must be against a read

10

Minimum length of adapter that needs to be detected (PE

specific/palindrome mode)

Always keep both reads (PE specific/palindrome mode)?

True

Select Trimmomatic operation to perform

SLIDINGWINDOW

Number of bases to average across 4
Average quality required 20
Select Trimmomatic operation to perform MINLEN
Minimum length of reads to be kept 25
Output trimlog file? False
Output trimmomatic log messages? False
Uob Resource Parameters No

10.2.5 Determination of strandedness

Table 37. Infer experiment parameters

Tool

Infer Experiment

Input Parameter

Value

Select a reference genome

Human (Homosapians) (b38): hg38

Number of reads sampled from SAM/BAM file (default =
200000)

200000
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Tool Infer Experiment

Input Parameter Value

Minimum mapping quality 30

Results from Infer Experiment tool:

This is PairEnd Data.

Fraction of reads failed to determine: 0.0122

Fraction of reads explained by "1++,1--,2+-,2-+": 0.0060 <- the fraction of reads that
assigned to forward strand

Fraction of reads explained by "1+-,1-+,2++,2--": 0.9818 <- the fraction of reads that
assigned to reverse strand. A greater fraction of reads assigned to the reverse

strand, so the results indicate that the data is reverse stranded.

10.2.6 Alignment to reference genome

Table 38. Example parameters for alignment to reference genome using HISAT2

Tool HISAT2

Input Parameter Value

Source for the reference genome indexed
Select a reference genome hg38

Is this a single or paired library Paired
FASTA/Q file #1 B Trimmed merged R1 samples
FASTA/Q file #2 B Trimmed merged R2 samples
Specify strand information Reverse (RF)
Paired-end options defaults
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Tool

HISAT2

Input Parameter

Value

sum

Output alignment summary in a more

True

machine-friendly style.

Print alignment summary to a file. True
adv

Input options defaults

Alignment options defaults

Scoring options defaults

Spliced alignment options defaults

Reporting options defaults

Output options defaults

Other options defaults
lob Resource Parameters no
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10.2.7 HISAT2 alignment scores

Figure 104. HISAT2 alignment scores

Alignment of samples to the reference genome (Hg38) using the tool HISAT2 resulted in >90%
alignment rate for all samples which indicates successful alignment to the reference genome. A.)

Displays the number of aligned reads per sample. B.) Displays the % of alignhed reads per sample.

10.2.8 Filtering and QC of alignhment

Alignment of sequences to the reference genome was analysed pre and post filtering.

Filtering was carried out using the tool Filter BAM.

Table 39. Example filtering parameters post alignment with HISAT2

Tool Filter

Input Parameter Value
BAM dataset(s) to filter Sample B Aligned to Hg38 using HISAT2
Select BAM property to filter on mapQuality

Filter on read mapping quality (phred scale) >=20

Select BAM property to filter on isPaired

Select paired reads True

Select BAM property to filter on isProperPair

Select properly paired reads True
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Tool Filter

Input Parameter Value

Would you like to set rules? False

10.2.8.1 Picard: MarkDuplicates

Pre filter:

Figure 105. Deduplication Statistics

Percentage Duplication Data for all Samples Post-Alignment to Hg38. Less than or equal to 50%

duplication can be considered normal to obtain. All samples displayed less than 50% duplication.

Table 40. Percentage duplication data for all samples post-alighment to Hg38

Sample Name % Duplication
B Aligned BAM 15.6%
C Aligned BAM 16.3%
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D Aligned BAM 19.5%
E Aligned BAM 19.3%
F Aligned BAM 19.0%
G Aligned BAM 19.1%
H Aligned BAM 15.1%
| Aligned BAM 16.4%
J Aligned BAM 14.4%
L Aligned BAM 14.0%
M Aligned BAM 18.4%
N Aligned BAM 15.3%

10.2.8.2 Samtools idxsats
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Figure 106. Number of mapped reads per contig

Results generated from the tool Samtools idxstats displaying Number of Mapped Reads per Contig.
Results displayed are displayed for sequences aligned to Hg38. A.) Results displayed pre-filtering
for mapping quality and pre-normalisation for read number per sample. B.) Pre-filtering, post-

normalisation. C.) Post-filtering, pre-normalisation. D.) Post-filtering, post-normalisation.
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Figure 107. ChrXY mapped reads

ChrXY mapped reads for all samples A.)- B.) Pre-filter, C.)- D.) Post-filter
Samples are both female so reads aligning to the Y chromosome should not be seen. Quality based

filtering removed reads that were specific to the Y chromosome indicating that their alignment was

low quality.
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10.2.8.3 RSeQC

Figure 108. Read distributions before and after alignment-based filtering

A and B Read distribution pre-filter, C and D post filter

10.2.9 Feature counts

Table 41. Feature Counts Input Parameters

Tool Feature Counts

Input Parameter Value

Filtered BAM (sequences aligned to reference
Alignment file genome using HISAT2 and filtered based on

alignment quality)

Specify strand information Stranded (Reverse)
Gene annotation file builtin
Select built-in genome hg38
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Tool

Feature Counts

Input Parameter

Value

Output format

Gene-ID "\t"

(MultiQC/DESeq2/edgeR/limma-voom compatible)

read-count

Create gene-length file

Yes

Count fragments instead of reads

fragments (or templates) will be counted instead of

reads.
Check paired-end distance No
Only allow fragments with both reads aligned|No
Exclude chimeric fragments Yes
GFF feature type filter Exon
GFF gene identifier gene_id
On feature level No

Allow reads to map to multiple features

disabled: reads that align to multiple features or

overlapping features are excluded.

Minimum mapping quality per read 10
Long reads False
Count reads by read group False
Largest overlap False
Minimum bases of overlap 1

Minimum fraction (of read) overlapping a

feature

Minimum fraction (of feature) overlapping a

read
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Tool

Feature Counts

Input Parameter Value
Read 5' extension 0
Read 3' extension 0

Reduce read to single position

Leave the read as it is

Only count primary alignments False

Ignore reads marked as duplicate False

Annotates the alignment file with 'XS:Z:'-tags

to described per read or read-pair the|False

corresponding assigned feature(s).

Ignore unspliced alignments False
Job Resource Parameters No
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10.2.10 Percentage of reads assighed to the reference genome

Figure 109. FeatureCounts: assighments before and after filtering

A and B are pre-filtering, C and D are post, Post filtering alignment: greater than 70% of reads

assigned to genes so this is good quality

Table 42. Percentage of reads assigned pre- and post- filtering

Sample name % Assigned | M Assigned | % Assigned | M Assigned
Pre-filtering Pre- filtering Post-filtering | Post- filtering

B Aligned BAM 68.40% 12.2 90.90% 12.1

C Aligned BAM 62.00% 13.9 91.40% 13.8

D Aligned BAM 72.50% 26.8 92.90% 26.6

E Aligned BAM 57.00% 7.8 92.50% 7.7
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F Aligned BAM 71.40% 19.5 92.50% 19.4
G Aligned BAM 72.90% 17.3 91.80% 171
H Aligned BAM 70.80% 14.5 91.70% 14.4
| Aligned BAM 70.90% 17 90.70% 16.9
J Aligned BAM 72.70% 14.9 91.90% 14.7
L Aligned BAM 73.60% 14.9 92.50% 14.8
M Aligned BAM 70.90% 21.9 91.50% 21.7
N Aligned BAM 67.40% 15.6 92.00% 15.5

Filtering of reads aligned to Hg38 removed data such as reads mapping to the y-
chromosome and improved quality of data, without greatly reducing number of

reads. Therefore, all aligned BAM files were filtered for quality of alignment.

10.2.11 DeSeq2

DeSeq2 was used via the Galaxy wrapper to carry out differential gene expression

analysis between all four groups.

Table 43. DESeq2 input parameters

Input Parameter

Value

datasets_per_level

Specify a factor

cancer_markers

name,

e.g.

effects_drug_x or

Condition

'normal’, 'treated' or 'control’

Specify a factor level, typical values could be 'tumor’,

control P3
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Input Parameter

Value

Counts file(s)

featureCounts on collection 1 :Counts

Specify a factor level, typical values could be 'tumor’,

'normal’, 'treated' or 'control’

control P2

Counts file(s)

featureCounts on collection 2: Counts

Specify a factor level, typical values could be 'tumor’,

'normal’, 'treated' or 'control'

PSEN1 P2

Counts file(s)

FeatureCounts on collection 3: Counts

Specify a factor level, typical values could be 'tumor’,

'normal’, 'treated' or 'control’

PSEN1 P3

Counts file(s)

FeatureCounts on collection 4: Counts

(Optional) provide a tabular file with additional batch

N/A
factors to include in the model.
Files have header? True
Choice of Input data count
Visualising the analysis results True
Output normalized counts table True
Output rLog normalized table True
Output VST normalized table True

Output all levels vs all levels of primary factor (use when

you have >2 levels for primary factor)

True
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Input Parameter

Value

(Optional) Method for estimateSizeFactors

No Selection (use default)

Fit type parametric
Turn off outliers replacement (only affects with >6

False
replicates)
Turn off outliers filtering (only affects with >2 replicates) |False
Turn off independent filtering False
Job Resource Parameters no

10.2.12 Volcano plot

The tool Volcano Plot was used (Galaxy Version 0.0.5) to create a volcano plot.

Table 44. Parameters for generation of volcano plot

Input Parameter

Value

Specify an input file

DESeq2 result file filtered for significance and fold change of 1.

FDR (adjusted P value) 12

P value (raw) 11
Log Fold Change 8
Labels 3
Significance threshold 0.05
LogFC threshold to colour (1.0
Points to label signif

significant

Only label top most
5
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Input Parameter

Value

plot_options

Label Boxes True

Plot title Empty.
Label for x axis Empty.
Label for y axis Empty.

Minimum value for x axis

Not available.

Maximum value for x axis

Not available.

Maximum value for y axis

Not available.

Label for Legend Title

Empty.

Labels for Legend

Down, Not Sig, Up

10.2.13 GeneOntology, Panther classification system

Table 45. Parameters for GO biological process

Analysis Type PANTHER Overrepresentation Test
(Released 20220202)
Analyzed List: upload_1 (Homo sapiens)
Reference List: Homo sapiens (all genes in database)
Annotation Data Set: GO Biological Process Complete
Test Type Fisher's Exact
Correction Calculate False Discovery Rate
Table 46. Parameters for GO molecular function
Analysis Type PANTHER Overrepresentation Test

(Released 20220202)

Analyzed List:

upload_1 (Homo sapiens)
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Reference List:

Homo sapiens (all genes in database)

Annotation Data Set:

GO Molecular Function Complete

Test Type

Fisher's Exact

Correction

Calculate False Discovery Rate

Table 47. Parameters for GO cellular component

Analysis Type

PANTHER Overrepresentation Test
(Released 20220202)

Analyzed List:

upload_1 (Homo sapiens)

Reference List:

Homo sapiens (all genes in database)

Annotation Data Set:

GO Cellular Component Complete

Test Type

Fisher's Exact

Correction

Calculate False Discovery Rate
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