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Abstract 
 

Alzheimer’s disease (AD) is the most common cause of dementia, the chronic and 
progressive deterioration of memory and cognitive abilities. AD can be pathologically 
characterised by neuritic plaques and neurofibrillary tangles, formed by the aberrant 
aggregation of β-amyloid and tau proteins, respectively. As the global population 
living with dementia is projected to reach 132 million by the year 2050, treatment of 
AD has become a top public health priority. Unfortunately, there are currently no 
disease-modifying drugs available for AD patients, so it is critical to develop novel 
therapeutic strategies for better disease management. 

Alternative splicing (AS) was first implicated in AD through key genes APP and 
MAPT which have splicing isoforms that differentially affect susceptibility for 
disease. More recently, transcriptome analyses of the ROSMAP dataset revealed an 
altered splicing profile in association with AD. Indeed, my analysis of this dataset 
found that individuals with mild cognitive impairment (MCI) and AD expressed a 
greater number of known splicing transcripts per gene, indicating more AS than 
individuals with no cognitive impairment. Additionally, multivariate analysis of 
transcript splicing of the BDR dataset discovered that the frontal cortex, a brain 
region with high susceptibility for AD pathology, exhibited differential splicing events 
compared to the cerebellum, a protected region of the brain. Differential splicing 
most notably occurred in genes related to synaptic function and calcium signalling. 
Therefore, I hypothesised that the expression of splicing kinases, known regulators 
of AS, can be associated with AD. Accounting for sex and age, individuals with low 
splicing kinase expression were identified to have a higher proportion of clinical AD 
and AD-related pathologies compared to high expression groups.  

Next, I hypothesised that regulation of splicing kinase activity could have protective 
effects on AD-related neurotoxicity in vitro. Using oxidative stress, β-amyloid, and 
tau hyperphosphorylation models, I investigated the effect of VEGF-A splicing 
isoforms, previously established to be neurotrophic agents, as well as novel small 
molecule kinase inhibitors, which selectively inhibit SRPK1 and CLK. Both VEGF-
A165a and VEGF-A165b isoforms, produced by differential splice site selection in exon 
8, were protective against AD-related neurotoxicity, measured by increased 
metabolic activity and neurite outgrowth. However, VEGF-A165b was more protective 
against decreased neurite outgrowth. SRPK1 inhibition was found to significantly 
protect neurite outgrowth through shifting AS of VEGFA towards the VEGF-A165b 
isoform. The use of CLK inhibitors also exerted neuroprotective effects in vitro, but 
this was not VEGF-A isoform dependent. Since CLK inhibition modulated AS of 
MAPT through increased exon 10 inclusion, I postulated that CLK inhibitors may be 
neuroprotective through tau-mediated mechanisms.  

Overall, these findings demonstrate that splicing kinase inhibitors can be used to 
modulate AS and could potentially have beneficial effects in AD-related pathologies 
Global changes in AS are implicated in AD and these are likely to occur upstream of 
pathogenic pathways, including the toxic accumulation of β-amyloid and tau 
proteins. As a result, I propose further investigation of splicing kinase inhibitors as a 
novel therapeutic strategy for treatment of AD and other tauopathies that similarly 
cause neurodegeneration.  
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Chapter 1. Introduction  
 

1.1 Alzheimer’s Disease (AD) 

Dementia is the chronic and progressive deterioration of memory and cognitive 

abilities, which may be accompanied by other behavioural symptoms, and impedes 

a person’s ability to carry out daily activities (Pink et al., 2018). There are 850,000 

people estimated to be living with dementia in the UK today, and as our population 

ages its prevalence has been projected to increase to >2 million by the year 2050 

(Prince et al., 2014). Not only does dementia devastate lives, it has an enormous 

financial burden of £26 billion, amounting higher health and social care costs than 

cancer and chronic heart disease combined (Luengo-Fernandez et al., 2015).  

The clinical presentation of dementia usually entails three main components: (i) 

neuropsychological features, (ii) neuropsychiatric features, and (iii) deficits in 

activities of daily living (ADL) (Grand et al., 2011). Neuropsychological features 

comprise the most recognisable element of dementia as they include memory 

impairments, aphasias (language difficulties), apraxias (inability to carry out 

coordinated movements), agnosias (inability to recognise elements of one’s 

environment or self) and other difficulties with attention and executive function 

(Manning, 2004). The neuropsychiatric features, also referred to as Behavioural and 

Psychological Symptoms of Dementia (BPSD), are present in a substantial 

proportion of dementia patients and include anxiety, depression, paranoid ideation, 

delusions, and aggression (Mirakhur et al., 2004). The third component, deficits in 

ADL, may first manifest as self-neglect of diet, personal hygiene, and household 

tasks, but can progress in the later stages of dementia to affect basic activities, e.g., 

problems with independently bathing and dressing oneself, at which point full-time 

care becomes necessary (Geldmacher, 2004; Grand et al., 2011). 

Alzheimer’s disease (AD), the most common cause for dementia, is a 

neurodegenerative disease that is pathologically characterised and distinguished by 

amyloid plaques and neurofibrillary tangles (Gorelick et al., 2016). In its typical form, 

AD first presents with an insidious decline of episodic memory (Lane et al., 2018). 

As the disease progresses, memory problems are usually accompanied by 

confusion, aphasias, visuospatial problems, and emotional withdrawal (Geldmacher, 

2004; Kester & Scheltens, 2009). AD was first described by Alois Alzheimer in 1905, 

based on his 51-year-old female patient who had been admitted with dementia; 

Alzheimer performed a histopathology study of her brain and linked her psychiatric 
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symptoms to her brain lesions (Alzheimer et al., 1995). Diagnosis of AD, however, 

still depends on clinical assessment of cognitive impairment; this is usually done in 

accordance to national guidance which includes ruling out reversible causes (e.g., 

delirium, depression, sensory impairment) and specifies criteria related to AD, 

including (1) insidious onset, (2) progressive course of cognitive impairment, and (3) 

non-amnestic presentations typical to AD, e.g., language or executive dysfunction 

(McKhann et al., 2011; National Institute for Health and Care, 2018). Both 

neuropsychological and cognitive examinations can help differentiate between AD 

and other causes of dementia, as summarised in Table 1.1 below.  

 
Alzheimer’s 
disease 

Frontotemporal 
lobar 
degeneration 

Vascular 
Dementia 

Dementia with 
Lewy bodies 

Patient 
history 

Short-term 
memory 
impairment, 
aphasia, 
apraxia, 
executive 
dysfunction 

Compulsive and 
stereotyped 
behaviour, 
apathy, isolated 
language 
problems 

Abrupt or 
fluctuant 
cognitive 
deterioration, 
vascular risk 
factors 

Fluctuant 
cognitive 
disturbances, 
visual 
hallucinations, 
falls, sleep 
disorders 

Cognitive 
neurological 
examination 

Episodic 
memory 
impairment, 
executive 
dysfunction 

Disinhibition, 
stereotypy, 
inertia, speech 
disorders 

Apathy, 
slowness of 
thinking 

Hallucinations 
and delusions 

Table 1.1 Summary of core clinical features observed in different dementia types 

(Geldmacher, 2004) 

The appearance of clinical symptoms often occurs much later (>10 years) than the 

development of AD pathology. This long pre-clinical phase of AD (during the 

pathophysiological process) is critical for therapeutic intervention. However, effective 

intervention requires accurate risk assessment for progression to Mild Cognitive 

Impairment (MCI) and further to AD dementia (Sperling et al., 2011). Herein lies the 

difficulty, as individuals with AD pathology have increased risk for cognitive 

impairment, but some will never manifest clinical symptoms in their lifetime. To 

overcome this challenge, it is necessary to better characterise the pre-clinical phase 

of AD and identify biomarkers for the emergence of clinical symptoms.  

The “continuum of AD” has been proposed to take individuals from completely 

asymptomatic to a clinical diagnosis of AD dementia. This model is based on the 

longitudinal study of AD patients, providing a timeline for neuropathology and 

cognitive decline relative to diagnosis and eventual death (Bennett et al., 2012). 

Based on this model, individuals who exhibit AD pathology (positive for biomarkers 

in Figure 1.1) whilst having very subtle cognitive symptoms would be most likely 
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beneficiaries of early intervention. These individuals would not yet meet the 

requirements of MCI or AD and would be considered “asymptomatic but at risk for 

AD dementia” (Jack et al., 2010; Sperling et al., 2011). The continuum of AD has 

been reliably differentiated from normal ageing, wherein very little cognitive decline 

is evident in people who do not develop AD (Wilson et al., 2011). On the other hand, 

AD diagnosis is preceded by five to six years of accelerated (15-fold) decline in 

cognitive abilities, with semantic memory and working memory showing the earliest 

decline. Visuospatial abilities similarly show a sharp decline about three years 

before clinical diagnosis (Johnson et al., 2009), often preceding decline of other 

cognitive abilities. Johnson et al. commented that research into early detection of 

AD may not be sensitive to earliest manifestations of the condition if they exclusively 

test episodic memory and should include other aspects of cognition. In end-stage 

dementia, AD patients exhibit a “terminal decline”, which occurs in the last four 

years of life, and the rate of cognitive decline accelerates more than six-fold 

(Bennett et al., 2012). 

 

Figure 1.1 Biomarkers for AD with progression of clinical stage. Cognitively normal is 
equivalent to the pre-clinical stage, during which Aβ and tau pathologies have the largest 
impact. This model for pathological cascade was presented by (Jack et al., 2010): The 
impact of Aβ and tau-mediated neuronal injury was quantified by CSF concentration or PET 
imaging. The impact of brain structure was measured by structural MRI. 

  



4 
 

1.2 The management and treatment of AD 

There are currently no disease-modifying treatments available for AD. However, 

there are some symptomatic treatments options for disease management, which 

can be adapted to the individual patient and the course of progression. Acetyl-

cholinesterase inhibitors (AChEIs, e.g., donepezil, galantamine and rivastigmine) 

are often used in cases of mild to moderate AD. Although they have shown 

consistent benefit to patients, their efficacy is considered modest at best (Di Santo 

et al., 2013) and on average, AChEIs only arrest symptoms for less than six months 

(Ashford, 2015). The use of this therapeutic approach was developed in response to 

the “cholinergic hypothesis” of AD, which describes decreased AChE in AD patients, 

leading to neuronal loss and eventually the development of cognitive decline 

(Hampel et al., 2018). Treatment with AChEIs has been shown to protect against 

atrophy, particularly in the hippocampus (Dubois et al., 2015), and most crucially for 

the patient, improve both cognitive and behavioural outcomes (Tan et al., 2014). By 

blocking the breakdown of neurotransmitter acetylcholine, these drugs increase its 

availability in the synapse of surviving cholinergic neurones, which are particularly 

vulnerable to AD pathology. However, AD progression is indiscriminate and 

damages a much greater population of cell types, including noradrenergic, 

serotonergic and glutamatergic neurones, so it is perhaps unsurprising that many 

patients that do not respond well to AChEIs, particularly if they have more advanced 

dementia (Di Santo et al., 2013). 

The only other drug available for AD is Memantine, which is licensed for moderate to 

severe AD. Memantine is a low-affinity, uncompetitive NMDA receptor antagonist 

which aims to reduce the glutamate-induced neurotoxicity that occurs in the AD 

brain (Matsunaga et al., 2018). The fact memantine has low affinity and rapid off-

rate kinetics is key to its therapeutic action, as this preserves the physiological 

function of NMDAR channels and gives the drug a low adverse event profile 

(Rogawski & Wenk, 2003). It has been shown to have slight but appreciable benefit 

on cognition in cases of moderate-severe AD but there is no evidence for benefit in 

cases of mild cognitive impairment (McShane et al., 2019). Interestingly, memantine 

is reported to reduce amyloid levels, which make up neuritic plaques, through 

regulation of the endocytosis pathway and intracellular trafficking of its precursor 

protein, APP (Ito et al., 2017). Treatment with memantine may have additive effects 

in patients who already received stable does of AChEI donepezil (Tariot et al., 

2004); a combinatory treatment plan is usually well-tolerated and the two treatments 

can work synergistically to improve standard of care (Olivares et al., 2012). 
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1.3 Amyloid in AD 

Etiologically, there are two main forms of AD: sporadic and familial. Sporadic AD, 

also known as the late-onset form, involves complex interplay between multiple 

genetic and environmental factors. As of yet, the ε4 allele for transport protein 

apolipoprotein E (APOEε4) is best known genetic polymorphism associated with AD 

pathology and cognitive decline (Del Bo et al., 2009; Rodrigue et al., 2013). 

Apolipoprotein E is discussed further in section 1.3. Familial AD, also known as the 

early-onset form, is considerably less common and accounts for only 5% cases of 

AD (Mendez, 2019). Individuals with familial AD will experience clinical symptoms 

before the age of 65, caused by mutations of amyloid precursor protein (APP) 

and/or presenilins, which form crucial catalytic components of enzymes required to 

cleave APP into amyloid (Zhang et al., 2011). Since neuritic plaques in AD are 

primarily made up of amyloid protein (Glenner & Wong, 1984), there have been 

many studies on amyloid as well as its precursor protein, most notably research 

carried out by Hardy and Higgins which first introduced the amyloid-cascade 

hypothesis (Hardy & Higgins, 1992). Although there have been numerous revisions 

to this theory over the last 30 years, it remains crucial to our understanding of AD 

pathology and is widely-accepted in the scientific community (Hardy, 2017).  

The amyloid-cascade hypothesis is based upon malfunction of proteolytic 

processing of amyloid precursor protein (APP). The physiological function of APP is 

not well understood, but it is known to regulate metabolic activity, both in its full-

length form and through its cleaved peptides (Guo et al., 2021). Abnormal 

accumulation of APP in the mitochondrial compartment is thought to disrupt 

transport across the mitochondrial membrane and lead to metabolic dysfunction in 

the AD brain (Anandatheerthavarada et al., 2003). In fact, decreased energy 

metabolism is one of the earliest detectable hallmarks of AD (Devi et al., 2006). APP 

is normally cleaved by a series of proteases named α, β and γ secretases; since 

these are functionally mutated in familial AD, they have been linked to its 

pathophysiology through over-production and accumulation of β-amyloid (Aβ) 

(Rodrigue et al., 2013). As shown in Figure 1.2.1, non-amyloidogenic processing of 

APP involves α-secretase cleavage within the Aβ domain, preventing the formation 

of Aβ peptides; instead, soluble APPα is produced and the remaining C-terminal 

fragment α is subsequently cleaved by γ secretases into peptide P3. The 

amyloidogenic pathway involves β secretase cleaving APP to produce soluble APPβ 

and C-terminal fragment β, which is further cleaved by γ secretases into Aβ, most 

commonly in its Aβ40 form (where 40 denotes number of amino acids) but 
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sometimes in its Aβ42 form or other longer peptides (Selkoe, 2001; Bernabeu-

Zornoza & Zambrano, 2019). Crucially, longer Aβ peptides are more hydrophobic 

and highly self-aggregating, thus they are more likely to oligomerise and form 

amyloid fibrils, which in turn assemble into neuritic plaques (Selkoe & Hardy, 2016). 

In this way, Aβ40 can actually be considered anti-amyloidogenic as it inhibits Aβ42 

deposition (Kim et al., 2007b).  

 

Figure 1.3.1 Schematic diagram for the production of Aβ through post-translational 
processing of APP, adapted from (Chen & Mobley, 2019). In the non-amyloidogenic 
pathway, the sequential cleavage of APP by α- and γ-secretases produces P3 and APP 
intracellular domain (AICD). In the amyloidogenic pathway, sequential cleavage by β- and γ-
secretases produces Aβ (aa length 40-42) and AICD. 

 

To understand why there is a proportional increase in Aβ42 peptides in AD, it is 

necessary to study the function of presenilins, as they comprise the active site of the 

intramembrane γ secretase enzyme and thus mediate APP proteolysis (De Strooper 

et al., 1998). The enzyme complex acts as a carboxypeptidase to progressively 

cleave 3 or 4 C-terminal amino acids along two product lines, with Aβ40 being 

produced from Aβ49, and Aβ42 being produced from Aβ48 (see Figure 1.2.2), 

leaving behind APP intracellular domain with amino acid residues 50-99 and 49-99, 

respectively (Fernandez et al., 2014). Presenilin mutation has been long established 

to cause AD (Scheuner et al., 1996) and some literature goes insofar as to propose 

that the AD phenotype is fundamentally due to a loss of presenilin function, focusing 

on mutations that typically reduce Aβ40 and enhance Aβ42 production (Shen & 

Kelleher, 2007). However, strong counterarguments include that a) Aβ42 

accumulation precedes AD symptoms by a long time, and b) >99% of AD patients 

express wildtype presenilin, which makes this theory much less convincing as the 

sole mechanism for AD pathogenesis. 
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Figure 1.3.2 Proposed secretase cleavage sites on APP amino acid sequence to 
produce Aβ40 and longer peptide Aβ42 with corresponding AICDs (APP intracellular 
domains). Secretase subtype labelled on arrowhead, as presented by (Fernandez et al., 
2014). 

 

Regardless of how they are produced, the oligomerisation of Aβ peptides are known  

to exert neurotoxic effects (through the amyloid cascade hypothesis), leading to 

neuronal loss (Sakono & Zako, 2010). This occurs either by direct injury to neurons, 

or by microglial (and astrocytic) activation which in turn alters ionic homeostasis. 

Ultimately, both can lead to altered kinase/phosphatase activities, aggregation of 

neurofibrillary tangles, microtubular dysfunction, and axonal loss. This develops into 

widespread neuronal dysfunction which underlies the clinical symptoms of AD 

(Selkoe & Hardy, 2016). Neuritic plaques in AD exist in a range of compositions, 

some being dense with fibrillar amyloid and others being loose, more diffuse amyloid 

deposits (Selkoe, 2004). The fibrillar form of Aβ is most infamous for accumulating 

into plaques, and fibrillar aggregates are known to be neurotoxic both in vivo and in 

vitro. At first glance, this makes them the most obvious cause for neurodegeneration 

(Hardy & Higgins, 1992). However, the number of neuritic plaques in the AD brain 

does not reliably correlate with the extent of neuronal loss, not is it an accurate 

indicator of cognitive impairment (Sakono & Zako, 2010). Indeed, there is evidence 

to suggest that fibrillar Aβ is less toxic than soluble Aβ oligomers (Stine et al., 2011), 

and the latter have demonstrated closer relation with both the degree of neuronal 

loss and dementia (Caughey & Lansbury, 2003; Haass & Selkoe, 2007). Soluble Aβ 

oligomers have also been reported to inhibit long-term potentiation, a model for 

synaptic plasticity and memory consolidation (Walsh et al., 2002), supporting the 

idea that soluble Aβ is the main driver for cognitive decline. Mechanistically, it has 

been suggested that Aβ oligomers are formed in the extracellular space and bind to 

a number of neuronal receptors, triggering toxicity pathways. For example, binding 

at NMDA receptors disrupts calcium homeostasis, leading to oxidative stress and 

eventually synaptic loss (Shankar et al., 2007). Additionally, Aβ is known to cause a 

substantial loss of surface insulin receptors, interrupting receptor signalling and 

ultimately causing insulin resistance often associated with AD (Zhao et al., 2008). In 

a murine model of AD, reduced insulin receptor levels have also been associated 
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with decreased LRP-1, a receptor protein related to lipid metabolism, suggesting 

that Aβ may accelerate their mutual degradation in endothelial cells and cause 

downstream cerebrovascular impairment (Gali et al., 2019). 

Despite amyloid being the key pathological marker of AD, there is contentious 

debate over its role as a driver of the disease. One reason is that many people have 

abundant Aβ deposits without dementia, but often these are more diffuse plaques. 

In fact, oligomer levels per plaque are much lower in AD brains, which suggests that 

plaques in non-demented people act to sequester Aβ oligomers (Esparza et al., 

2013). Another reason is that several phase three clinical trials of Aβ-targeting 

agents have not been successful in meeting clinical endpoints (Selkoe & Hardy, 

2016). One such trial was for Semagacestat, a γ secretase inhibitor. However, this 

failure has been rationalised by a poor choice of dose that had not demonstrated 

any significant impact on levels of Aβ in the CSF during phase II trials (Doody et al., 

2013), limited by side-effects on Notch signalling (as a target for presenilins) (Henley 

et al., 2014). The Semagacestat trial has also been criticised for selection of a drug 

that had poor brain penetration and selection of a treatment regimen that induced 

short peaks of γ secretase inhibition alternated with periods of normal activity (De 

Strooper, 2014). Based to these stipulations, it has been argued that the 

Semagacestat trial did not truly test the amyloid cascade hypothesis, since it did not 

reliably lower brain Aβ levels (Lanz et al., 2006) nor the Aβ42:Aβ40 ratio (Doody et 

al., 2013). 

Another key strategy targeting Aβ is immunotherapy. There have been several 

attempts to adopt this method for treatment of AD, including clinical trials for the 

monoclonal antibody solanezumab, which was investigated by Eli Lilly as an anti-Aβ 

treatment in cases of mild dementia (Honig et al., 2018). The use of anti-Aβ 

antibodies looked promising during the pre-clinical phase as it was found to prevent 

the formation of fibrillar Aβ aggregates and significantly reduce the deposition of Aβ 

plaques, as well as associated neuritic dystrophy and cognitive decline (Schenk et 

al., 1999; Morgan et al., 2000). This was hypothesised to occur by a number of 

mechanisms, including (1) plaque phagocytosis by microglia, (2) blocking oligomer 

formation and neutralisation of Aβ oligomers and attenuation of fibrilisation, as well 

as (3) efflux of Aβ monomers from the CNS (Mantile & Prisco, 2020). The latter was 

referred to as the peripheral sink hypothesis, and crucially provided the underlying 

rationale for development of solanezumab. Since the BBB severely restricts entry of 

antibodies into the brain, the CSF antibody concentration would be very low, in fact 

only 0.1-0.2% of blood plasma concentration (Poduslo et al., 1994). Nonetheless, it 
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was proposed that Aβ levels in the brain and periphery were in equilibrium, so 

degrading Aβ in the blood would lead to an efflux from the brain, and therefore still 

reduce brain Aβ burden (DeMattos et al., 2001). Unfortunately, this was proven not 

to be the case, as solanezumab failed to affect levels of Aβ in the brain (Honig et al., 

2018). Interestingly, immunised patients showed a measured increase in peripheral 

Aβ, but this was accounted for by the fact the Aβ-antibody complex has a longer 

half-life than free Aβ, rather than efflux from the CNS. 

Vaccine AN179 was another anti- Aβ active immunisation attempt which 

successfully elicited an antibody response to Aβ42 (Bayer et al., 2005). However, 

clinical trials for AN1792 had to be terminated when 6% of immunised patients 

(18/300) developed meningoencephalitis (Schenk, 2002). Long term follow-up of the 

participants revealed mixed results with regards to disease progression, but unlike 

solanezumab, Vaccine AN179 did demonstrate reliable reduction of Aβ burden in 

the brain (Mantile & Prisco, 2020). The phase I trial reported that the degree of 

plaque removal varied significantly with mean antibody response but was unable to 

present evidence for decelerated progression to severe dementia and/or greater 

patient survival (Holmes et al., 2008). This was supported by the 15-year post-

mortem study which determined that 88% of immunised patients had reduced Aβ 

plaques, among whom two patients had only very sparse or no detectable plaques 

at all, but most of these patients still progressed to severe dementia despite 

modification of AD pathology (Nicoll et al., 2019). On the other hand, a larger study 

conducted on the phase IIa trial identified “antibody responders” who retained low 

but persistent antibody titres 4.6 years after immunisation; this subgroup did report 

better clinical outcomes than the placebo group, as they scored higher in memory 

tests and were significantly less dependent on care-givers (Bruno et al., 2009). 

Based on these (albeit modest) successes, and despite cases of 

meningoencephalitis, the AN1792 clinical trials have encouraged further research 

into anti-Aβ immunotherapy and further anti-Aβ vaccines are currently undergoing 

phase II trials (Mantile & Prisco, 2020). 

Although it is clear that progression of AD dementia is not necessarily prevented by 

clearance of Aβ plaques, it can be maintained that amyloid is still a major target for 

AD research. Perhaps the most reasonable argument is that amyloid cleavage and 

deposition is a consequence of another common factor or related to multiple factors 

equally critical for development of AD (Grammas, 2011) but will continue to play a 

key role in the characterisation of AD dementia. 
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1.4 Apolipoprotein E (ApoE) and genetic risk for AD 

Closely tied to AD pathology is apoE, which can be found co-localised with amyloid 

in senile plaques in the AD brain (Namba et al., 1991). The ε4 allele of apoE is the 

strongest genetic risk factor for AD (Corder et al., 1993) and has been pathologically 

linked to high abundancy of senile plaques (Schmechel et al., 1993). As such, 

APOEε4 has been widely studied for its role in the brain and how that may be 

associated with AD pathology. It is one of three polymorphic alleles for the APOE 

gene; ε2, ε3 and ε4, which present in the Caucasian population at an average 

frequency of 8.4%, 77.9% and 13.7% respectively (and varies between ethnicities). 

However, the ε4 allele makes up a more significant proportion of Caucasian AD 

patients, shifting the ε2, ε3 and ε4 allele frequencies to 3.9%, 59.4% and 36.7% 

respectively (Farrer et al., 1997). Physiologically, the apoE protein mediates lipid 

transport from one cell to another, hence it is integral for the regulation of lipid 

homeostasis. In the brain, apoE is mainly produced by astrocytes and lipidated 

through ATP-binding cassette transporter ABCA1, which acts in neurones and other 

cell types to transfer both phospholipids and cholesterol to apoE, and in this manner 

apoE regulates their distribution (Mahley & Rall, 2000; Hirsch-Reinshagen et al., 

2004). In AD, apoE binds amyloid and alters its propensity to form neuritic plaques. 

Both in vitro and in vivo studies have found that expression of apoE significantly 

reduces and delays plaque deposition in an isoform specific manner, ε2>ε3>ε4, 

even while amyloid expression itself remains unchanged in the brain (Reiman et al., 

2009). As a result, it has been suggested that apoE works independently of amyloid 

production, but rather facilitates its clearance, with the ε4 allele being least effective 

in this process.  

Supporting the theory that APOEε4 has reduced function, this allele has been 

associated with hyperlipidaemia and hypercholesterolemia, which can lead to 

atherosclerosis, coronary heart disease and stroke (Lahoz et al., 2001), all of which 

in turn increase vascular risk for developing AD. Based on these comorbidities, it 

has been suggested that cholesterol, as a target for apoE, plays a key role in AD 

pathology. Investigating crosstalk between apoE, cholesterol and amyloid revealed 

that cholesterol efflux in microglia is sufficient to promote amyloid degradation 

whereas apoE binding to amyloid is not necessary for apoE-mediated amyloid 

degradation (Lee et al., 2012). Together, these findings indicate that apoE acts 

through its ability to enhance cholesterol efflux rather than direct interaction with 

amyloid. Since measured expression of proteolytic enzymes remained unchanged, it 

has been proposed that trafficking of amyloid to lysosomes is a crucial step that is 
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being controlled through apoE and cholesterol. While increased cholesterol 

effectively paralyses endosomal transport (Chen et al., 2008), apoE-mediated 

decrease in cholesterol promotes recycling of Rab7, a known regulator of endocytic 

trafficking, which therefore accelerates transport of Aβ-containing vesicles toward 

lysosomes for degradation (Lee et al., 2012).  

Since apoE4 lipoproteins bind to amyloid with lower affinity (LaDu et al., 1994), this 

has been offered as an explanation for their impaired ability to mediate amyloid 

clearance. However, if amyloid binding is unnecessary for apoE-mediated amyloid 

degradation (as previously postulated), this is not a very convincing argument. 

Alternatively, apoE4 has been shown in vitro as deficient in promoting cholesterol 

efflux from neurones and astrocytes compared to apoE2 and apoE3 isoforms 

(Michikawa et al., 2000; Rapp et al., 2006). Furthermore, it has been demonstrated 

that apoE4 lipoproteins are less efficient at promoting enzyme-mediated proteolysis 

of amyloid (Jiang et al., 2008). Together, this evidence supports clinical data that 

demonstrates association between the ε4 allele and higher AD prevalence at a 

lower age of clinical onset; 91% of ε4 homozygotes develop AD at a mean age of 68 

years whereas only 20% of ε4 noncarriers develop AD at a mean age of 84 years 

(Rebeck et al., 1993). In terms of sporadic AD, apoE4 thus presents as a crucial 

mechanism for failure of amyloid clearance and gradual rising of Aβ42 levels in the 

brain (Selkoe & Hardy, 2016). Accordingly, APOE genotype has been reported to 

account for up to 15-fold greater risk for AD (Farrer et al., 1997). 

Genome-wide associated studies (GWAS) have discovered many other genomic 

loci associated with AD; these loci comprise common risk variants, e.g., CLU, 

PICALM, and CR1, which increase susceptibility for late-onset AD, although 

individually they tend to have a very small effect (Harold et al., 2009; Lambert et al., 

2009). This fits into the polygenic model for the complexity of late-onset AD, where 

there are thousands of risk alleles, each of which contribute a small (statistically 

significant) increase in relative risk, in contrast to the rare alleles which have a 

stronger individual effect, often causing early-onset AD (Manolio et al., 2009; 

Seshadri et al., 2010). Other common risk variants include ABCA7, the MS4A 

cluster, EPHA1, CD33 and CD2AP, all of which were found to have genome-wide 

significance in meta-analyses of GWAS data (Hollingworth et al., 2011). 

Functionally, these AD susceptibility loci affect pathology through various pathways, 

e.g., lysosomal trafficking gene CD2AP has been related to cell membrane APP, Aβ 

release, and greater plaque burden (Liao et al., 2015). ATP-binding cassette ABCA7 

and myeloid-associated CD33 have been proposed to affect AD risk though the 
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impairment of microglia mediated Aβ clearance, lipid metabolism, and phagocytosis 

(Jiang et al., 2014; Zhao et al., 2015). Some rare variants, such as AD-associated 

missense mutation of TREM2, have also provided valuable insight into AD 

pathogenesis (Jonsson et al., 2013); the anti-inflammatory role of TREM2 in the 

brain has consolidated hypotheses for disrupted inflammatory processes causing 

vulnerability and predisposition to AD pathology. With continuation of GWAS on 

ever-growing sample sizes, the discovery of more AD susceptibility loci will begin to 

account for the high heritability of AD (Gatz et al., 2006), which currently known 

genetic variation cannot explain (Ertekin-Taner, 2007). Overall, it is clear that AD is 

a heterogeneous condition, and it is not possible to understand its aetiology or 

pathology by only considering amyloid or any other single factor; in light of this, 

other components and related hypotheses for AD will be discussed in this thesis, 

including functional involvement of tau and the vascular system. 

1.5 Neurofibrillary tangles (NFTs) 

The intracellular accumulation of NFTs is a hallmark of AD pathology and many 

other neurodegenerative disorders, collectively referred to as tauopathies (Iqbal et 

al., 2010). This is because NFTs are formed by misfolding and abnormal 

aggregation of tau protein into insoluble paired helical filaments (Gao et al., 2018a). 

Under normal physiological conditions, tau plays an important role in stabilising the 

microtubule network and facilitating axonal transport and cellular trafficking. 

However, in pathological conditions tau undergoes conformational changes, usually 

due to hyper-phosphorylation, which leads to aforementioned protein dysfunction 

and detachment from microtubules (Weingarten et al., 1975; Avila et al., 2004). 

Once tau is polymerised into NFTs, it becomes inert and no longer binds to tubulin 

nor supports microtubule assembly. The density of NFTs in the brain has a direct 

physiological correlation with dementia (Wang et al., 2013) and forms the basis of 

Braak staging for AD (Braak & Braak, 1991). This is because NFTs have been found 

to exhibit a certain pattern of distribution with progression of disease, spreading 

outward from layer II of the entorhinal cortex to the hippocampus (via the perforant 

pathway) and limbic regions of the brain. Braak staging is a standardised method of 

characterising these neurofibrillary changes in AD brain, as described in Table 1.5. 

Braak stages can be related with clinical outcomes; stages two and three tend to 

occur in pre-clinical AD and relate to aggregation of paired helical filaments and 

synaptic dysfunction, whilst stages four to six are proposed to occur in AD dementia 

and relate to NFT pathology (Mukaetova-Ladinska et al., 2000). Consequently, the 

regulation of tau function has become a critical target for AD research. 
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Braak Stage Affected region Description 

I-II Transentorhinal 
Mildly affected brains, NFTs confined to 
hippocampal region, these stages do not 
present with any cognitive impairment 

III-IV + Limbic system 

Severe changes are restricted to allocortical 
regions and adjoining areas, there is no 
macroscopically detectable atrophy, these 
stages present with cognitive impairment and 
subtle personality changes 

V-VI + Isocortex 

End stages of AD show many NFTs in most 
of the cerebral cortex and particularly severe 
destruction of neocortical areas, these stages 
present with AD dementia 

Table 1.5 Braak stages as a characterisation of neurofibrillary changes seen in the AD 
brain. Descriptions for each stage adapted from (Braak & Braak, 1991). 

 
In relation to formation of paired helical filaments, a number of kinases have been 

found to regulate the phosphorylation of tau, most notably GSK-3β (Song & Yang, 

1995). Originally discovered for its role in glycogen metabolism, GSK-3β was 

coincidentally discovered as a “tau protein kinase” (Ishiguro et al., 1993) that 

accumulates in AD brain and is responsible for the formation of paired helical 

filaments (Ishiguro et al., 1992). Independent of its glycogen function, it is now 

known that GSK-3β phosphorylates tau at crucial sites related to AD pathology, and 

consequently can be found colocalised with tau during NFT formation (Lovestone et 

al., 1994). GSK-3β inhibition has been shown to decrease the phosphorylation of 

tau as well as upregulate expression of neurogenesis markers GAP43, N-myc, and 

MAP2, which in turn promote neurite outgrowth (Shi et al., 2020). This suggests that 

regulation of GSK-3β or downstream mediators could play a neuroprotective role in 

AD. Further tauopathy-related phosphorylation sites are targeted by other key 

kinases, including mitogen activated protein kinases and cell division cycle protein 2  

(Drewes et al., 1992; Ledesma et al., 1992), as well as protein kinase C (Boyce & 

Shea, 1997). 

The toxicity of tau, however, remains controversial as it is not definitively known at 

which stage tau pathology is most significant to AD. It has been argued that 1) 

soluble species of hyperphosphorylated tau are toxic when they abnormally 

accumulate in the cell and 2) aggregated fibrillar tau in NFTs is toxic and causative 

of cell death (Spires-Jones et al., 2009). Since there is evidence for the toxicity for 

both forms of tau, it is most likely that both contribute to AD on different time scales 

(Kopeikina et al., 2012). This is in opposition to the theory that formation of NFTs 

can be neutral or even protective by acting as a sink for toxic soluble tau species 
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(Spires-Jones et al., 2011). In the face of overwhelming evidence for close 

correlation of NFTs with location and number of cell death (Gómez-Isla et al., 1996) 

as well as severity of cognitive decline (Giannakopoulos et al., 2003), there is a 

general consensus that NFTs are indeed harmful. It is also pertinent to note that 

axonal loss, caused by tau-driven microtubular dysfunction, precedes neuronal loss. 

Moreover, NFTs have been reliably linked with the amyloid cascade hypothesis, and 

Aβ immunotherapy treatment that alleviates cognitive dysfunction has been 

associated with reduction of both Aβ42 and phospho-tau, consolidating that they 

both play a role in AD-related neurodegeneration (Xiao et al., 2020). Nonetheless, 

tau pathology in some instances has been linked to cognitive deficit whilst 

independent of NFT burden, e.g., Santacruz et al developed a transgenic mouse 

model which induces pathogenic tau mutation (linked to heredity tauopathy) and 

results in cognitive decline. They reported that suppression of mutated tau could 

ameliorate cognition despite NFTs persistently accumulating in the brain (Santacruz 

et al., 2005). Interestingly, the opposite can also be true, as tau mutation in 

Drosophila was found to induce neurodegeneration without formation of NFTs 

(Wittmann et al., 2001). These findings suggest that NFTs are not solely responsible 

for tau-related pathology nor are they always necessary for neuronal loss. 

The Microtubule-Associated Protein Tau (MAPT) gene is alternatively spliced into 

numerous mRNA transcripts and translated to six known proteins (see Figure 1.4): 

cassette splicing of exons 2 and 3 produce tau isoforms with 0, 1 or 2 amino-acid 

terminal repeats and inclusion or skipping of exon 10 produces isoforms with four 

(4R) or three (3R) microtubule-binding repeats towards the carboxyl terminal 

(Goedert et al., 1989; Trabzuni et al., 2012). The human adult brain usually has an 

equimolar ratio of 4R/3R tau isoforms and dysregulation of exon 10 splicing has 

been implicated in tau pathology (Espindola et al., 2018). About a third of MAPT 

mutations affect exon 10 splicing, the majority of which favour inclusion and lead to 

an increase in 4R tau (Spillantini & Goedert, 2013). Interestingly, MAPT mutations 

that favour 3R tau have also been linked with tau pathology (Stanford et al., 2003), 

suggesting that isoform imbalance is detrimental in either direction and that 

maintenance of an equimolar ratio between 4R/3R tau isoforms is crucial to normal 

function (Espindola et al., 2018). In AD, the ratio is most commonly shifted toward 

an excess of 4R tau (Kopeikina et al., 2012). 
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Figure 1.5 Tau protein variants produced from alternative splicing of MAPT gene at 
exons 2/3 and exon 10, adapted from (Gao et al., 2018b). Exons 2 and 3 encode the N-
terminal region of tau; inclusion of both produces 2N isoforms, skipping of exon 3 produces 
1N isoforms, and skipping of both produces 0N isoforms. Exon 10 encodes the second of 
four microtubule-binding repeats and exon 10 skipping producing 3R tau isoforms. 

 

Since 4R tau is able to bind microtubules with greater affinity due to its extra repeat, 

excess 4R tau is able to outcompete 3R tau and leave 3R tau unbound (Goedert & 

Jakes, 1990; Lu & Kosik, 2001). Compared to microtubule-bound tau, free tau is far 

more vulnerable to hyperphosphorylation (Sengupta et al., 2006). It was therefore 

postulated that mutations shifting expression to 4R tau would lead to the 

aggregation of inclusion bodies from a pool of microtubule-dissociated 3R tau. 

However, in the case of FTDP-17-related mutations in the 5’ splice site of exon 10 

which promote exon 10 inclusion (Hutton et al., 1998), it was found that inclusion 

bodies were in fact exclusively made of 4R tau (Clark et al., 1998; Hong et al., 

1998). This was likely related to the high expression of 4R tau relative to the 3R 

isoform, but it also suggests that tau dissociation from microtubules is insufficient to 

cause inclusions. It has been proposed that tau mutations induce self-assembly and 

aggregation with involvement of other processes, including polyglutamylation (Lu & 

Kosik, 2001). Indeed, both 3R and 4R tau isoforms have been found to aggregate in 

NFTs in AD brain (Goedert et al., 1992), providing further evidence that NFT 

pathology is not caused by simple dissociation of tau from microtubules. Further 

investigation is necessary to elucidate exactly how the 4R/3R ratio affects tau 

aggregation in AD and other tauopathies. 
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1.6 Vascular dysfunction 

AD patients commonly have “mixed” or concomitant pathology, where further 

pathological changes from other neurodegenerative conditions are observed in 

addition to the defining lesions of AD: senile plaques and NFTs (Armstrong et al., 

2005). In persons with dementia, AD is most likely to coincide with infarcts in the 

brain, typically found in vascular dementia (Schneider et al., 2007). In fact, 

pathological diagnosis of AD with cerebral infarction is associated with a higher 

probability of dementia than AD alone (Schneider et al., 2004; James et al., 2012). 

Considering such clinical manifestation, it is perhaps unsurprising that risk for AD 

and dementia is dramatically increased by cerebrovascular disease (Gorelick et al., 

2011) and significantly associated with incidence of atherosclerosis, diabetes, 

hypertension and obesity (Kovacic et al., 2012). In fact, it was estimated that up to 

half of AD cases worldwide could be attributable to cardiovascular risk factors 

(Barnes & Yaffe, 2011) which strongly suggests that control of these risk factors 

could potentially prevent the development of AD, especially since receiving 

antihypertensive treatment has already been associated with a lower incidence of 

dementia (Forette et al., 1998). On a physiological level, it has been long-

established that cerebral blood flow, glucose metabolism and oxygen consumption 

are negatively correlated with severity of AD symptoms (Delatorre & Mussivand, 

1993), supporting the theory that vascular dysfunction is implicated in AD 

pathogenesis. Various brain microvascular lesions can be seen in AD, including 

focal swelling, atrophy, and necrotic degeneration of capillary endothelial cells with 

loss of tight junctions; these lesions lead to chronic mismatch between blood flow 

and neural energy consumption, which may become self-perpetuating, progressive 

and destabilize neuronal transmission (Carmeliet & Storkebaum, 2002).  

Vascular risk factors have also been related to other aspects of AD pathology; for 

example, being APOEε4 positive and hypertensive can act synergistically on 

amyloid load. It was found that individuals who are both APOEε4 positive and 

hypertensive have significantly higher Aβ deposition compared to individuals with 

neither or a single risk factor (Rodrigue et al., 2013). In clinically normal individuals, 

vascular risk coupled with amyloid load have been associated with increased 

cortical tau burden (Rabin et al., 2019) and shown to synergistically accelerate 

cognitive decline (Rabin et al., 2018). Although it is unclear whether interplay 

between vascular risk and amyloid load is directly related to AD pathology, it is 

interesting to see amyloid more closely correlated with cognitive decline when alone 

it can be an unreliable indicator of dementia.  
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1.7 Vascular Endothelial Growth Factor A (VEGF-A) 

VEGF-A is a hypoxia-induced factor that plays an integral role in the regulation of 

angiogenesis and vascular permeability (Melincovici et al., 2018). It was the surgeon 

Judah Folkman who proposed there must be some stimulating factor that ‘called 

forth blood vessels’ in tumour microbiology and that tumour growth was dependent 

on this angiogenesis. Although Folkman’s laboratory isolated a “tumour 

angiogenesis factor” and continued to work on its characterisation (Folkman et al., 

1971; Folkman, 1974) it was Harold Dvorak’s laboratory that first identified the 

vascular permeability factor (Senger et al., 1986; Senger et al., 1990) after which 

Napoleone Ferrara and Dan Connolly’s laboratories independently purified and 

cloned the factor for the first time (Keck et al., 1989; Leung et al., 1989). Originally 

termed vascular permeability factor, VEGF-A has become the fourth most-cited 

gene in the human genome. Numerous isoforms have been identified, including 

VEGF-A121, VEGF-A145, VEGF-A148, VEGF-A165, VEGF-A183, VEGF-A189, and VEGF-

A206 (subscript indicating amino acid length), with VEGF-A165 being the most highly 

expressed (Hoeben et al., 2004). As seen in the Figure 1.6 below, VEGF-A isoforms 

can be split into two major families: pro-angiogenic VEGF-Axxxa and anti-angiogenic 

VEGF-Axxxb. The two families differ by their last 6 amino acids, dependent on the 

selection of alternative splice sites in exon 8. Pro-angiogenic VEGF-Axxxa isoforms 

are formed with the proximal splice site in exon 8a translating amino acid sequence 

CDKPRR and anti-angiogenic VEGF-Axxxb are formed with the distal splice site in 

exon 8b translating amino acid sequence SLTRKD (Bates et al., 2002). The control 

of angiogenesis is essential for accommodating physiological (and pathological) 

changes in tissue demand (Murakami & Simons, 2009). The ratio of pro- to anti-

angiogenic isoforms VEGF-Axxxa and VEGF-Axxxb hence plays an important role in 

maintaining normal function in a tissue-specific manner (Qiu et al., 2009). 

Subsequently, regulation of this ratio can have therapeutic potential in various 

angiogenesis-associated diseases, including cancers (Bates et al., 2002), Denys 

Drash Syndrome (Schumacher et al., 2007), diabetic retinopathy (Perrin et al., 

2005), age-related macular degeneration (Hua et al., 2010) and glomerular diseases 

(Oltean et al., 2012). 
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Figure 1.7 The structure of human VEGFA gene and its alternative splicing isoforms, 
adapted from (Nowak et al., 2008). There are two families of VEGF-A isoforms: pro-
angiogenic VEGF-Axxx isoforms and anti-angiogenic VEGF-Axxxb isoforms, which have 
alternate C-terminus produced from unique exon 8b sequence.  

  

As a remarkably pleiotropic protein, VEGF-A has also been implicated in a number 

of neurological and neurodegenerative conditions (Carmeliet & Storkebaum, 2002): 

it not only acts on endothelial cells and regulate angiogenesis but also acts directly 

on nervous tissue, where it exerts neuroprotective effects (Greenberg & Jin, 2005). 

The majority of research on VEGF-A’s neurotrophic role has been conducted in the 

peripheral nervous system, both in vitro and in vivo, whereby VEGF-A stimulates 

axonal growth and enhances cell survival, as well as promoting mitogenic activity in 

glial cells (Sondell et al., 1999; Sondell et al., 2000). In terms of pathology, VEGF-A 

has been notably related to amyotrophic lateral sclerosis; it was discovered that 

mutation of the VEGF-A promoter region causes late-onset degeneration of motor 

neurones resembling progression of the disease (Oosthuyse et al., 2001) and that 

recombinant VEGF-A treatment is able to recover this degeneration (Lambrechts et 

al., 2003). Additionally, VEGF-A has been shown to protect axotomized retinal 

ganglion cells from degeneration (Kilic et al., 2006) and reduce infarct volume and 

neuronal damage after transient ischaemia in the brain (Hayashi et al., 1998). 

Although regenerative effects of VEGF-A in the brain can be dependent on VEGF-A 

mediated angiogenesis enhancing neuronal perfusion (Hobson et al., 2000), in vitro 

data clarifies the VEGF-A can directly increase survival of glutamate-treated 

hippocampal cells (Matsuzaki et al., 2001) and increase neuronal outgrowth from 

midbrain tissue explants (Silverman et al., 1999) independent of other factors. This 

puts forward VEGF-A as a potential tool to protect against other types of 

neurodegeneration. 

Of particular relevance to AD, VEGF-A can be upregulated as a compensatory 

mechanism for reduced cerebral perfusion, most likely induced by hypoxia: It has 

been reported that AD patients have significantly higher VEGF-A expression in the 



19 
 

brain, specifically in glia and most commonly in perivascular cells (Kalaria et al., 

1998). This is further supported by elevated intrathecal levels of VEGF-A (Tarkowski 

et al., 2002). Contradictory evidence associates low VEGF-A with NFTs and amyloid 

plaques in lesion-prone regions of AD brain (Provias & Jeynes, 2008) and suggests 

CSF VEGF-A remains unchanged in both AD and vascular dementia (Chakraborty 

et al., 2018). Interestingly, serum levels of VEGF-A in AD are significantly lower than 

in mild cognitive impairment or control, and negatively correlated with severity of 

dementia (Huang et al., 2013). Overall, this evidence implicates low VEGF-A (and 

VEGF-A mediated angiogenesis) in AD pathology and suggests measured 

upregulation of VEGF-A, particularly around micro-infarcts, is a consequence of AD 

rather than a driver of disease. 

1.8 VEGFR2 activation 

VEGF-A acts by activation of tyrosine-specific kinases and downstream intracellular 

signalling pathways. Named based on their catalytic activity, tyrosine-specific 

kinases (YKs) and serine/threonine-specific kinases (STKs) make up the largest 

superfamily of enzymes involved in cell signalling (Shen et al., 2005). YKs, including 

both receptor-linked and cytoplasmic proteins, are known to regulate cell 

proliferation and differentiation, as well as other critical cellular processes such as 

metabolism, adhesion and motility (Schlessinger & Ullrich, 1992; Lemmon & 

Schlessinger, 2010). STKs include well-characterised proteins such as PKC and 

PKA which are activated by YKs, among other signal transduction systems, and 

mediate the end-effect on cell behaviour (Hardie, 1990). VEGF-A binds to the YKs 

VEGFR1 and VEGFR2 as well as members of the Neuropilin (NRP) family NRP1 

and NRP2 (Simons et al., 2016). Although VEGFR1 binds with the greatest affinity, 

it has only a tenth of the kinase activity of VEGFR2 (Shibuya, 2001). Alternative 

splicing of the VEGFR1 gene can give rise to soluble isoforms (sVEGFR1) which do 

not have a kinase domain but are expressed at 10-fold molar excess over VEGF-A, 

effectively acting as a “decoy” receptor and negative regulator of VEGF-A function in 

endothelial cells (Kendall & Thomas, 1993; Shibuya, 2001). 

The major positive signal from VEGF-A is transduced by VEGFR2. Binding of a 

VEGF-Axxxa dimer at the extracellular domain promotes the activation of tyrosine 

kinase in the intracellular domain and consequent autophosphorylation of tyrosine 

residues (Claesson-Welsh & Welsh, 2013). Through a series of downstream events 

(illustrated in Figure 1.7 below), endothelial VEGFR2 activation ultimately leads to 

cell survival, proliferation, migration and increased vascular permeability (Harper & 
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Bates, 2008). VEGFR2 signal transduction from anti-angiogenic VEGF-Axxxb dimer 

binding has not yet been fully characterised, but it has been reported as a partial 

agonist of VEGFR2, producing weaker phosphorylation of tyrosine residues which 

does not lead to PIP2 hydrolysis or PKC activation (Ballmer-Hofer et al., 2011; Kisko 

et al., 2011). 

 

Figure 1.8 Downstream signalling pathways of VEGF-A165 and VEGF-A165b in 
endothelial cells, presented in (Harper & Bates, 2008). A VEGF-A165 activation of VEGFR2 
initiates downstream pathways which lead to increased cell survival, migration, proliferation 
and vascular permeability. B VEGF-A165b binding to VEGFR2 results in weaker 
phosphorylation of downstream mediators and leads to increased cell survival. As denoted 
with “?” the signalling pathway for VEGF-A165b remains largely uncharacterised. Erk, 
extracellular signal-regulated kinase; HSP27, heat shock protein 27; NOS3, endothelial nitric 
oxide synthase; PI3K, phosphoinositide 3-kinase; PKC, protein kinase C; RAC, Ras-related 
C3 botulinum toxin substrate; PLCγ, phospholipase Cγ; SHB, SH2 domain-containing 
adaptor protein B; SHC1, SH2 domain-containing transforming protein 1; VRAP, VEGF 
receptor-associated protein. 
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1.9 Alternative splicing (AS) 

Splicing is a fundamental principle in RNA biology that can be categorised as either 

constitutive or alternative. Constitutive splicing is the process of intron removal and 

exon ligation in the order which they appear in a gene (Wang et al., 2015b). 

However, a single gene can generate multiple mature mRNA products, and 

subsequently translate into multiple proteins, through differential selection of exonic 

and intronic sequences (Yap & Makeyev, 2016); this process is called alternative 

splicing (AS). The proportion of alternatively spliced genes in a species can be 

related to its complexity, with higher eukaryotes exhibiting the greatest degree of 

AS. Indeed, more than 95% of human genes are alternatively spliced, and the 

human genome is thus able to produce many more proteins than it has encoding 

genes (Pan et al., 2008; Nilsen & Graveley, 2010). The process of AS mediates 

development of complex tissues with diverse cell types, particularly in the brain, and 

can play a role in the regulation of gene expression and most aspects of protein 

function, including ligand binding, membrane properties, intracellular localisation, 

and enzymatic function (Wang et al., 2015b).  

There several modes of AS modes, with exon skipping (or cassette exons) being the 

most common in vertebrates (Kim et al., 2007a). Other modes include intron 

retention, which often leads to nonsense-mediated decay of mRNA, and alternative 

selection of 5’ or 3 sites, which may lead to subtle changes in coding sequence  

(Wang et al., 2015b) (see Figure 1.9 for schematic of splicing events). A splice site 

may not be selected when it has a weaker “signal”; in fact, AS can be distinguished 

from constitutive splicing by the strength of splice sites. In particular, a weaker 

splicing “signal” results from shorter exon length and/or higher sequence 

conservation surrounding orthologous alternative exons (Zheng et al., 2005). 

However, there are other factors that play a crucial role in splice site selection, such 

as genomic position and association with exonic splicing enhancers (ESE) and/or 

exonic splicing silencers (ESS). These are cis-acting elements which promote and 

inhibit the assembly of the spliceosome at weaker splice sites, respectively (Wang & 

Burge, 2008). 
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Figure 1.9: Schematic for the types of RNA splicing events. A Constitutive splicing 

removes introns and ligates exons in sequential order. Alternative splicing events include B 

mutually exclusive exons; C exon skipping; D alternative 3’ splice site; E alternative 5’ splice 

site; and F intron retention. 

 

Regulation of AS occurs through the spliceosome, a macromolecular complex made 

up of five small ribonuclear-proteins (snRNPs): U1, U2, U4, U5 and U6, supported 

by more than 100 auxiliary proteins (Yang et al., 2007). The complex recognises an 

intron via the its 5’ splicing site and removes introns with two transesterification 

steps: first the 5’ splice site cleavage and intron lariat formation, second the 3’ splice 

site cleavage and covalent bonding of exons (Will & Lührmann, 2011). In order for 

the first step to occur, the U1 snRNP binds the 5’ splice site and the U2 snRNP 

binds the branch point of the intronic sequence. Following this, the U5.U4/U6 tri-

snRNP is recruited to the U1 snRNP and connects to the spliceosome. At this stage, 

the spliceosome undergoes conformational changes which activate its catalytic 

function, allowing the first transesterification reaction to occur. As a result, U1 and 

U4 snRNPs are released and intron lariat is formed at the 3’ splice site. The second 

transesterification reaction excises the lariat containing U2, U5 and U5 snRNPs, 

leading to exon ligation and completion of the splicing process (Bowler & Oltean, 

2019; Wilkinson et al., 2020). Removed introns are decayed and the spliceosome 

deconstructs whereby its components are recycled for further use. 
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Recruitment of the spliceosome to maturing pre-mRNA and selection of a splice site 

is dependent on short cis-acting regulatory elements (SREs) in pre-mRNA sequence 

and trans-acting RNA binding proteins (RBPs) (Naro & Sette, 2013). RBPs 

recognise and interact with particular SREs, which leads to the selection of splice 

sites and determines the composition of the final mRNA transcript. As a result, the 

expression and relative activity of RBPs contributes toward regulation of AS (Bowler 

& Oltean, 2019). Among these RBPs are serine-rich (SR) proteins, a family of 

splicing factors that play a major role in the regulation of AS at multiple steps of the 

process. This includes establishment of 5’ and 3’ splice sites during spliceosome 

assembly and many post-splicing events such as mRNA export, translation 

regulation and genomic stability (Jurica & Moore, 2003). The function of SR proteins 

is highly dependent on their phosphorylation state, which controls their subcellular 

(and subnuclear) localisation and ability to promote spliceosome interaction with 

splicing enhancer sequences (Naro & Sette, 2013). Serine-Arginine protein kinases 

(SRPKs) and Cyclin-dependent Like Kinases (CLKs) are subfamilies of STKs that 

phosphorylate serine residues within Arginine-Serine (RS) dipeptide motifs 

(Giannakouros et al., 2011), which make up the highly-conserved RS domain found 

in SR proteins. By extension, SRPKs and CLKs modulate the activity of SR proteins. 

SRPK-mediated phosphorylation of SR proteins enhances their interaction with 

nuclear transport factor transportin-SR2, promoting their nuclear localisation (Lai et 

al., 2001). CLK-mediated phosphorylation of SR proteins leads to disassembly of 

speckles and their nuclear dispersion, facilitating interaction with target splice sites 

(Ghosh & Adams, 2011). 

1.10 Regulation of SR Splicing Factor 1 (SRSF1) function 

SRSF1 is an essential gene; it is constitutively expressed at the post-transcriptional 

level and tied to normal embryonic development (Gonçalves & Jordan, 2015). 

Among other SR proteins, SRSF1 is able to auto-regulate its expression through a 

negative feedback loop: it identifies highly conserved SREs in its own transcripts, 

leading to AS in the 3’ untranslated region and causing the transcript to become a 

target for nonsense-mediated decay (Lareau et al., 2007). Increased SRSF1 levels 

therefore promote an increase in their unproductive splice variants to regulate 

SRSF1 function. 

SRPKs phosphorylate proteins containing RS domains (Bullock & Oltean, 2017). 

SRPK1 binds with high affinity to SRSF1 and phosphorylates about 10-12 serines in 

the RS domain in a directional (C-to-N terminal) manner. This is facilitated by a 
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docking groove in the large lobe of the kinase domain that feeds SRSF1 RS domain 

into the SRPK1 active site, an example of a “two-prong” recognition mechanism  

(Ma et al., 2008). The SRPK1 active site is accessible to substrates without 

phosphorylation; this has been related to its relatively short activation loop which 

adopts a stable and open conformation (Ghosh & Adams, 2011). Phospho-SRSF1 is 

then imported into the nuclear speckles where it is co-localised with CLKs and 

further phosphorylated at remaining serine residues in the distal RS domain (Colwill 

et al., 1996). This leads to nuclear dispersion of SRSF1 and facilitates association 

with RNA polymerase II and consequent regulation of splicing  (Gonçalves & 

Jordan, 2015). Interestingly, CLKs do not possess a docking groove in the kinase 

domain yet are still able to phosphorylate up to 18 serines in SRSF1 RS domain. 

This impressive kinase activity has been attributed to CLKs disordered N-termini 

that bind tightly to RS domains (George et al., 2019) as well as SRSF1 kinase 

domains, facilitating SRSF1 hyperphosphorylation and inducing RNA binding (Aubol 

et al., 2014). 

 

Figure 1.10 Schematic diagram for proposed phosphorylation of SRSF1 by splicing 
kinases SRPK1 and CLK1. SRPK1 phosphorylation enables translocation of SRSF1 from 
cytoplasm to cell nucleus through transportin SR but it is shuttled directly into nuclear 
speckles. SRSF1 is further phosphorylated by CLK1 to be released from nuclear speckles, 
enabling interaction with spliceosome and downstream splicing effects. Diagram created in 
BioRender, adapted from text (Aubol et al., 2014). 
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1.11 AS of VEGF-A 

VEGF-A splicing is regulated by SR proteins, particularly SRSF1, SRSF5 and 

SRSF6 (Biselli-Chicote et al., 2017). As previously described, VEGF-A splicing at 

exon 8 produces two families of isoforms, VEGF-Axxxa and VEGF-Axxxb. Splicing 

factor SRSF1 has been found to promote selection of the proximal splice site in 

exon 8, leading to VEGF-Axxxa, whereas SRSF6 promotes selection of the distal 

site, leading to VEGF-Axxxb expression (Nowak et al., 2008). Given its role in SRSF1 

phosphorylation, SRPK1 is a key regulator of VEGF-A splicing; since SRSF1 

supports the proximal site, inhibition of SRPK1, which subsequently prevents 

shuttling of SRSF1 to the nucleus, would favour selection of the distal site. As a 

result, SRPK1 inhibition can cause a shift toward VEGF-Axxxb production, changing 

the physiological ratio of VEGF-A isoform expression (Nowak et al., 2010). This has 

been shown in melanoma (Gammons et al., 2014) as well as prostate and colon 

cancer cell lines (Amin et al., 2011; Mavrou et al., 2015), where SRPK1 knockdown 

increased VEGF-Axxxb expression. The SRPK1-SRSF1 pathway has been further 

validated by assessing SRSF1 localisation with relation to VEGF-A isoform 

expression; cells that do not express VEGF-A165b have high SRPK1 expression and 

SRSF1 is found strictly in the nucleus, whereas VEGF-A165b-expressing cells have 

comparatively low SRPK1 and cytoplasmic SRSF1 in addition to nuclear SRSF1, 

evidence for reduced interaction with the spliceosome (Amin et al., 2011). 

1.12 Use of kinase inhibitors 

The activity of SR proteins is dependent on phosphorylation of their RS domain, 

which is mainly controlled by three families of kinases: dual-specificity tyrosine-

regulated kinases (DYRKs), CLKs and SRPKs. Pharmacological modulation of AS 

through activity of these kinases can affect cellular function and downstream 

physiology (Bates et al., 2017). Hence, the development of small molecule inhibitors 

targeting splicing kinases has useful application as 1) investigative tools for 

understanding mechanisms that regulate AS and 2) potential therapeutic agents for 

diseases characterised by dysregulation of splicing. However, it can be difficult to 

directly link the biological effects of kinase inhibitors with cellular splicing; a link 

oftentimes confounded by interference from off-target effects associated with low-

potency and/or less selective compounds (Effenberger et al., 2017). SPHINX31 is a 

moderately potent and highly selective inhibitor of SRPK1. It is a 3-

(trifluoromethyl)anilide scaffold developed by a screening campaign using 

differential scanning fluorimetry. The compound has an IC50 of 5.9nM and 
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approximately 50-fold affinity for SRPK1 over the closest related kinase SRPK2 

(Batson et al., 2017). It is challenging to produce selective type 1 kinase inhibitors 

(ATP competitive) because the kinase active site is very highly conserved and 

inhibitors conventionally target the ATP-binding site, located between two catalytic 

domain lobes (Müller et al., 2015). However, in the case of SPHINX31, this 

challenge was overcome by targeting a hinge region unique to SRPK1. The 

trifluoromethyl group in SPHINX31 interacts with a glycine residue in the SRPK1 

hinge region to flip the hinge outward and push the phosphorylation loop upward, 

blocking its kinetic activity (Batson et al., 2017). In fact, by targeting this region, 1µM 

SPHINX31 is able to inhibit 96% SRPK1 activity in vitro.   

Since its production, SPHINX31 has been used in vitro and in vivo to switch splicing 

of VEGF-A from pro-angiogenic VEGF-Axxxa to anti-angiogenic VEGF-Axxxb 

isoforms, with promising therapeutic applications in cancer, age-related macular 

degeneration, diabetic retinopathy and kidney diseases (Gammons et al., 2013; 

Mavrou et al., 2015; Ved et al., 2017; Stevens & Oltean, 2018). Although VEGF-A 

has been related to AD pathology (see section 1.6), we do not have a clear 

understanding of the relationship between different VEGF-A splicing isoforms and 

neurodegeneration. However, a study of sera and CSF from AD patients found 

elevated levels of anti-SRPK1 antibodies, the function of which remains unclear 

(Daniilidou et al., 2011). Other autoantibodies have been found in AD, most of which 

target neuronal proteins, but it is unknown if they have a pathogenic or protective 

role (Colasanti et al., 2010). Either way, this study implicates SRPK1 function in AD, 

and presents rationale for further investigation. 

 

Figure 1.12 The chemical structure of SPHINX31, as published in Batson et al. 2007. 

 
CLK inhibition has been proposed as a therapeutic strategy for autism spectra 

(Bidinosti et al., 2016) and various cancers through regulation of abnormal splicing 

in tumour development and progression (Martín Moyano et al., 2020). Small-

molecule CLK inhibitors have been developed and tested for a number of 

conditions, particularly gliomas and renal tumours since they are associated with 

high CLK1 induction (Czubaty & Piekiełko-Witkowska, 2017). Indeed, high CLK1 
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tumour expression has been correlated with poor prognosis in renal cancer patients, 

indicating that CLK1 can play a critical role in cancer progression (Dominguez et al., 

2016). TG003 is an inhibitor of CLKs 1, 2 and 4, first developed in 2004 as a tool to 

investigate CLK-mediated regulation of SR proteins and splicing mechanisms 

(Muraki et al., 2004). Since then, TG003 has been used in several studies on CLK 

function, including RNAseq analysis of TG003 treated cells. It was found that CLK1 

inhibition significantly alters 892 AS events in 665 genes, and 156 of those genes 

have a role in cell cycle control, indicated by cell cycle periodic AS events. Since 

CLK1 expression itself is dependent on the cell cycle, increasing in late S-phase and 

G2 phase, it was suggested that CLK1 is required for normal cell cycle progression 

via regulation of periodic AS events, and dysregulation of these AS events may 

explain the association between CLK1 and cancer (Dominguez et al., 2016).  

Interestingly, CLKs have also been proposed as a target in AD (Jain et al., 2014) 

since they are implicated in AS of MAPT. It has been reported that CLK2 increases 

exon 10 skipping and proportional increase in 3R tau expression, opposing 

upregulation of 4R tau seen in AD-affected brain regions (Glatz et al., 2006). CLK1 

has similarly been associated with increased exon skipping (Duncan et al., 1997) 

but this has not been definitively related to AD through 3R:4R tau ratio. 

Nonetheless, the respective roles of SPRK1 and CLK in VEGFA and MAPT splicing 

makes them interesting targets in AD, and the use of splicing kinase inhibitors can 

therefore be proposed as a novel therapeutic approach for AD-related pathologies. 

1.13 Use of in vitro models for AD 

As with most complex diseases, it is very difficult to effectively model the pathology 

of AD in vitro. Several approaches have been adopted to facilitate research on 

particular aspects of disease progression, e.g., using CRISPR/Cas9 technology to 

knock-out of key genes APP and PSEN1 that are mutated in familiar AD (Paquet et 

al., 2016). This provides an alternative to transgenic mouse models and can reduce 

the number of animals used in AD research. Other methods depend on treatment of 

neurones with pathological agents that are known to induce excitotoxicity, e.g., 

exogenous Aβ (Tamagnini et al., 2015), creating a simple model that maintains 

relevance to AD (Stine et al., 2011). In order to be clinically relevant, it is crucial to 

model as aspect of pathogenesis that leads to cell death, i.e., a driver of disease, so 

that neuroprotective agents may have a good therapeutic window. Such assays 

include use of neurotoxins that lead to abnormal phosphorylation and aggregation of 

tau, since NFTs are closely related to cell death and the severity of cognitive decline 
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(Gómez-Isla et al., 1996; Giannakopoulos et al., 2003). For example, okadaic acid 

(OA) is a potent inhibitor of protein phosphatase 2A (PP2A) which regulates the 

phosphorylation state of tau; OA-mediated inhibition of PP2A has been established 

to induce tau hyperphosphorylation in vitro (Martin et al., 2011). In this thesis, both 

Aβ and OA are used to model AD-related neurotoxicity and investigate the potential 

of VEGF-A165 isoforms and splicing kinase inhibitors as neuroprotective agents. 

The appropriate selection of cell model is a crucial step for maintaining relevance to 

the AD brain. In recent years, the use of induced pluripotent stem cells has become 

a popular method for generating differentiated cortical neurones in vitro that 

represent the cell phenotype most affected by AD (Arber et al., 2017). The method 

is made yet more attractive by the potential of patient-derived cells and development 

of personalised medicine (D'Souza et al., 2021). However, stem cell culture requires 

a very long and particular protocol for neuronal differentiation, after which the 

“developmental age” of neurones remains relatively young. Considering that age 

poses the single most significant risk for AD, “ageing” neuronal cultures remains an 

obstacle for truly representative cell models. Direct use of patient-derived tissue 

circumvents need for cell models, but it is limited in experimental capacity due to 

inability to culture primary neurones, and it depends on rapid access to tissue that is 

limited, precious, and in high demand. Neuronal cell lines, including SHSY5Y cells 

described in Chapters 4 and 5 of this thesis, are a commonly used alternative 

method since they are widely available, relatively easy to culture and differentiate, 

and maintain key neuronal characteristics that represent brain tissue, albeit in a 

more limited way (de Medeiros et al., 2019).  

1.14 Hypotheses and Aims 

There are two main hypotheses tested in this thesis: 

 Brain regions susceptible to AD pathology and individuals with AD dementia 

will exhibit differential splicing patterns and differential expression of splicing 

kinases. 

 The regulation of alternative splicing through inhibition of splicing kinases will 

ameliorate AD-related neurotoxicity in vitro. 
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The aims of this thesis are: 

1. Use transcriptional analysis methods to elucidate differential expression and 

alternative splicing events between the cerebellum and the frontal cortex. 

2. Determine the difference in alternatively spliced transcripts between 

individuals with no cognitive impairment, MCI, and AD.  

3. Compare the proportion of individuals with AD diagnoses/pathology in 

groups of low and high splicing kinase expression. 

4. Investigate the neuroprotective role of VEGF-A splicing isoforms in AD-

related neurotoxicity in vitro. 

5. Determine changes in MAPT exon 10 splicing with a panel of splicing kinase 

inhibitors. 

6. Assess the effect of SRPK1 and CLK inhibitors on VEGF-A expression and 

neurite outgrowth.  
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Chapter 2. Methods 
 

2.1 Cell culture 

Unless otherwise stated, all cell culture reagents were purchased from Thermo 

Fisher Scientific. All cell culture was performed in cell culture hoods in class II 

facilities using aseptic technique and sterile culture medium. Cell culture flasks were 

kept in an incubator at 37°C in a humidified environment containing 5% CO2. 

2.1.1 Cell splitting 

Cells were cultured for up to 4 days until they reached confluency of 80-90% in their 

flask (see Table 2.1 for media composition). To split cells, media was removed from 

cells with a sterile pipette and the flasks were washed with PBS (5mL for 25cm2 

flasks, 10mL for 75cm2 flasks, 20mL for 175cm2 flasks). Trypsin was then added 

(0.5mL for 25cm2 flask, 1mL for 75cm2 flask, 2mL for 175cm2) and put in the 

incubator for 2-3 min. Flasks were removed from the incubator and briefly visualized 

on a light microscope (Leica DMIL) to ensure cells had detached from the bottom of 

the flask. After confirmation, growth media was added to the flask containing trypsin 

(5mL for 25cm2 flask, 10mL for 75cm2 or 175cm2 flask) and the cell mixture was 

transferred to a 15mL Falcon tube. Tubes were then centrifuged at 1000 x g for 5 

min to form a cell pellet and the supernatant was discarded. The cell pellet was 

thoroughly re-suspended in 2mL fresh growth media in the Falcon tube by gentle 

trituration. From this cell suspension, 400μL (for a 1 in 5 dilution) is added to a 

bigger volume of growth media and seeded into a new culture flask. 

Cell line Growth media composition 

SHSY5Y DMEM/F-12 GlutaMAX media + 10% Fetal Bovine Serum (FBS) 

Neuro2a RPMI media + 2mM L-glutamine + 10% FBS 

Table 2.1 Media composition for cell culture of SHSY5Y and Neuro2a cells. 

 

2.1.2 Cell counting 

From this cell suspension, 10μL was placed underneath a sterilized 22 x 22mm 

glass coverslip (VWR International) into a haemocytometer chamber (Millscience 

Neubauer) and cells were counted in the four corner grids using a manual cell 

counter and a light microscope (Leica DMIL). The value from each grid was 
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averaged and multiplied by 10,000 to calculate cell number/mL. After cell counting, 

additional growth media was added to the cell suspension mixture and plated onto 

experimental plates. 

2.1.3 Cell plating 

For protein extraction, cells were plated at a density of 200,000 cells/well in 6-well 

plates or 800,000 cells per 10cm dish. For RNA extraction, cells were plated at a 

density of 100,000 cells/well in 12 well plates or 200,000 cells/well in 6-well plates. 

For imaging, cells were plated into black-sided flat clear bottom 96-well plates at a 

density of 10,000 cells/well. 

2.1.4 Cell differentiation 

After plating, cells were differentiated prior to treatment. SH-SY5Y cells were 

differentiated by reduction to 1% serum and treatment with 10µM all-trans retinoic 

acid for 7 days. Differentiation media was renewed at least every 3 days. Neuro2a 

cells were differentiated by serum starvation and treatment with 300µM dibutyryl 

cAMP for 48h. 

2.1.5 Cell transfection with siRNA 

Cells seeded in 6-well plates were transfected using Lipofectamine RNAiMAX 

reagent after their differentiation. All siRNA was made up at a stock concentration of 

20µM in sterile water. For each treatment well, two separate Eppendorf tubes were 

prepared with 100µL Optimem; 10µL stock siRNA was added into one tube and 5µL 

Lipofectamine was added to the other. Solutions were gently mixed and incubated 

for 10 min at RT. Next, the Lipofectamine solution was transferred over to the siRNA 

solution and they were incubated together for 30 min at RT.  

For Neuro2a cell transfection, differentiation media was removed, and cells were 

washed once with PBS. 800µL Optimem was added to each well, then total 200µL 

Lipofectamine-siRNA mix was added dropwise to the cells at a final concentration of 

200nM siRNA (1:100 dilution from stock). The cells were incubated with 

Lipofectamine-siRNA mix for 6h at 37°C, then another 1mL Optimem was added to 

each well. Finally, the cells were incubated for 48h to achieve transient knockdown 

and RNA (or protein) was collected for downstream experiments. SHSY5Y cells 

were transfected with siRNA following an adapted protocol that involved a two-step 

knockdown. After 4 days of differentiation, SHSY5Y cells were treated with siRNA 

as previously described, and then re-treated for another 48h before tissue collection. 
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This method was optimised due to low transfection rate of differentiated SHSY5Y 

cells with the traditional protocol. 

2.2 Cell viability assay 

All cell viability assays were carried out on SHSY5Y cells and Neuro2a cells seeded 

in black-sided flat clear bottom 96-well plates. After differentiation and treatment, 

10µL WST-1 reagent was added to 100µL media alone or cells with 100µL 

treatment media. After 1h, 2h and (only if necessary) 4h, plates were read at 450nm 

with a reference wavelength of 620nm. Incubations were performed under normal 

sterile cell culture conditions, at 37°C in a humidified environment containing 5% 

CO2.  Readings from treated cells were normalised against an assay control (media 

+ WST-1 reagent) and the relevant experimental control (e.g., vehicle only). Data 

was analysed using GraphPad Prism software. 

2.3 Immunofluorescence 

SHSY5Y cells were fixed in black-sided flat clear bottom 96-well plates with 4% PFA 

for 10 min at RT (50µL per well). Fixed cells were washed once with 200µL PBS and 

then permeabilised with 100µL PBS 0.2% Triton X100 (PBSX) with 1% normal 

horse serum for 30 min. A mouse anti-human βIII tubulin antibody (R&D Systems) 

was used as a marker of neurite outgrowth. It was diluted 1:1000 in 1% normal 

horse serum PBS and 50µL was added to each well after cell permeabilisation, then 

incubated (in a humid box) overnight at 4oC. The following day, wells were washed 

three times for 5 min each with 200µL PBS 0.5 mL/L Tween20. Donkey anti-mouse 

488 secondary antibody and Hoechst were diluted 1:1000 in 1% BSA PBS and 50µL 

added to each well. Cells were incubated for 30 min in the dark at RT, and cells 

were washed again three times with 200µL PBS 0.5 mL/L Tween20. Cells were kept 

in 100µL PBS at 4oC until imaged. Fluorescence was captured using a Leica SPE 

confocal microscope: three 20x images were taken per well with smart gain of 700 

or 800 (always kept consistent across experimental groups). There were 4-6 wells 

per condition in each experiment, making a total of 12-18 images per condition. 

Images were analysed on Image J using simple neurite tracer, as demonstrated in 

Figure 2.3. The sum length of neurites per image was normalised to the number of 

cells, automatically calculated with a mask of Hoechst-stained nuclei. Average 

neurite length was then compared between treatment groups using GraphPad Prism 

software. 
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Figure 2.3 Neurite outgrowth assay analysis. A Images of βIII-tubulin in SHSY5Y cells 
imaged on the confocal microscope. Example traces are manually drawn over outgrowth 
which were then quantified using region of interest manager on Image J. B Mask over nuclei 
from same region stained with Hoechst according to set threshold. Number of cells were 
automatically counted using “Analyse particles” feature on Image J. The sum length of 
neurites per image was then normalised to the total number of cells. 

 

2.4 Reverse transcription PCR (RT-PCR) 

Unless otherwise stated, all RNA work was carried out at 4oC (or on ice) to prevent 

sample degradation. 

2.4.1 RNA extraction 

RNA was extracted from cells after differentiation and treatment using a TRI-reagent 

protocol. Firstly, media was removed from cells and 500µL TRI-reagent was added 

directly to culture dish. The cell lysate was homogenised with a pipette before 

transfer to an Eppendorf tube. After 5 min incubation at RT, 250µL chloroform was 

added and samples were shaken vigorously by hand for 1 min, then left to incubate 

for 10 min at RT. Samples were centrifuged at 12,000 x g for 15 min at 4oC for 

phase separation: a red organic phase (containing protein), an interphase 

(containing DNA) and a colourless aqueous phase (containing RNA). The top 

aqueous phase was transferred into an ice-chilled Eppendorf tube with equal-

volume isopropanol. Samples were shaken for 15 sec and RNA was allowed to 

precipitate overnight at -20oC. Next, samples were centrifuged at 12,000 x g for 15 

min at 4oC to pellet the RNA. The supernatant was discarded, and the RNA pellet 

was washed with 1mL 75% ethanol and re-pelleted by centrifugation at 7,500 x g for 

15 min at 4oC. The supernatant was discarded, and the RNA pellet was allowed to 

air-dry before being resuspended in 10-30µL sterile water. RNA was kept on ice for 

30 min before being quantified using a spectrophotometer (Thermo-Scientific 

Nanodrop 2000) and stored at -80oC. 
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2.4.2 cDNA generation 

RNA was reverse transcribed to complementary DNA (cDNA) using the Takara 

PrimeScript™ RT Reagent Kit (RR037A). For each sample, 1µg RNA was combined 

with 25pM oligo dT, 200pM random hexamers and PrimeScript buffer, then made up 

to a reaction volume of 19µL with sterile water. The reaction mixtures were heated 

to 65oC for 10 min for denaturation and then immediately placed on ice for the 

addition of 1µL PrimeScript RT enzyme. Following this, reaction mixtures were 

incubated at 25°C for 10 min and 37°C for 60 min for generation of 50ng cDNA. RT 

enzyme was inactivated by heating to 85°C for 1 min and cDNA samples were 

stored at -20oC. For each experiment, a no-template control was run to check for 

contamination, including all components of the reaction mixture excluding the RNA 

sample. 

2.4.3 Polymerase Chain Reaction (PCR) 

All PCR reactions were performed on 50ng cDNA using GoTaq G2 Green Master 

Mix (Promega) at a total volume of either 15µL or 30µL. Primers were used at a final 

concentration of 0.4µM. DNA samples were denatured at 96°C for 5 min, followed 

by multiple cycles of denaturation at 96°C for 30 seconds, annealing at primer 

specific temperature (see Table 2.4) for 30 sec, and extension at 72°C for 1 min. 

PCR cycles were followed by a final extension step at 72°C for 10 min and samples 

were then held at 4°C until gel electrophoresis. PCR products were run in 2% 

agarose gels containing 50ng/ml ethidium bromide at 100V for approximately 1.5h. 

Gels were visualised using the BioRad Gel Doc™ EZ System. Full list of primer 

sequences can be found in Appendix Table 7.3.1. 

2.5 Protein-based assays 

Unless otherwise stated, all protein work was carried out at 4oC (or on ice) to 

prevent sample degradation. 

2.5.1 Cell lysis  

Protein was extracted from cells after differentiation and treatment. Cells were 

washed with ice-cold PBS and kept on ice. Cell lysis buffer (see Table 2.5.1) was 

added to cells and left to incubate for 10 min. Cells adhered to the surface of culture 

plates were scraped and mechanically dissociated by trituration, then transferred to 

an ice-chilled Eppendorf. The cell suspension was vortexed for 15 sec three times 

over a 10 min incubation on ice. Samples were centrifuged at 12,000 x g for 10 min 

at 4oC and the supernatant was collected in a fresh Eppendorf and stored at -80oC. 
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Component Concentration (Volume) 

NP40 1X (1mL) 

PMSF 1mM (10µL from 100mM stock) 

Na3VO4 10mM (50µL of 200mM stock) 

NaF 5-50mM (20µL from 0.5M stock) 

Protease Inhibitor 1X Roche cOmplete cocktail (20µL) 

Table 2.5.1 List of components for cell lysis buffer. 
 

2.5.2 Protein quantification 

A Bradford protein reagent assay (Bio-Rad) was used to quantify the protein 

concentration of samples against a 7-point standard curve of bovine serum albumin 

(BSA) in PBS (1000μg/mL serially diluted 1:1 to 15.625μg/mL). Samples were 

diluted 1:10 or 1:20 in PBS to bring them within range of the standard curve. 10μL of 

standards and samples were loaded in triplicate into a clear 96 well plate. Bradford 

reagent was diluted 1:5 in distilled water and 200μL was loaded to each well. Plates 

were agitated for 5 sec and then read immediately at 620nm using a Magellan 

microplate reader. A standard curve was plotted on Microsoft Excel using optical 

density readings from the BSA standards, and sample protein concentrations were 

calculated based on the equation of the curve. 

2.5.3 Western blot 

Cell lysates were diluted to contain a constant amount of total protein (per 

experiment, 25-100μg) in distilled water and 1X Laemmli sample buffer. Samples 

were heated to 95oC for 5 min and immediately returned on ice until loaded in a 10% 

Mini-PROTEAN TGX Precast Protein gel alongside a molecular weight marker 

(PrecisionPlus dual colour standard, Bio-Rad). Gels were run in Tris buffer at 100V 

for approximately 90 min using the Mini-PROTEAN Tetra Cell 1-D vertical gel 

electrophoresis system (Bio-Rad). The separated proteins were transferred onto a 

nitrocellulose membrane using Transfer buffer in the Trans-Blot Turbo Transfer 

system (Bio-Rad). The membranes were subsequently incubated (on a roller) in 

blocking buffer for 90 min at RT. Primary antibody was diluted to the appropriate 

concentration (see Table 2.5.3) in blocking buffer. After block, membranes were 

incubated (on a roller) in primary antibody overnight at 4oC. The composition of all 

buffers is described in Table 2.5.2. 
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Buffer Components 

Running (Tris) Buffer 25nM Tris, 192mM Glycine, 0.1% SDS, pH 8.3 

Transfer Buffer 1X Transfer Buffer (Bio-Rad) with dH2O and 10% ethanol 

Wash Buffer Tris-Buffered Saline (TBS) 1% Tween20 (TBS-T) 

Blocking Buffer 5% Bovine Serum Albumin in TBS-T 

Table 2.5.2 List of buffers for Western blot. 
 

Next, membranes were washed three times for 5 min each at RT using wash buffer. 

Secondary antibodies were diluted to the appropriate concentration in blocking 

buffer, as detailed in Table 2.5.3 below. After washes, membranes were incubated 

(on a roller) in secondary antibody for 1h at RT. The membranes were washed 

again (as before) and imaged using the LI-COR Odyssey system. Results were 

analysed using LI-COR Image Studio software. 

 Antibody Dilution Source 

Primary 

Goat anti-β actin 1:500 Abcam 

Rabbit anti-SRSF1 1:2000 Abcam 

Mouse anti-phospho SR 1:200 Merck millipore 

Secondary 
IRDye 800CW Donkey anti-Mouse IgG 1:5000 LiCor 

IRDye 680RD Donkey anti-Rabbit IgG 1:5000 LiCor 

Table 2.5.3 Antibodies used for Western blot. 

 

2.5.4 ELISA 

High-binding 96-well clear microplates were coated with 100μL capture antibody 

(detailed in Table 2.5.5), sealed with parafilm and incubated (with agitation) 

overnight at RT. The following day, wells were washed three times with wash buffer. 

After each wash, plates were inverted and firmly tapped on tissue paper to 

completely empty wells and prevent carry-over of liquid or bubbles. 100μL blocking 

buffer was added to coated plates, sealed with parafilm, and incubated (with 

agitation) for 2h at RT. After block, wells were washed again (as before) and 100μL 

standards or samples were added in duplicate according to plate layout planned for 

the experiment. VEGF-A165a and VEGF-A165b recombinant proteins were used as 

standards, starting at 1000pg/mL and serially diluted 1:1 in diluent to a low 

concentration of 3.9pg/mL, making a 9-point standard curve. The opposite VEGF-A 

isoform was used at highest concentration as a negative control to ensure specificity 
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of the capture antibody. Samples were typically diluted 1 in 2, also using diluent. 

After addition of standards and samples, plate was resealed with parafilm and 

incubated (with agitation) for 2h at RT. The composition of all buffers used in this 

protocol are listed in Table 2.5.4. 

 

Buffer Components 

Wash buffer PBS + 0.05% Tween20 

Blocking buffer PBS + 1% BSA (sterile-filtered) or SuperBlock (ThermoFisher) 

Diluent PBS + 1% BSA (sterile-filtered) 

Table 2.5.4 List of buffers for ELISA. 

 

As detection antibody, 100μL biotinylated mouse monoclonal anti-human VEGF-A 

antibody was added to each well following another set of washes. Plates were 

resealed and incubated (with agitation) for another 2h at RT. Plates were washed 

(as before) and 100μL horseradish peroxidase conjugated streptavidin (made up in 

diluent) was then added to each well. Plates were sealed with foil to protect from 

light and incubated for 30 min at RT. Plates were washed a final time and 100μL 

tetramethylbenzidine (TMB) substrate was added to each well, then incubated in the 

dark for 1h (or until the colour change reached an appropriate intensity) at RT. The 

reaction was quenched with 50μL 1M HCL per well and shaking for 10 sec to ensure 

thorough mixing. Finally, plates were read at 450nm using a Magellan microplate 

reader. A standard curve was plotted on Microsoft Excel using optical density 

readings from the VEGF-A standards, and sample concentrations for VEGF-A 

isoforms were calculated based on the equation of the curve. 

 Antibody Concentration 

Capture 
HuCAL anti-human VEGF-A165a 0.75μg/mL 

Mouse anti-human VEGF-Axxxb 56/1 10μg/mL 

Detection 
Mouse monoclonal anti-human VEGF-A 100ng/mL 

Streptavidin-horseradish peroxidase 1:200 dilution 

Table 2.5.5 Antibodies used for VEGF-A ELISA. 
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During the optimisation of the VEGF-A165a ELISA, 0.25, 0.75 and 2.25µg/ml capture 

antibody were used to determine concentration-dependent effect on signal to noise 

ratio. 0.75µg/ml antibody was taken forward (Figure 2.5.4A) and the blocking step 

was selected for further optimisation. The use of SuperBlock (ThermoFisher) was 

compared to 2h incubation with PBS + 1% BSA. In accordance with manufacturer’s 

instructions, SuperBlock was also used as a “wash” where 200µL was added to 

each well and shortly emptied in three consecutive steps. I found that SuperBlock 

provided a better signal to noise ratio, and 3x 1min steps were just as effective and 

1-2h incubation, as presented in Figure 2.5.4B below. This optimised protocol was 

used to collect data for this thesis. 

 

Figure 2.5.4 VEGF-A165a ELISA optimisation of antibody concentration and blocking 
reagent. A Standard curves for VEGF-A165a optical density reading using 0.25-2.25µg/ml 
capture antibody. B Standard curves for VEGF-A165a optical density reading comparing the 
use of PBS + 1% BSA and SuperBlock as blocking buffers. 

 

2.6 Tau minigene 

Expression construct SV9/10L/11 is a minigene cloned into pSVIRB and sourced 

from Prof Stefan Stamm’s lab group, originally published in Molecular and Cellular 

Neuroscience (Hartmann et al., 2001). Tau exon 10 is flanked by proximal intronic 

regions (471 nucleotides downstream and 408 nucleotides upstream) as well as 

exons 9 and 11. Tau exon 9 (161 nucleotides) and 1.5kb of its downstream intron is 

fused to insulin exon 2 while tau exon 11 (68 nucleotides) and 324 nucleotides of its 

upstream intron is fused to insulin exon 3 (see Figure 2.6). The pSVIRB vector has 

ampicillin resistance for selection and a GFP tag for confirmation of transfection. 
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Figure 2.6 Structure of Tau minigene, sourced from Wang et al., P and T represent vector 
promoters and terminators. The numbers on each side of the exon 10 indicate kilobases of 
flanking introns. Solid and dashed lines represent splicing pathways of exon 10 inclusion and 
exclusion, respectively. 

 

2.6.1 DNA extraction  

The minigene was transported in a section of filter paper. Upon delivery, the paper 

containing DNA was cut and put in an Eppendorf, then 200µL distilled water was 

added to the tube. After 15 min incubation, the paper was broken down by trituration 

in a 200µL tip. DNA concentration was calculated using a spectrophotometer 

(Thermo-Scientific Nanodrop 2000) to be 180µg/mL and kept at 4oC or stored long 

term at -80oC. 

2.6.2 Bacterial transformation  

This protocol was carried out using commercially available TOP10 competent cells 

(Thermo Fisher) stored at -80oC. From stock, 2µL plasmid was added to 50µL 

competent cells and mixed very gently, then incubated on ice for 30 min. The 

mixture was then subjected to heat shock for 1 min at 42oC. Next, 450µL LB broth 

was added to the mixture and incubated in a shaker for 2.5h at 37oC. This was 

scaled up to 5mL by adding a further 4.5mL warm LB broth (with ampicillin) and 

incubated in a shaker overnight at 37oC. The lid of the Falcon tube was left slightly 

open to allow gas exchange. From this starter culture, 1mL was added to 49mL 

warm LB broth (with ampicillin) in four separate Falcon tubes and incubated in a 

shaker overnight at 37oC.  

2.6.3 Plasmid preparation 

Following transformation and scale-up, the plasmid was isolated using a Genopure 

Maxiprep Kit (Roche). Competent cells were centrifuged in 50mL batches at 5,000 x 

g for 10 min at 4oC. The supernatant was discarded, and cell pellets were carefully 

resuspended in 12mL suspension buffer + RNAse followed by addition of 12mL lysis 

buffer. Falcons were gently inverted six-eight times and incubated for 3 min at RT. 

Next, 12mL pre-chilled neutralisation buffer was added, and Falcons were gently 

inverted again until a homogenous suspension was formed. Falcons were then 
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incubated on ice for 5 min for the formation of a flocculent precipitate. Lysates were 

cleared through filtration with 6mL equilibration buffer and loaded onto an 

equilibrated column, allowing it to empty by gravity flow. The column was washed 

twice with 16mL wash buffer and finally the plasmid was eluted in 15mL elution 

buffer pre-warmed to 50oC. 11mL isopropanol was added to the elution and 

immediately centrifuged at 10,000 x g for 90 min at 4oC. The plasmid pellet was then 

washed with 4mL 70% (v/v) ethanol and centrifuged again for 30 min at 10,000 x g 

at 4oC to re-pellet the plasmid. The ethanol was carefully removed, and the DNA 

was allowed to air dry at RT before being resuspended in 100-200µL sterile water. 

2.6.3 Plasmid transfection 

Transfection mixture of 0.5µg plasmid and 1µL Lipofectamine 2000 was prepared in 

in 50µL Optimem per well in a 6-well plate. Neuro2a cells were added to each well 

at a density of 200,000 cells/well made up in 450µL Optimem. Cells were incubated 

overnight, and a further 500µL Optimem was added to each well. After a total of 

48h, RNA was extracted as previously described in section 2.4.1. 

2.7 Brains for Dementia Research (BDR) 

BDR is an initiative jointly funded by Alzheimer’s society and Alzheimer’s Research 

UK where >3,300 participants have pledged to donate their brain post-mortem to 

advance dementia research. BDR operates through five brain banks across the UK 

and provides brain tissue to applicants for approved research projects. Dr Keeley 

Brookes (Human Genetics Group) obtained brain tissue from BDR to perform 

several experiments, including RNA-seq on different regions of three control (non-

demented) brains. 

2.7.1 RNA extraction 

Brain tissue was stored at -80oC. Before use, a cryoPREP Automated Dry Pulverizer 

(Covaris) system was used to break down tissue into small pieces. Following this, 

between 80-250mg was weighed out into an Eppendorf and 1mL TRI-reagent was 

added onto the tissue. The mixture was briefly vortexed homogenise the tissue, then 

500µL chloroform was added to each sample. The Eppendorf was shaken 

vigorously by hand for 1 min, then centrifuged at 12,000 x g for 15 min at 4oC for 

phase separation. After taking the aqueous phase, the RNeasy Mini Kit (Qiagen) 

was used according to manufacturer’s instructions to elute RNA in 20-25µL elution 
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buffer. RNA was quantified by spectrophotometer (Thermo-Scientific Nanodrop 

2000) and quality was evaluated by Agilent Bioanalyzer. 

2.7.2 Library preparation 

University of Nottingham Deep Seq facility performed RNA-seq library preparation. 

Samples were treated for ribosomal RNA depletion, leaving mRNA and other non-

coding RNA. Deep Seq then generated a barcoded stranded library for each sample 

using an Illumina Preparation Kit, according to the manufacturer`s instructions.  

2.7.3 RNA-seq analysis 

Sequencing was performed on the Illumina NextSeq500 and generated 75bp paired 

end reads, achieving coverage of 60 million reads per sample. Deep Seq then 

carried out read quality control, trimming and alignment to rRNA and tRNA for 

filtering purposes. Next, RNA-seq reads were mapped against reference genome 

GRCh37 (hg19) using TopHat and then counted using HTSeq. Differential 

expression analysis was done across brain regions using DESeq2 on genes filtered 

FPKM>1. Significance was reported with false discovery rate (FDR) and Bonferroni 

correction. 

2.7.4 Splicing analysis 

RNA-seq reads were mapped against reference genome GRCh38.83 using STAR 

and counted using HTSeq. Multivariate Analysis of Transcript Splicing (MATS) was 

run on python to compare splicing between the frontal cortex and cerebellum. Input 

genes were filtered for FPKM>1 and differential splicing events were filtered for FDR 

<10%. The resultant gene list with significantly different splicing events was ranked 

by -log(adjusted P value) and then entered in Webgestalt (Vanderbilt University) and 

Gene Set Enrichment Analysis (GSEA) with selection of the biological processed 

(non-redundant) gene ontology functional database.  

2.8 Religious Orders Study and Memory and Aging Project (ROSMAP) 

The Religious Orders Study (ROS) is a longitudinal cohort study of ageing and 

Alzheimer’s disease (AD) run from Rush University, Chicago, Illinois. Participants 

were enrolled from >40 groups of religious orders across the US for longitudinal 

clinical analysis and brain donation for pathological study. The Memory and Aging 

Project (MAP) is a second longitudinal cohort study of chronic conditions of ageing 

run from Rush University. This study was designed to complement ROS by enrolling 



42 
 

volunteers from a wider range of backgrounds and socioeconomic status. AD status 

was determined by algorithm based on cognitive test performance and a series of 

clinical judgements made by a neuropsychologist and a clinician. Persons were 

categorised in three groups: no cognitive impairment, mild cognitive impairment, or 

diagnosis with dementia and/or AD (by standard definitions). 

2.8.1 Data acquisition 

Access to ROSMAP dataset was obtained through permissions from Rush 

Alzheimer’s Disease Center and Sage Bionetworks based on submission of an 

Intended Data Use Statement and in accordance with the terms of access detailed 

in Data Use Certificate. This agreement was authorised by the contracts team in 

University of Nottingham’s Research and Innovation Department for signed users of 

the dataset, namely myself and my supervisors.  

2.8.2 Library preparation 

The Broad Institute Genomics Platform performed RNA-seq library preparation for 

Rush Alzheimer’s Disease Center. RNA samples were extracted using Qiagen 

miRNeasy kit and the RNase free DNase Set, then quantified by spectrophotometer 

(Nanodrop).  Following poly-A selection (for mRNA), the library was constructed 

using the strand specific dUTP method (Levin et al., 2010), followed by 

fragmentation and Illumina adapter ligation.  

2.8.3 RNA-seq analysis 

RNA-seq was completed with 582 samples that met quality and quantity thresholds, 

specifically RIN score >5 (Agilent Bioanalyzer) and >5µg RNA. Sequencing was 

performed on the Illumina HiSeq and generated 101bp paired-end reads, achieving 

coverage of 50 million reads per sample. The first 12 samples sequenced (2 males 

and 2 females across non-impaired, mild cognitive impaired, and Alzheimer’s 

disease groups) were employed as a deep coverage reference at 150 million reads. 

RNA-seq reads were trimmed and aligned to rRNA for filtering purposes. Originally, 

Bowtie was used to align reads to reference genome GRCh37 (hg19) and RSEM 

was applied to estimate expression levels for all transcripts. However, in re-

processing of the data, Picard SamToFastq function was used to covert bam files 

back to fastq files, which were then re-aligned to GRCh38 reference genome using 

STAR. Gene counts were also calculated by STAR in quantMode and transcript 

abundance was estimated using Sailfish (De Jager et al., 2018). In this thesis, re-

processed data was used for analysis. 
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2.8.4 Relation of transcript abundance to clinical and pathological outcomes 

Clinical and pathological data for each individual in the RNA-seq database was 

pulled by matching identification numbers. Individuals were ranked according to 

expression of target transcript, e.g. CLK1 or SRPK1, and then grouped according to 

clinical outcome, i.e. no cognitive impairment, mild cognitive impairment, or 

Alzheimer’s disease. Analysis of covariance was conducted on R with the covariates 

age and sex. Individuals were then matched for sex and age range (85-88yrs and 

88-93yrs for males and females respectively). Next, individuals in the top and 

bottom quintile for target transcript expression were selected and compared for 

clinical diagnosis, Mini-Mental State Exam score, CERAD score, and tau burden 

(quantified by histopathology). 

2.9 Statistical analyses 

2.9.1 Differential gene expression 

DESeq2 is a programme which quantifies gene counts and then corrects for 

dispersion, producing a p-value for differential expression. DESeq2 was used to 

determine genes that were differentially expressed between brain regions in three 

non-cognitively impaired individuals from the BDR dataset. EdgeR is a similar 

method for determining differential gene expression that was used in the ROSMAP 

dataset to determine AD-associated changes. RobiNA is a graphical user interface 

that was used to run EdgeR on gene counts filtered for expression in all individuals. 

This method was selected for two main reasons: (1) EdgeR is more suitable for 

larger datasets such as ROSMAP and is faster to run, (2) DESeq2 is more stringent 

than EdgeR and can filter out significantly different genes based on low expression. 

All p-values were adjusted with False Discovery Rate (FDR) to produce q-values. 

2.9.2 Covariance 

Analysis of Co-variance (ANCOVA) was conducted on R statistical software. This 

analysis blends analysis of variance and linear regression. The ANCOVA evaluates 

whether population means on the dependent variable are the same across levels of 

the independent variable whilst controlling for the effects of other factors that are 

known to covary with the dependent variable i.e., covariates. The ANCOVA 

determines what proportion of the dependent variable can be explained by the 

covariates and how much it is affected by the independent (i.e., categorical) 

variable. Output tables summarised in each relevant results section reporting the 

following values: (1) df = degrees of freedom, equal to (n-1) where n is the number 
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of samples or observations, (2) SS = sum of squares, (3) F = F value, i.e., the ratio 

of explained to unexplained variance, and (4) Pr(>F) = the p value.  

2.9.3 Variance  

Analysis of Variance (ANOVA) was conducted on GraphPad Prism. This analysis 

determines whether two or more population means are equal, i.e., it is an expansion 

of the t-test beyond two means. Post hoc analyses, adjusting for multiple 

comparisons, can explain observed variation further by identifying which population 

means differ from one another. For specific experimental parameters, refer to 

relevant results chapter and accompanying figure legends. All statistical tests used a 

p-value <0.05 as a threshold for rejecting the null hypothesis. Tukey’s multiple 

comparison test was conducted post hoc and all figures display mean ± standard 

error of the mean, unless otherwise stated. 
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Chapter 3. Bioinformatic analyses of alternative splicing in 
Alzheimer’s disease 
 

3.1 Introduction 

RNA-seq is a powerful tool that uses next-generation sequencing technology to 

study the whole transcriptome. The quantification of relative transcript expression 

levels in groups or case control cohorts enables comprehensive characterisation of 

potential phenotype (Wang et al., 2009), and gene ontology enrichment analyses 

provide valuable insight into biological processes that have differential expression 

profiles (Yon Rhee et al., 2008). RNA-seq studies comparing AD and control have 

revealed a variety of results for genes that are differentially expressed in the brain; 

not only does this reflect the complexity of AD aetiology, it also suggests that genes 

will show differential expression in some brain regions but not others (Chappell et 

al., 2018). 

3.1.1 The role of different brain regions in AD 

The progression of AD can be pathologically assessed by the distribution of amyloid 

plaques and NFTs as they often spread following a particular sequence. Different 

brain regions are hierarchically involved in amyloid deposition, with the first phase 

being limited to the neocortex, sequentially followed by allocortical regions, the 

striatum and basal forebrain, and finally the cerebellum (Thal et al., 2002). Similarly, 

accumulation of NFTs can be used for staging AD pathology, as their distribution 

increases from the trans-entorhinal region to the whole entorhinal cortex and other 

parts of the limbic system, then further to the isocortex (Braak & Braak, 1991). The 

onset of AD neuropathology is proceeded by transcriptional changes in the brain, 

most notably associated with synaptic dysfunction (Bossers et al., 2010). Proteomic 

analyses have revealed distinct expressional changes in different regions of the AD 

brain; proteins related to synaptic transmission and lipid transport, key pathogenic 

pathways, were significantly altered in limbic regions, the temporal cortex and 

sensorimotor areas (Schonberger et al., 2001). Since brain regions have different 

susceptibility or vulnerability to AD, studies have sought to characterise their 

differences and reveal expression profiles that may be neuroprotective. As one of 

the last areas to be affected by AD, the cerebellum is known to have a distinct 

pattern of protein expression which allows it to maintain normal function (Xu et al., 

2019). Indeed, the cerebellum was recently found to have enhanced capability for 

Aβ clearance compared to the cerebral cortex, which protects the cerebellum 
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against Aβ deposition and neuritic plaques (Shahnur et al., 2021). Based on this 

profile, comparison of gene expression in cerebellum and cortical areas of the brain 

can serve as a model of molecular changes associated with the pathology of AD. 

Neuroprotective shifts in gene or isoform expression between the frontal cortex and 

the cerebellum may reveal potential changes to convert gene expression of AD 

patients back to a ‘normal’ asymptomatic profile (Chappell et al., 2018). 

There has been some criticism for the neglect of cerebellum in AD research, 

reporting the cerebellum as more than an “innocent bystander” in AD pathogenesis 

since (a) it does exhibit amyloid pathology, albeit delayed, (b) structural 

neuroimaging studies have reported the same pattern of cerebellar atrophy, from 

vermis and posterior lobe to the anterior lobe, and finally, (c) functional 

neuroimaging has linked reduced cerebellar activation with disease progression as 

well as cognitive reserve (Jacobs et al., 2018). Critically, this collection of evidence 

does not connote causation but rather characterises later stages of AD 

pathogenesis. In this chapter, the cerebellum of cognitively “normal” donors was 

selected as control tissue to compare with the frontal cortex, an area more 

commonly associated with AD, and as a learning paradigm for me to investigate 

changes in gene expression. Although it is agreed that the cerebellum should not be 

ignored in studies of AD, considering the cerebellum as a control was justified by 

evidence that this region is protected from pathology, at least in early pre-clinical 

stages of AD, and thus provides insight to pathways for disease prevention. 

3.1.2 Alternative splicing in AD 

AD can be characterised by the deposition of insoluble protein aggregates; study of 

the human brain-insoluble proteome in AD has revealed that U1-70K and other U1 

snRNPs spliceosome components are among proteins that accumulate in disease 

(Bai et al., 2013). U1 snRNPs have been found to colocalise with NFTs and 

aggregate in AD brain, but not in other neurodegenerative disorders (including 

Parkinson’s disease and frontotemporal dementia), and positively correlate with both 

amyloid and tau burden (Bai et al., 2013; Hales et al., 2016). This suggests that 

RNA splicing is implicated in AD pathogenesis, but there have only been a limited 

number of AD studies that have investigated genome-wide changes in AS. 

Nonetheless, the available literature does link AS to AD through two main themes; 

(1) differential expression of trans-acting factors that are known to regulate pre-

mRNA processing, such as RNA-binding proteins RBFOX1 (Alkallas et al., 2017) or 

hnRNPA2/B1 (Berson et al., 2012), and (2) differential splicing of AD-associated 

genes that are known to contribute amyloid or tau pathology (Johnson et al., 2018; 
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Biamonti et al., 2019). Pathway analysis of differential proteomic expression in AD 

has indicated that enriched modules comprising RNA binding proteins are mostly 

correlated with tau burden rather than amyloid pathology (Johnson et al., 2018). 

Indeed, inducing overexpression of tau alone has been shown to replicate some of 

the splicing changes observed in AD; 11 out of 42 genes that are differentially 

spliced when tau is overexpressed overlap with differentially spliced genes that were 

associated with AD in the ROSMAP dataset (Raj et al., 2018). Nonetheless, AS can 

still be implicated in amyloid (Aβ) pathology through altered presenilin activity; it was 

found that exclusion of exons four and five of PSEN1 and PSEN2 respectively 

causes altered processing of APP and consequently increases Aβ production and 

accumulation (Love et al., 2015). Altogether, this highlights that AS could play an 

important role in the development of AD. 

3.1.3 The regulatory role of splicing kinases 

AS is regulated by splicing kinases, including SRPKs, CLKs and DYRKs, through 

phosphorylation of SR proteins. The SRPK family consists of three proteins, 

SRPK1-3, and while SRPK1 is ubiquitously expressed throughout the body, SRPK2 

and SRPK3 have limited expression in the brain and muscle tissue respectively 

(Kuroyanagi et al., 1998; Nakagawa et al., 2005). Most research on SRPK1 is 

focused on alternative splicing in cancer (Mavrou et al., 2015; Czubaty & Piekiełko-

Witkowska, 2017), but as a brain-specific kinase, SRPK2 activity has been linked 

with cognitive decline in AD (Hong et al., 2012). The cdc-like (CLK) family consists 

of four proteins, CLK1-4, with the ability to auto-phosphorylate at tyrosine residues 

as well as phosphorylate substrates at serine/threonine residues (Nayler et al., 

1997). CLKs play a unique role in regulation of SR protein conformation and 

activation since, in contrast to SRPKs, they do not exclusively phosphorylate serine 

dipeptides with arginine, but also serine dipeptides with proline (Keshwani et al., 

2015). In relation to AD, all four CLKs have been shown to affect tau splicing 

(Hartmann et al., 2001), and CLK1 in particular has been proposed as a novel target 

for AD therapeutics (Jain et al., 2014). Dyrk1A, another major splicing kinase, is a 

member of the DYRK family of proline-directed kinases, which plays an important 

role in neurodevelopment (Feki & Hibaoui, 2018). Dyrk1A is commonly associated 

with Down’s Syndrome, but it has also been implicated in AD (Arbones et al., 2019) 

as well as AD-type dementia in individuals with Down’s Syndrome (Wisniewski et 

al., 1985). In this chapter, expression of splicing kinases is related to the pathology 

and diagnosis of AD in order to characterise the regulation of AS in disease. This is 
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particularly interesting because splicing kinases could potentially be targeted by AD 

therapeutics to modulate kinase activity and provide neuroprotection. 

3.1.4 Hypotheses 

Using RNA-seq data from the BDR and ROSMAP cohort, I aimed to test the 

following hypotheses: 

1. The cerebellum and frontal cortex have differential expression profiles that 

affect relative susceptibility to AD dementia. 

2. The cerebellum and frontal cortex have differential splicing patterns that 

affect relative susceptibility to AD dementia. 

3. In the ROSMAP cohort, individuals with clinical and pathological diagnosis of 

AD will have a differential expression profile to age-matched individuals with 

no cognitive impairment. 

4. In the ROSMAP cohort, comparison of individuals with low and high 

expression of splicing kinases will reveal increased likelihood for AD 

pathology and cognitive decline. 
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3.2 Methods 

The data analysed in this chapter were obtained from BDR and Rush University. 

Unless stated otherwise, analysis was performed on Excel or R and figures were 

produced using GraphPad Prism. 

3.2.1 BDR dataset 

I received data from an RNA-seq experiment conduced on tissue kindly donated to 

Brains for Dementia Research (BDR). This included different brain regions from 

three individuals who did not have cognitive impairment or AD, as described in 

section 2.7. Dr Keeley Brookes shared this data with me after publishing on 

differential expression between brain regions (Chappell et al., 2018). In this chapter, 

I performed an independent investigation of expression and splicing events in the 

frontal cortex and cerebellum, with the help of Prof Nigel Mongan who performed 

rMATS analysis. A more detailed description of RNA-seq methods can be found in 

Chapter 2. 

3.2.2 ROSMAP dataset 

The Religious Orders Study (ROS) and the Memory and Ageing Project (MAP) were 

conducted by Rush University, Chicago, Illinois (Wilson et al., 2012), as described in 

section 2.8. RNA-seq data, clinical data and pathological data was collected from 

the dorsolateral prefrontal cortex (DLPFC) of 636 donor and patient samples. I 

requested access to the ROSMAP dataset through the Rush Alzheimer’s Disease 

Centre (RADC) and synapse portal. I used transcript counts as a measure of gene 

expression for all analyses presented in this chapter. Clinical and pathological data 

was matched to transcriptional analysis through conversion of project ID, which 

enabled sorting of data into control, MCI and AD groups. A more detailed description 

of bioinformatic methods can be found in Chapter 2. 

3.2.3 Clinical and pathological outcomes 

Diagnosis of Alzheimer’s disease was considered to be the primary outcome in this 

study; this was determined by a three-stage process (1) computer scoring of 19 

cognitive tests using a decision tree to mimic clinical judgement, (2) review of clinical 

impairment ratings and other information by a neuropsychologist to make clinical 

judgement regarding the presence of impairment or dementia, and (3) review of all 

data and examination of the participant by a clinician to render final diagnostic 

classification. For the purposes of my study, I excluded persons diagnosed with 
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another primary cause of dementia and no clinical evidence of Alzheimer’s disease. 

Other persons were grouped in the following three categories: 

 Control group: diagnosed as having no cognitive impairment. 

 MCI: diagnosed with Mild Cognitive Impairment and possibly another 

contributing condition. 

 AD: diagnosed with Alzheimer’s disease and possibly another contributing 

condition. 

Additionally, expression level of target genes was also related to outcomes from 

Mini-Mental State Exam (MMSE) score, Consortium to Establish a Registry for 

Alzheimer's Disease (CERAD) score, and tau burden. The MMSE is widely used 

standardised screening measure of dementia severity, scored out of 30 items. 

According to clinical evaluation, persons with scores <24 are considered to have no 

cognitive impairment, scores between 19-24 (inclusive) were considered to indicate 

mild cognitive impairment, and scores <19 indicated moderate to severe cognitive 

impairment. The CERAD score provides a neuropathologic diagnosis of AD based 

on density of neuritic plaques in one or more neocortical regions and is blinded to 

clinical data. The diagnosis was made in four categories: no AD, possible AD, 

probable AD, and definite AD (Mirra et al., 1991). As an estimate of tau burden, 

neurofibrillary tangles were quantified by immunohistochemistry (AT8 antibody 

specific to abnormally phosphorylated tau) and average cortical density was 

determined by systemic sampling of eight different regions (Bennett et al., 2018). 

3.2.4 Statistical Analysis 

For analysis of differential gene expression, FDR adjusted p-values were produced 

by DESeq2 or EdgeR. In the analysis of splicing events, FDR adjusted p-values 

were produced by rMATS analysis. Analysis of Covariance (ANCOVA) was 

performed on R. Power analyses were conducted using GPower 3.1. All other 

statistical tests, including Chi-Square test for occurrence of AD in different groups, 

were performed on GraphPad Prism. 
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3.3 Results 

3.3.1 Differential gene expression in brain regions 

In normal brain, brain regions have distinct gene expression profiles. To develop an 

understanding of the variation in expression and splicing between two regions, and 

to learn the bioinformatics pathway, I determined to assess differential expression 

between the cerebellum and frontal cortex. RNA-seq was performed on paired RNA 

samples extracted from normal human frontal cortex and cerebellum. Following the 

analysis pipeline described in Chapter 2, expression was quantified using the 

programme DESeq2, which quantifies gene counts and then corrects for dispersion, 

producing a p-value for differential expression. Values were adjusted with False 

Discovery Rate and q<0.01 was considered significant. Out of a total 21820 genes, 

6945 were differentially expressed between the frontal cortex and cerebellum. This 

subset of differentially expressed genes was further filtered for logFC>2 and scored 

by “-log(q-value)*sign(logFC)”. This ranked gene list was then used as an input for 

GSEA to quantify enrichment of biological processes between these two brain 

areas. Compared to the frontal cortex, the cerebellum showed significantly lower 

expression of genes related to cognition; this is unsurprising considering their 

respective functions. Additionally, GPCR and serotonin signalling pathways were 

significantly downregulated in the cerebellum. Although not to a significant degree, 

processes of DNA modification and repair were identified among genes that were 

upregulated in the cerebellum, annotated in Table 3.3.1 below. The differentially 

expressed genes within these GO pathways are listed in Appendix Table 7.3.2 and 

enrichment plots for GSEA analysis can be found in Appendix Figure 7.3.1. 
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Figure 3.3.1.1 Volcano plot reveal genes that are differentially expressed between 
cerebellum and frontal cortex in normal brain (shown in red and green) by filtering for 
FDR adjusted p-value<0.01 and of Log2FC>2. Genes that have smallest p-value are labelled 
on graph. 

 

 

Table 3.3.1 Top 10 up- and down-regulated GO pathways identified from genes 
differentially expressed in cerebellum compared to the frontal cortex in normal brain. 
Genes were filtered for FDR adjusted p<0.01 prior to GSEA using WebGestalt. Significantly 
enriched pathways in Biological processes database are shown with FDR (*) and in 
description in bold (normalised enrichment q<0.05). Up-regulated pathways shown in green, 
down-regulated pathways shown in orange.  

 

To begin to explore splicing in these brain areas, I next quantified the expression of 

SR proteins known to regulate AS. Using hierarchical clustering on iDEP.91 (see 

Figure 3.3.1.2), it was found that some SR proteins, including SRSF1, 3, 5, 6, 10 

and 11, show higher expression in the cerebellum compared to the frontal cortex. 

Other SR proteins, such as SRSF4 and 8, showed similar expression in both areas. 

This indicates differential control of splicing in the cerebellum. 
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Figure 3.3.1.2 Clustered heat map illustrating the differential expression of splicing 
factors in frontal cortex and cerebellum of control brain. Colour key identifies relative 
change in transcript expression for each splicing factor. Produced on iDEP.91 using 
Transcripts Per Million (TPM). F1-3 are frontal cortex and C1-3 are matched cerebellum 
RNA samples from three BDR donors. 

 

3.3.2 Differential AS events in brain regions 

Multivariate Analysis of Transcript Splicing (rMATS) was used to assess alternative 

splicing events in the cerebellum and frontal cortex. The statistical model of MATS 

calculates FDR corrected p-values for the difference in the isoform ratio of a gene 

based on five different types of splicing events: skipped exons, retained introns, 

mutually exclusive introns, alternative 3’ and 5’ splice site selection. MATS identified 

a variety of genes that are differentially spliced in the two brain areas (FDR p-

value<0.05). A subset of these genes that have above-threshold expression 

(FPKM>1) were used as input for enrichment and over-representation analyses to 

identify biological processes related to the altered splicing pattern of cerebellum and 

frontal cortex. This included 4999 skipped exons, 1570 retained introns, 1124 

mutually exclusive exons, 830 alternative 5’ splice sites and 1005 alternative 3’ 

splice sites. GSEA, as previously described, produces up- or down-regulated 

biological processes based on a ranked gene list. Over representation analysis 

(ORA) is another method of enrichment analysis, but unlike GSEA, it does not utilise 

ranking of genes nor directional fold change. Instead, ORA simply determines the 

overlap between reference genes of interest (i.e., in gene ontology pathways) and 

the input gene list to calculate enrichment of biological processes and their statistical 

significance (Tokar et al., 2020). 
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Figure 3.3.2.1 The differential splicing of genes in cerebellum and frontal cortex. A 
Schematic diagram for the splicing events detected and analysed by rMATS. B Pie chart 
representing the splicing events that significantly differ between brain regions. C Genes 
which show >50% difference in exon skipping between the frontal cortex and cerebellum: 
Genes which have increased skipped exons in frontral cortex are shown in red while genes 
with more skipped exons in the cerebellum are shown in green. D Selection of genes which 
show greatest difference in selection of 5’ and 3’ splice sites between frontal cortex and 
cerebellum. E Selection of genes which show greatest difference in mutually exclusive exons 
between frontal cortex and cerebellum. F Genes which show >50% difference in intron 
rentention between the frontal cortex and cerebellum. All genes filtered for FDR<0.05 and 
FPKM>1. SE= skipped exons, RI= retained introns, MXE= mutually exclusive exons, A 
5’SS= alternative 5’ splice site, A 3’SS= alternative 3’ splice site. ΔPSI = change in 
difference spliced in. 
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Skipped exons were the most common differential splicing event that occurred 

between the cerebellum and frontal cortex. Differentially spliced genes were ranked 

for exon skipping by “-log(q-value)*sign(ΔPSI)” and then input for GSEA to quantify 

enrichment of biological processes. The GO pathway for “vesicle-mediated transport 

to plasma membrane” was significantly enriched with genes that showed 

significantly reduced exon skipping events in the cerebellum compared to the frontal 

cortex. Otherwise, processes related to exocytosis and signal release were also 

enriched, but not to a significant degree, as shown in Table 3.3.2.1 below. Enriched 

genes within each GO pathway can be found in Appendix Table 7.3.3. 

 

Table 3.3.2.1 Top 10 GO pathways identified from genes that have significantly more 
or less skipped exons in cerebellum compared to the frontal cortex of normal brain. 
Genes were filtered for expression (FPKM>1) and FDR adjusted p<0.01 prior to GSEA using 
WebGestalt. Significantly enriched pathways in Biological processes database are shown 
with FDR (*) and in description in bold (normalised enrichment q<0.05). 
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Over-representation analysis (ORA) also identified GO pathways for vesicle-

mediated transport and synaptic function to be enriched in genes with differential 

exon skipping between cerebellum and frontal cortex. Furthermore, neurone-specific 

axon and dendrite development genes were highlighted to have differential exon 

skipping in these brain areas. The top 10 significantly enriched processes are listed 

in Table 3.3.2.2 below and overlap genes from dataset can be found in Appendix 

Table 7.3.4. 

 

Table 3.3.2.2 Top 10 biological processes identified by ORA of genes that show 
significantly differential exon skipping between the cerebellum and frontal cortex. 
Significance shown by (*) next to enrichment score. 

 

NRXN2 is among the genes which showed differential exon skipping between the 

frontal cortex and cerebellum, and it is a member of several GO pathways for 

synaptic function, including synapse organisation and neurotransmitter transport. 

This alternative splicing event was explored on Integrative Genomics Viewer (IGV), 

as seen in Figure 3.3.2.2. In all three individuals, there was significantly greater 

exon 20 junction coverage in the cerebellum compared to the frontal cortex. This 

suggests that NRXN2 expression is differentially regulated in these brain areas, 

contributing to distinction of the cerebellar synaptic profile.  



57 
 

 

Figure 3.3.2.2 Synaptic gene NRXN2 exon 20 is alternatively spliced in cerebellum and 
frontal cortex of normal brain. A B C Sashimi plots displaying relative inclusion of coding 
exon 20 in the cerebellum (red) and frontal cortex (black) in three individuals, respectively. 
Numbers on plot indicate exon coverage, as determined from sorted aligned bam files, 
visualised on IGV software. The exon is located in chromosome 11 between start position 
64,626,463 and end position 64,626,552 on reference genome hg38. D Schematic for 
alternative splicing at NRXN2 exon 20. 

 

Intron retention was the next most frequent type of differential splicing event 

quantified between brain areas. As before, differentially spliced genes were ranked 

for intron retention by “-log(q-value)*sign(ΔPSI)” and then input for GSEA to quantify 

enrichment of biological processes. No GO pathways were significantly enriched for 

differential intron retention; nonetheless, the top 10 identified pathways are shown in 

Table 3.3.2.3 below. There is a trend of increased cerebellar intron retention in 

genes related to lipid metabolism and membrane fusion, while genes related to 

glutamate signalling and post-translation protein modification show reduced intron 

retention in the cerebellum. Differentially spliced genes within these GO pathways 

can be found in Appendix Table 7.3.5. 
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Table 3.3.2.3 Top 10 GO pathways identified from genes that have significantly more 
or less retained introns in cerebellum compared to the frontal cortex of normal brain. 
Genes were filtered for expression (FPKM>1) and FDR adjusted p<0.01 prior to GSEA using 
WebGestalt. No pathways in Biological processes database were significantly enriched 
(normalised enrichment q>0.05). 

 

Over-representation analysis revealed biological processes related to the genes 

which have a significantly different level of intron retention between the cerebellum 

and frontal cortex. The annotation of these processes, listed in Table 3.3.2.4, 

indicates an emphasis on protein production, translation and localisation, as well as 

protein catabolism. A list of overlap genes from dataset can be found in Appendix 

Table 7.3.6. 
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Table 3.3.2.4 Top 10 biological processes identified by ORA of genes that show 
significantly differential intron retention between the cerebellum and frontal cortex. 
Significance shown by (*) next to enrichment score. 

 

Next, genes that showed a significant difference in splicing of mutually exclusive 

exons were input in ORA to reveal further biological processes affected by AS 

between the cerebellum and frontal cortex of normal brain. Similar to results from 

differential exon skipping, GO pathways for synapse organisation and activity, as 

well as calcium-regulated exocytosis and neurotransmitter transport, were 

significantly enriched in this gene list. The top 10 GO pathways are shown in Table 

3.3.2.5, and the overlap genes from the dataset can be found in Appendix Table 

7.3.7.  
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Table 3.3.2.5 Top 10 biological processes identified by ORA of genes that show 
significantly differential splicing of mutually exclusive exons in the cerebellum and 
frontal cortex. Significance shown by (*) next to enrichment score. 

 

Finally, MATS analyses use of alternative 5’ and 3’ splice sites in RNA-seq data. As 

previously described, genes that showed significantly differential selection of 5’ 

splice sites were input in ORA to identify GO pathways related to this AS event. 

Among the most enriched GO pathways were microtubule-dependent biological 

processes, including anchoring, transport, intracellular organisation, and neuronal 

projection. Otherwise, genes for membrane docking also showed differential 5’ 

splice site selection in these two areas of normal brain. The top 10 significantly 

enriched processes are displayed in Table 3.3.2.6 and overlap genes from the 

dataset are listed in Appendix Table 7.3.8.  
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Table 3.3.2.6 Top 10 biological processes identified by ORA of genes that show 
significantly differential 5’ splice site selection between the cerebellum and frontal 
cortex. Significance shown by (*) next to enrichment score. 

 

The ORA of genes with differential 3’ splice selection revealed GO pathways for 

neurone-specific biological processes such as synaptic function. These included 

pathways seen in ORA of skipped or mutually exclusive exons, namely synaptic 

vesicle cycle, vesicle-mediated transport in the synapse, vesicle localisation, and 

regulation of trans-synaptic signalling. It also includes related GO pathways such as 

calcium-regulated exocytosis and the exocytosis process. Altogether, this identified 

AS of genes is important for differential synaptic function in the cerebellum and 

frontal cortex. The top 10 enriched biological processes from genes with differential 

3’ splice site selection are displayed in Table 3.3.2.7, and the overlap gene list from 

this dataset can be found in Appendix Table 7.3.9. The GO pathways enriched by 

multiple splicing events are summarised in Figure 3.3.2.3: some genes within these 

pathways showed significantly different exon skipping, mutually exclusive exons, 

and/or 3’ splice site selection.  
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Table 3.3.2.7 Top 10 biological processes identified by ORA of genes that show 
significantly differential 3’ splice site selection between the cerebellum and frontal 
cortex. Significance shown by (*) next to enrichment score. 

 

 

Figure 3.3.2.3 Summary of GO pathways for synaptic function enriched by ORA of 
alternatively spliced genes. The listed GO pathways were significantly differential skipped 
exons (SE), mutually exclusive exons (MXE) and alternative 3’ splice site selection (Alt 
3’SS).  
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The EXOC1 gene, encoding a core component of the exocyst complex, showed 

differential splicing in between the frontal cortex and cerebellum. EXOC1 is a 

member of the GO pathway for “vesicle-mediated transport to the plasma 

membrane” which was enriched by ORA of genes with differential exon skipping 

events. It is known to be involved in neurotransmitter relay as well as regulation of 

IP3R activity and calcium signalling (Park et al., 2015). Investigation of EXOC1 exon 

coverage on IGV shows greater exon 10 inclusion in the cerebellum of three 

individuals. This indicates that regulation of EXOC1 splicing is different in these 

brain regions, as presented below by the sashimi plots in Figure 3.3.2.4. 

 

Figure 3.3.2.4 Vesicle trafficking gene EXOC1 is alternatively spliced in cerebellum 
and frontal cortex of normal brain. Sashimi plots display relative inclusion of coding exon 
11 in the cerebellum (red) and the frontal cortex (black) in three individuals without cognitive 
impairment. Numbers on plot indicate exon coverage, as determined from sorted aligned 
bam files, visualised on IGV software. The exon is located in chromosome 4 between start 
position 55,888,888 and end position 55,888,932 on reference genome hg38. 
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The ITPR1 gene is a member of GO pathways for calcium signalling and calcium-

regulated exocytosis, which were significantly enriched by ORA of differentially 

spliced genes. ITPR1 encodes the intracellular receptor IP3R, which is a ligand-

gated ion channel that mediates mobilisation of intracellular Ca2+ stores when 

activated by elevation of cytosolic IP3 (Berridge, 2009). In addition to differential use 

of mutually exclusive exons and 3’ splice sites, ITPR1 also showed significantly 

differential exon 10 inclusion. As visualised by IGV in Figure 3.3.2.5 below, the 

cerebellum of all three individuals showed preferential exon 10 skipping whilst the 

frontal cortex showed greater exon 10 inclusion. AS of ITRP1 in these brain regions 

supports the discovery of differential regulation of calcium signalling in these brain 

regions. 

 

Figure 3.3.2.5 IP3 receptor gene ITPR1 is alternatively spliced in cerebellum and 
frontal cortex of normal brain. Sashimi plots display relative inclusion of coding exon 10 in 
the cerebellum (red) and the frontal cortex (black) in three individuals without cognitive 
impairment. Numbers on plot indicate exon coverage, as determined from sorted aligned 
bam files, visualised on IGV software. The exon is located in chromosome 3 between start 
position 4,653,842 and end position 4,653,886 on reference genome hg38. 
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3.3.3 Differential gene expression in AD brain 

To establish an understanding of transcriptome in AD brain, the ROSMAP dataset of 

636 patient and donor samples was interrogated for differential transcript expression 

between no-cognitive impairment (NCI or control), mild-cognitive impairment (MCI) 

and AD groups. First, transcript counts were grouped according to clinical diagnosis 

and filtered for expression in all individuals (i.e. transcripts that were only detected in 

a subset of the population were excluded from the whole dataset). This produced a 

subset of expression data for total 27,268 transcripts (of 17,444 identified unique 

genes). Next, EdgeR was used to identify differentially expressed transcripts in 

control, MCI, and AD groups. A total of 2181 transcripts (of 1912 identified genes) 

were found to show differential expression between control and AD groups. To 

visualise distribution of genes, the logFC of transcript expression was plotted 

against “-log(pvalue)” for all three group comparisons (Figure 3.3.3.1A-C). The 

number of differentially expressed genes in each group comparison is summarised 

in a Venn diagram (Figure 3.3.3.1D). 
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Figure 3.3.3.1 Differential expression of genes in control, MCI, and AD groups 
according to clinical diagnosis in ROSMAP dataset. A Volcano plot for comparison of 
transcripts between control and MCI groups. Transcripts that showed significantly differential 
expression are visualised in red, above threshold line FDR<0.01. The majority of transcripts 
in MCI have logFC expression within ±1 range of the control group. Labels identify 
transcripts that have most significantly differential expression. B Volcano plot for comparison 
of transcripts between control and AD groups. Other than pseudogene MTCO3P12, all 
transcripts in AD show logFC expression with ±1 range of the control group. C Volcano plot 
for comparison of transcripts between MCI and AD groups. D Venn diagram for number of 
genes that show significantly different expression in each of the three group comparisons. 
Overlap identifies genes that are differentially expressed in two or all three comparisons. E 
List of 20 genes that overlap across all three group comparisons in Venn diagram. 

 

GSEA was used to annotate genes with biological processes related to their 

function. As previously described, transcripts were filtered for FDR<0.01 to create a 

subset of differentially expressed transcripts, and then ranked by “-log(q-

value)*sign(logFC)”. The ranked list was input for GSEA, which identified significant 

enrichment of biological processes related to synaptic function, including synaptic 

vesicle cycle, vesicle localisation, vesicle-mediated transport, and regulation of 

synaptic transmission. Additionally, GO pathways for cognition and adult behaviour 

were also enriched among genes upregulated in AD compared to control brain. The 

top 10 significantly enriched GO pathways are listed in Table 3.3.3.1 below, and the 

corresponding list of upregulated genes can be found in Appendix Table 7.3.10. 
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Table 3.3.3.1 Top 10 upregulated and 5 downregulated GO pathways identified from 
genes differentially expressed between NCI and AD groups in the ROSMAP dataset 
(grouped by clinical diagnosis). Genes were filtered for FDR adjusted p<0.01 prior to GSEA 
using WebGestalt. Significantly enriched pathways in Biological processes database are 
shown with FDR (*) and in description in bold (normalised enrichment q<0.05). 

 

To better understand protein networks implicated in clinical AD dementia, the subset 

of genes which showed differential expression in AD compared to both control and 

MCI groups were input to STRING database. This created a visual representation of 

the interactome of AD-specific genes than may provide insight to processes relevant 

to pathogenesis. The parameters included connections based on co-expression and 

physical co-occurrence. As seen in Figure 3.3.3.2, this analysis highlighted a 

number of connections between clusters of heat shock proteins and cell adhesion 

molecules. This indicates that these protein networks show impairment specifically 

in AD but not in MCI, and thus may be involved in the conversion to late-stage 

pathology based on the AD continuum model. 
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Figure 3.3.3.2 Protein interactions produced from genes which are differentially 
expressed in AD compared to both control and MCI groups. Colour of edges relates to 
type of interaction sourced by STRING: cyan = from curated databases, magenta = 
experimentally determined, green = gene neighbourhood (i.e. related transcription), blue = 
co-occurrence, black = co-expression, yellow = text-mining. 
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To further characterise AD-related differential expression, transcript counts from 

ROSMAP dataset were also split into groups according to CERAD score. This is a 

pathological assessment of AD based on neuritic plaque distribution and density. As 

before, transcripts were filtered for expression in all individuals and EgdeR was run 

to compare three groups: no AD, probable AD, or definite AD. Volcano plots of 

logFC of transcript expression vs. -log(pvalue) for each comparison are shown in 

Figure 3.3.3.3 below. Comparison of no and definite AD groups revealed a total of 

2617 transcripts (of 2317 identified genes) with differential expression. 516 of these 

genes were also differentially expressed between probable and definite AD groups. 
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Figure 3.3.3.3 Differential expression of genes in control (no AD), predicted AD, and 
definite AD groups according to CERAD score in the ROSMAP dataset. A Volcano plot 
for comparison of transcripts between control and probable AD groups. Transcripts that 
showed significantly differential expression are visualised in red, above threshold line 
FDR<0.01. The majority of transcripts in probable AD have logFC expression within ±1 range 
of the control group. Labels identify transcripts that have most significantly differential 
expression. B Volcano plot for comparison of transcripts between control and definite AD 
groups. As before, labels identify most differentially expressed transcripts. C Volcano plot for 
comparison of transcripts between probable AD and definite AD groups. D Venn diagram for 
number of transcripts that show significantly different expression in each of the three group 
comparisons. Overlap identifies transcripts that are differentially expressed in two or all three 
comparisons. E List of genes that overlap across all three group comparisons in Venn 
diagram. 

 

Transcripts were filtered for FDR<0.01 to create a subset of differentially expressed 

transcripts between groups assessed to have no AD and definite AD, as determined 

by CERAD score. These genes were ranked by “-log(q-value)*sign(logFC)” to input 

for GSEA. Similar to the results described from clinical diagnosis of AD, GSEA 

found significant enrichment of GO pathways for cognition and synaptic function in 

pathological assessment of AD. This included synaptic vesicle cycle, vesicle 

localisation, vesicle-mediated transport, and synapse organisation. The top 10 

significantly enriched GO pathways are listed in Table 3.3.3.2 below, and the 

corresponding list of upregulated genes can be found in Appendix Table 7.3.11. 
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Table 3.3.3.2 Top 10 upregulated and 5 downregulated GO pathways identified from 
genes differentially expressed between control and AD groups in from the ROSMAP 
dataset (grouped by CERAD score). Genes were filtered for FDR adjusted p<0.01 prior to 
GSEA using WebGestalt. Significantly enriched pathways in Biological processes database 
are shown with FDR (*) and in description in bold (normalised enrichment q<0.05). 
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To closely capture genes implicated with cognitive decline, the ROSMAP dataset 

was also grouped according to Mini-Mental Stare Exam (MMSE) score. Transcript 

counts were filtered for expression in all individuals and EgdeR was run to compare 

three groups: no CI, mild CI, or severe CI. Volcano plots of logFC of transcript 

expression vs. -log(pvalue) for each comparison are presented in Figure 3.3.3.4 

below. Out of a total 27,268 transcripts (of 17,444 identified genes), 3,815 

transcripts (of 3,261 identified genes) were differentially expressed between no CI 

and severe CI groups (FDR adjusted p<0.01). The Venn diagram in Figure 3.3.3.4D 

illustrates that 199 of these genes were also differentially expressed between mild 

CI and severe CI groups. 
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Figure 3.3.3.4 Differential expression of genes in control (no CI), MCI, and severe CI 
groups according to MMSE score in the ROSMAP dataset. A Volcano plot for comparison 
of transcripts between control and MCI groups. Transcripts that showed significantly 
differential expression are visualised in red, above threshold line FDR<0.01. The majority of 
transcripts in probable AD have logFC expression within ±1 range of the control group. 
Labels identify transcripts that have most significantly differential expression. B Volcano plot 
for comparison of transcripts between control and SCI groups. As before, labels identify most 
differentially expressed transcripts. C Volcano plot for comparison of transcripts between 
MCI and SCI groups. D Venn diagram for number of transcripts that show significantly 
different expression in each of the three group comparisons. Overlap identifies transcripts 
that are differentially expressed in two or all three comparisons. E List of genes that overlap 
across all three group comparisons in Venn diagram. 
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A subset of differentially expressed genes was input to GSEA after being ranked by 

“-log(pvalue)*sign(logFC)” for enrichment of biological processes related to cognitive 

decline. As seen previously with clinical diagnosis and CERAD score, GO pathways 

for synaptic function were significantly enriched among genes differentially 

expressed between MMSE groups. In addition, severe CI was significantly 

associated with upregulation of genes related to amine transport, whilst the control 

group was associated with upregulation of epithelial cell adhesion molecules. The 

top 10 significantly enriched GO pathways are listed in Table 3.3.3.3 below, and the 

corresponding list of upregulated genes can be found in Appendix Table 7.3.12. 

 

Table 3.3.3.3 Top 10 upregulated and 5 downregulated GO pathways identified from 
genes differentially expressed between individuals with NCI and SCI from the ROSMAP 
dataset (grouped by MMSE score). Genes were filtered for FDR adjusted p<0.01 prior to 
GSEA using WebGestalt. Significantly enriched pathways in Biological processes database 
are shown with FDR (*) and in description in bold (normalised enrichment q<0.05). 
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3.3.4 Characterisation of splicing transcripts and splicing kinases in AD brain 

So far, the ROSMAP dataset provided insight to differential expression in AD, but 

with considerably low logFC, so it is unclear whether these expressional changes 

would have real biological impact, despite statistical significance. To initially 

characterise splicing levels in AD, the number of transcripts produced for all genes 

was compared across clinical diagnosis groups: control (no CI), MCI, and AD. 

Referring to Figure 3.3.4.1, about 80% genes only had one measured transcript, and 

the remaining genes showed alternative splicing. It should be noted that these only 

include known transcripts identifiable by ensembl number and not all splicing 

variants.  

 

Figure 3.3.4.1 Percent of genes expressed in control, MCI, and AD groups with a 
single transcript or multiple known transcripts produced through alternative splicing. 
Individuals were grouped by clinical diagnosis.  

 

The subset of alternatively spliced genes was ranked for the total number of 

transcripts present in each group. Compared to control, MCI and AD groups had a 

higher number of transcripts per gene, which suggests there is increased AS in 

disease. As labelled in Figure 3.3.4.2, there were some genes where higher 

numbers of transcripts were only expressed in MCI and AD, including NDRG2, 

SERF2, and FXYD1. In their study of the ROSMAP dataset, Raj et al also reported 

NDRG2 to be alternatively spliced in AD. Reproducing this finding supports the use 

of ROSMAP dataset as a tool to investigate AS in AD. 
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Figure 3.3.4.2 Increased alternative splicing in MCI and AD. Histogram for log number of 
genes which have expression of 2-13 known splicing transcripts in the ROSMAP dataset. N 
genes for 2 and 3 transcripts are also displayed on linear axes for easier group comparison. 
Groups determined by clinical diagnosis. 

 

Due to the magnitude of the ROSMAP dataset, the MATS pipeline is not an 

appropriate method to investigate alternative splicing. Instead, I decided to 

characterise the expression of splicing kinases, which are known to regulate splicing 

events, and establish if they play a role in AD pathology. As seen in Figure 3.3.4.3A 

below, SRPK2 and CLK1 showed the highest transcript levels in the brain. Overall, 

clinical groups (control, MCI and AD) had similar expression of splicing kinases 

SRPK1, CLK2 and Dyrk1A. ANCOVA was used to test for significant effect of kinase 

expression on clinical group. Although there was a slight trend for higher CLK1 with 

cognitive impairment, this was not significant when adjusting for sex and age 

[F(1,632) =0.3, p >0.05] which were included as covariates since they are known to 

impact clinical outcome and thus account for variability in diagnosis. On the other 

hand, SRPK2 did differ between clinical groups, with significantly higher expression 

in individuals with cognitive impairment and AD dementia [F(1,632) =6.1, p =0.01]. 
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Figure 3.3.4.3 Expression of splicing kinases (sum of all transcripts) in control, MCI 
and AD groups, as determined by clinical diagnosis. A Total expression of splicing kinases, 
plotted bar = mean and error bars = SD. B ANCOVA results show that SRPK1 expression is 
significantly related to differential clinical diagnosis (p=0.01). C ANCOVA results show that 
CLK1 expression does not account for significant change in clinical diagnosis (p>0.05).  
Column titles: df = degrees of freedom, SS = sum of squares, F = F value, Pr(>F) = p-value. 
Bold values indicate significance. 

 

Tau pathology is a hallmark of AD and its gene MAPT is well-known to be 

alternatively spliced in AD. Studies have previously shown that these splicing 

kinases regulate exon 10 inclusion in MAPT (Hartmann et al., 2001), so I compared 

their expression to the ratio of 4R and 3R tau transcripts in matched individuals 

using ANCOVA. As shown in Figure 3.3.4.4, 4R:3R tau ratio is significantly related 

to splicing kinase expression, as determined by the sum expression of protein-

coding transcripts, and whilst adjusting for covariates (p<0.0001). Interestingly, 

clinical diagnosis was related to the effect of CLK1 expression on 4R:3R ratio 

(p<0.05) but it was not significantly related to the expression of other kinases 

(Figure 3.3.4.4H). As before, covariates sex and age were included in the analysis 

as they impact differential gene expression and risk for AD. According to F statistic, 

which is calculated by division of the explained variance between groups by the 

unexplained variance within groups, Dyrk1A expression (Figure 3.3.4.4F) accounts 

for the most variability in 4R:3R tau ratio [F(1,631) =99.4, p <0.0001] followed by 

SRPK1 (Figure 3.3.4.4B) and CLK2 (Figure 3.3.4.4J) expression, where [F(1,631)  = 

64.3, p <0.0001] and [F(1,631)  = 49.1, p <0.0001], respectively. 
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Figure 3.3.4.4 Expression of splicing kinases is related to 4R:3R tau ratio. A There is 
weak positive correlation between SRPK1 expression and 4R:3R tau ratio. Kinase 
expression in ROSMAP dataset was calculated by a sum of protein-coding transcripts for 
SRPK1. The tau ratio was calculated from the most abundant 4R and 3R tau transcripts. 
Green plots = no cognitive impairment, orange plots = MCI, red plots = clinical AD. B 
ANCOVA results show there is significant difference in 4R:3R tau ratio with differential 
SRPK1 expression (p<0.0001). Other confounding factors did not show significant difference 
(p>0.05). Column titles: df = degrees of freedom, SS = sum of squares, F = F value, Pr(>F) = 
p-value. Bold values indicate significance. C E G I There is weak positive correlation 
between the expression of SRPK2, Dyrk1A, CLK1 and CLK2 with 4R:3R tau ratio. D F H J 
ANCOVA results show there is significant difference in 4R:3R ratio with differential kinase 
expression. Clinical diagnosis only shows significant difference with CLK1 expression (see 
H).  
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3.3.5 The relationship between splicing kinase expression and the occurrence 

of AD 

To determine effect on clinical and pathological outcomes, expression of splicing 

kinases was investigated further in the ROSMAP dataset. Beforehand, to control for 

covariates age and sex, the data was split into males and females, and individuals 

within 20% of the median age were selected for analysis. 

 

Figure 3.3.5.1 Normal distribution of age and sex in ROSMAP cohort. There are a total 
of 407 females and 229 males in the dataset. 

 

Next, individuals were ranked based on expression of a selected full-length 

transcript for SRPK1, SRPK2, Dyrk1A, CLK1, and CLK2. Once filtered for age and 

sex, subgroups were split into quintiles: the first and fifth quintile were considered to 

have low and high expression of each splicing kinase. The median ± SD expression 

level of each kinase in male and female groups are shown in Table 3.3.5.1 below.  

 

Table 3.3.5.1 The relative expression of full-length transcript for splicing kinases in 
subgroup of females and males investigated in the following analysis. Reported figure for 
total is median of transcript counts for each named isoform ± SD. 
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Following these steps, a mix of clinical and pathological markers were used to 

determine if the likelihood of AD is related to expression of splicing kinases. The 

first, SRPK1, was found to be related to increased likelihood of AD in the female 

subgroup. As shown in Figure 3.3.5.2, females with high expression of SRPK1 had 

a significantly lower proportion of AD clinical diagnosis compared to the low 

expression group (Chi-square test, p<0.05). This effect was supported by CERAD 

score, which indicated reduced neuritic plaques, as well as reduced tau burden, as 

determined by pathological scoring of NFTs in the brain. CERAD score predicted 

77.8% of the low SRPK1 group to have probable or definite AD, which was 

significantly higher than 51.9% of the high expression group. The NFT fractional 

area scores were an average of 2.4 ± 0.3 and 1.6 ± 0.3 in low and high SRPK1 

groups, respectively (unpaired t-test, p<0.05).  

In males, however, there was no significant difference in occurrence of AD between 

high and low SRPK1 expression groups (Chi-square test, p>0.05), as shown in 

Figure 3.3.5.3. By clinical diagnosis, 30.8% and 46.2% of the low SRPK1 group had 

MCI and AD, respectively. This is comparable to 23.1% and 30.8% individuals in the 

high SRPK1 group who fell into these categories. MMSE scores indicated that 

46.2% and 15.4% of low and high SRPK1 groups had severe CI, respectively. This 

was not a significant difference but gave some indication that low SRPK1 could be 

related to CI in males if the sample size was larger. However, pathological outcomes 

did not show the same trends: CERAD score predicted very similar proportion of 

individuals (61.5% and 69.2%) to have probable or definite AD in low and high 

SRPK1 expression groups. Similarly, NFT fractional area scores were 1.7 ± 0.4 and 

1.1 ± 0.2, respectively. Altogether, this evidence suggests that the link between low 

SRPK1 and AD occurs exclusively in the female subgroup. 
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Figure 3.3.5.2 Low SRPK1 expression in females is related to AD phenotype in 
ROSMAP dataset. A Comparison of clinical diagnosis for individuals in low and high SRPK1 
groups shows significantly less AD with high SRPK1 expression (Chi-square test, p<0.05). B 
According to MMSE score, high SPPK1 group have fewer proportion of individuals with 
moderate to severe cognitive impairment compared to the low SRPK1 group. C Similarly, 
comparison of CERAD scores in low and high SRPK1 groups identifies significantly more 
cases of AD with low SRPK1 expression (Chi-square test on binary data i.e., no/possible AD 
against probable/definite AD, p<0.05). D Significantly lower tau burden in the high SRPK1 
group compared to the low SRPK1 group, as determined by fractional area of NFTs in the 
brain (unpaired t-test, p<0.05).  
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Figure 3.3.5.3 SRPK1 expression in males is not significantly related to AD phenotype 
in ROSMAP dataset. A Comparison of clinical diagnosis in low and high SRPK1 groups: 
control, MCI and AD. B Comparison of MMSE score in low and high SRPK1 groups: no CI, 
mild CI, and severe CI. C Prediction of AD based on pathological study of neuritic (amyloid) 
plaques produces CERAD score: there was no significant difference between low and high 
SRPK1 groups. D Comparison of tau burden by fractional area of NFTs in the brain showed 
no significant difference with SRPK1 expression (unpaired t-test, p>0.05).  
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The same analysis was repeated for splicing kinase SRPK2 and I found that low 

SRPK2 expression is related to the AD phenotype (see Figure 3.3.5.4). In the 

female subgroup, 59.3% of individuals with low SRPK2 expression had AD 

diagnoses, which is significantly higher than the 25.9% individuals with high SRPK2 

expression (Chi-square test, p<0.05). MMSE scores showed corresponding 

cognitive impairment, with 37.0% and 14.8% of the low and high SRPK2 groups 

assessed to have severe CI, respectively.  However, this difference was not 

statistically significant. Nonetheless, the relation between low SRPK2 and AD was 

supported by histopathological data, which indicated that the low SRPK2 group had 

significantly more neuritic plaques (therefore higher CERAD score) and greater tau 

burden. CERAD score predicted 77.8% and 48.1% of low and high SRPK2 groups 

to have probable or definite AD. The NFT fractional area in the brain scored an 

average 2.2 ± 0.3 in the low expression group but only 1.4 ± 0.2 in the high 

expression group (unpaired t-test, p<0.05). 

As seen previously with SRPK1, the link between SRPK2 and AD was observed in 

females but not males from the ROSMAP cohort. In males, there was no consistent 

or significant difference in frequency of AD cases between SRPK2 expression 

groups. This may be due to differing biology or based on the smaller sample size 

(roughly half the female dataset) which did not provide sufficient power to replicate 

the effect of SRPK2 expression. For example, an equal number of individuals in low 

and high SRPK2 groups had no CI, and a similar proportion had clinical diagnosis of 

AD (46.1% and 30.8% in low and high SRPK2 groups, respectively). CERAD score 

predicted 69.2% and 76.9% of these groups to have probable to definite AD based 

on Aβ pathology, which did not constitute significantly different likelihood for 

disease. Similarly, tau pathology, measured by NFT fractional area scores of 1.6 ± 

0.4 and 1.4 ± 0.3, did not differ between low and high SRPK2 groups. Refer to 

Figure 3.3.5.5 for more details. 
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Figure 3.3.5.4 Low SRPK2 expression in females is related to AD phenotype in 
ROSMAP dataset. A Comparison of clinical diagnosis for individuals with low and high 
SRPK1 expression shows significantly less AD in high SRPK2 group (Chi-square test, 
p<0.05). B According to MMSE score, the high SPPK2 group have fewer proportion of 
individuals with moderate to severe cognitive impairment compared to the low SRPK2 group. 
C Similarly, comparison of CERAD scores in low and high SRPK2 groups identifies 
significantly more cases of AD with low SRPK2 expression (Chi-square test on binary data 
i.e., no/possible AD against probable/definite AD, p<0.05). D Significantly lower tau burden 
in the high SRPK2 group compared to the low SRPK2 group, as determined by fractional 
area of NFTs in the brain (unpaired t-test, p<0.05).  
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Figure 3.3.5.5 SRPK2 expression in males is not significantly related to AD phenotype 
in ROSMAP dataset. A Comparison of clinical diagnosis in low and high SRPK2 groups: 
control, MCI and AD. B Comparison of MMSE score in low and high SRPK2 groups: no CI, 
mild CI, and severe CI. C No significant difference between CERAD score in low and high 
SRPK2 groups (Chi-square test on binary data i.e., no/possible AD against probable/definite 
AD, p>0.05). D Comparison of tau burden by fractional area of NFTs in the brain showed no 
significant difference with SRPK2 expression (unpaired t-test, p>0.05).  
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Next, the ROSMAP dataset was interrogated for differential expression of Dyrk1A, 

as shown in Figure 3.3.5.6, and it was found that females with low Dyrk1A had 

significantly greater proportion of AD diagnosis (Chi-square test, p<0.001). 

However, this group did not show a significant degree of corresponding changes in 

amyloid and tau pathology. Nonetheless, CERAD score (Figure 3.3.5.6C) indicated 

that 77% of the low Dryk1A group had probable or definite AD based on distribution 

of moderate or frequent neuritic plaques, respectively. In comparison, 57% of 

individuals with high Dyrk1A expression were categorised for probable/definite AD; 

although not significantly different (Chi-square test, p>0.05) it is important to note 

that data on amyloid-related pathology does match clinical diagnosis, and there is 

high representation of both assessments for AD in the low Dyrk1A group. The 

relation with tau pathology is less unclear; on average, the low and high Dyrk1A 

groups had a score of 2.3 ± 0.3 and 1.8 ± 0.2, respectively. Although tau burden is 

slightly higher in the low Dyrk1A group, this could be random variability since it was 

not found to be statistically significant (unpaired t-test, p>0.05).  

In males, Dyrk1A expression was not related to AD diagnosis or AD-related 

pathology. As shown in Figure 3.3.5.7, the low Dryrk1A group had relatively equal 

proportion of individuals with no CI, mild CI, and clinical AD diagnosis. Interestingly, 

CERAD score indicated that both groups had a high proportion of amyloid 

pathology, but pathological diagnosis of AD was greater in individuals with high 

Dyrk1A expression (86% compared to 64% in the low Dryk1A group). However, this 

was not a significant difference (Chi-square test, p>0.05) and it was not related to 

degree of cognitive impairment, as determined by MMSE score. In fact, both high 

and low Dyrk1A groups had a high proportion of individuals with no CI, and an 

equally smaller proportion (36%) of moderate to severe CI. Tau burden, determined 

by fractional area of NFTs, was equal between Dyrk1A expression groups, with 

score of 1.5 ± 0.3 (mean ± SEM).  
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Figure 3.3.5.6 Low Dyrk1A expression in females is related to clinical diagnosis of AD. 
A Comparison of clinical diagnosis in low and high Dyrk1A groups shows that both have 
similar proportion of individuals with no cognitive impairment but low Dryk1A is related to AD 
diagnosis whilst the high Dyrk1A group has significantly greater number of individuals with 
MCI (Chi-square test, p<0.001). B MMSE scores correspondingly show greater cognitive 
impairment in the low Dyrk1A group but not to a significant degree (Chi-square test, p>0.05). 
C No significant difference between CERAD score in low and high Dyrk1A groups (Chi-
square test on binary data i.e. no/possible AD against probable/definite AD, p>0.05). D 
Comparison of tau burden by fractional area of NFTs in the brain showed no significant 
difference with Dyrk1A expression. 
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Figure 3.3.5.7 Dyrk1A expression in males is not significantly related to AD phenotype 
in ROSMAP dataset. A Comparison of clinical diagnosis in low and high Dyrk1A groups: 
control, MCI and AD. B Comparison of MMSE score in low and high Dyrk1A groups: no CI, 
mild CI, and severe CI. C No significant difference between CERAD score in low and high 
Dyrk1A groups, although both had large proportion of probable/definite AD based on neuritic 
plaque pathology (Chi-square test, p>0.05). D Comparison of tau burden by fractional area 
of NFTs in the brain showed no significant difference with Dyrk1A expression (unpaired t-
test, p>0.05).  
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Next, I investigated the potential link between CLK1 and AD. In the female 

subgroup, there was no significant difference in clinical or pathological diagnosis of 

AD in individuals with low and high CLK1 expression (Chi-square test, p>0.05). In 

the low CLK1 group, there was roughly equal representation of all three clinical 

groups; 30.7%, 34.6% and 34.6% of females were clinically diagnosed to have no 

cognitive impairment, mild cognitive impairment, and AD, respectively. In the high 

CLK1 group, half the females had a diagnosis of AD, and the other half had either 

no or mild cognitive impairment. According to MMSE score, roughly half (50.0% and 

53.8%) of both low and high CLK1 groups had no cognitive impairment, indicating 

that neither group are associated with higher likelihood of AD. Furthermore, tau 

burden, measured by fractional area of NFTs, did not show a difference with CLK1 

expression. Refer to Figure 3.3.5.8 for more details.  

However, in males, it was found that the low CLK1 group had significantly greater 

diagnoses of AD compared to the high CLK1 group. As presented in Figure 3.3.5.9, 

only 15.4% of the low CLK1 group had no cognitive impairment, while 61.5% had an 

AD diagnosis. Inversely, 61.5% of the high CLK1 group had no cognitive impairment 

and 23.1% had AD. Similarly, CERAD score indicated more individuals with amyloid 

pathology, as 92% men in the low CLK1 group were categorised to have probable or 

definite AD. This was not significantly different but comparatively higher than 62% of 

the high CLK1 group. Histopathological measure of NFTs indicated greater tau 

pathology, at an average score of 1.99 ± 0.39 in the low CLK1 group and 1.01 ± 

0.22 in the high CLK1 group (unpaired t-test, p<0.05). This may indicate that tau 

pathology is more closely related to CLK1-mediated risk for AD diagnosis than 

amyloid pathology. 
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Figure 3.3.5.8 CLK1 expression in females is not significantly related to AD phenotype 
in ROSMAP dataset. A Comparison of clinical diagnosis in low and high CLK1 groups: 
control, MCI and AD. B Comparison of MMSE score in low and high CLK1 groups: no CI, 
mild CI, and severe CI. C No significant difference between CERAD score in low and high 
CLK1 groups, although a large majority (92%) of the low CLK1 group were quantified to at 
least have the possibility of AD based on amyloid plaque pathology (Chi-square test, 
p>0.05). D Comparison of tau burden by fractional area of NFTs in the brain showed no 
significant difference with CLK1 expression (unpaired t-test, p>0.05).  
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Figure 3.3.5.9 Low CLK1 expression in males is related to clinical diagnosis of AD. A 
Comparison of clinical diagnosis in low and high CLK1 groups shows that the majority of 
males with high CLK1 expression have no CI whilst the majority of males in the low CLK1 
group have AD diagnosis (Chi-square test, p<0.05). B MMSE scores correspondingly show 
greater cognitive impairment in the low CLK1 group. The Chi-square test could not be 
accurately performed as there are no males with MCI in the low CLK1 group, and a Fisher’s 
exact test returned non-significant result (p>0.05). C CERAD score of males in low CLK1 
group all indicated at least the possibility of AD, and the large majority had probable/definite 
AD based on amyloid plaque pathology. In comparison, fewer males in the high CLK1 group 
had a positive score for AD, but this difference was not significant (Chi-square test on binary 
data i.e. no/possible AD against probable/definite AD, p>0.05). D Comparison of tau burden 
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by fractional area of NFTs in the brain showed that males in low CLK1 group had 
significantly greater tau burden (unpaired t-test, p<0.05).  

 

Lastly, the ROSMAP dataset was interrogated for differential CLK2 expression. In 

the female subgroup (Figure 3.3.5.10), there was no significant difference in 

frequency of AD clinical diagnosis between individuals with low and high CLK2 

expression. In the low CLK2 group, 23.1% of females had no CI and 42.3% were 

diagnosed with AD. To compare, 38.5% and 30.8% of the high CLK2 group fell into 

these clinical groups respectively, indicating higher likelihood of AD in low CLK2 

group. This relatively small difference could equally be attributed to random chance, 

but amyloid and tau pathology suggest otherwise: CERAD score predicted 88.5% of 

the low CLK2 group but significantly smaller 52.8% of the high CLK2 group to have 

probable or definite AD (Chi-square test, p<0.01). In addition, NFT fractional area 

was significantly higher in the low CLK2 group, at an average score of 2.33 ± 0.29, 

compared to 1.46 ± 0.20 in the high CLK2 group (unpaired t-test, p<0.05). 

Altogether this suggests that low CLK2 expression increases the likelihood of AD 

pathology but does not translate to significantly increased diagnosis. 

In contrast, the male subgroup did not demonstrate a significant link between CLK2 

expression and AD. The low CLK2 group had an equal number of individuals with no 

CI and AD. Clinical groups were similarly distributed in the high CLK2 group, with 

30.8% of males having no CI and 46.2% of males having diagnosis of AD. 

Furthermore, MMSE scores did not show significant difference between CLK2 

expression groups: 30.8% and 23.1% of males had moderate to severe CI in low 

and high CLK1 groups, respectively. CERAD score for Aβ pathology actually 

predicted the opposite trend, with 61.5% of low CLK2 group but 84.6% of the high 

CLK2 group having probable or definite AD. However, this difference was not 

statistically significant, and did not match other AD outcomes, including measure of 

tau pathology (unpaired t-test, p>0.05). Overall, the male subgroup did have a clear 

link between CLK2 expression and likelihood of AD (see Figure 3.3.5.11). As 

discussed in previous analyses, this may be a sex-dependent difference in AD 

pathology or attributable to the sample size disparity between female and male 

datasets.  
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Figure 3.3.5.10 Low CLK2 is related to AD pathology in females but not significantly 
implicated in clinical outcome. A Comparison of clinical diagnosis in low and high CLK2 
groups: control, MCI and AD. The low CLK2 group has comparatively higher number of AD 
cases but is not significantly different to the high CLK2 group (Chi-square test, p>0.05). B 
Comparison of MMSE score in low and high CLK2 groups: no CI, mild CI, and severe CI. 
There is comparatively more CI in low CLK2 group, but this is not statistically significant. C 
Pathological estimation of AD based on CERAD score identifies significantly more cases of 
AD in low CLK2 group compared to high CLK2 group (Chi-square test on binary data i.e. 
no/possible AD against probable/definite AD, p<0.05). D Significantly lower tau burden in the 
high CLK2 group compared to females with high CLK2 expression, as determined by 
fractional area of NFTs in the brain (unpaired t-test, p<0.05).  
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Figure 3.3.5.11 CLK2 expression in males is not significantly related to AD phenotype 
in ROSMAP dataset. A Comparison of clinical diagnosis in low and high CLK2 groups: 
control, MCI and AD. B Comparison of MMSE score in low and high CLK2 groups: no CI, 
mild CI, and severe CI. C No significant difference between CERAD score in low and high 
CLK2 groups, although males with high CLK2 expression had large proportion of 
probable/definite AD based on amyloid plaque pathology (Chi-square test, p>0.05). D 
Comparison of tau burden by fractional area of NFTs in the brain showed no significant 
difference with CLK2 expression (unpaired t-test, p>0.05).  
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3.4 Discussion 

In this chapter, I investigated gene expression and mRNA splicing in brain regions 

that are differentially affected by AD to identify what factors may impact vulnerability 

to disease. Following this, I identified transcriptional differences in the dorsofrontal 

precortex between individuals with no CI, MCI, and AD. Finally, I interrogated the 

relationship between expression of splicing kinases and occurrence of AD, 

determined by both clinical and pathological outcomes. Ultimately, the data collected 

in this chapter led to the proposition for targeting splicing kinases as a novel 

therapeutic strategy for AD. 

3.4.1 Differential expression in the frontal cortex and cerebellum 

The cerebellum presented a differential expression profile compared to the frontal 

cortex, including significantly lower expression of genes relating to cognition and 

GPCR signalling pathways. Considering the relative functions of these brain regions, 

it is unsurprising that genes related to cognition have lower expression in the 

cerebellum. As seen in Table 3.3.1 and Appendix Table 7.3.2, GPCR signalling 

pathways were enriched in the frontal cortex by high expression of Neuropeptide Y, 

serotonin receptors, metabotropic glutamate receptors, and muscarinic cholinergic 

receptors. Hence, it is likely that the cerebellum has reduced sensitivity to GPCR 

activation compared to the frontal cortex, and its overall expression profile suggests 

lower neuronal excitability. Previous transcriptome analysis of the cerebellum and 

cortical regions has been published to show the cerebellum has a lower density of 

neurones but increased long-term potentiation (Chappell et al., 2018). As a result, it 

was suggested that the cerebellum may have relatively stronger synaptic 

connections which are protective against development of AD.  In addition, 

expression of some AD-related genes, including CLU and BIN1, were found to be 

significantly lower in the cerebellum compared to cortices (Chappell et al., 2018). 

The results presented in this thesis align with published findings, as the GSEA 

identified GO pathways for the regulation of postsynaptic receptors to be enriched 

among genes with significantly lower expression in the cerebellum. 

There are other examples of AD-related genes that demonstrate region-specific 

differences. For example, I found SERPINF1 (regulator of vascular function and 

inhibitor of angiogenesis) to have higher expression in the frontal cortex compared 

to the cerebellum (see Appendix Table 7.3.2). This can be considered in parallel to 

reported evidence that SERPINE1 is upregulated in AD brain in hippocampi, but not 

in the cerebellum (Magistri et al., 2015). SERPINE1 and other senescence-
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associated genes have also shown significantly higher expression in prefrontal 

cortex micro-vessels with exhibition of tau pathology (advanced Braak stage), even 

after adjustment for cerebrovascular pathology, sex and age (Bryant et al., 2020). 

Lower expression in the cerebellum may therefore contribute to a protective 

phenotype. SERPINE1 is known to facilitate clearance of Aβ (Zhao & Pei, 2008), 

and thus SERPINE1 overexpression in hippocampi may constitute a cellular 

response to region-specific Aβ accumulation, but end up having a negative effect on 

cerebral vasculature and Aβ degradation (Magistri et al., 2015). Microglia also show 

regional differences in gene expression, both in normal and AD brain (Mastroeni et 

al., 2018). Interestingly, the most significant changes in expression were related to 

neuro-inflammation, which is considered the primary function of microglia, but rather 

genes involved in neuronal development, plasticity, and neurogenesis. This 

highlights the importance of brain area selection to avoid variability in results and 

cell-dependent changes in expression. Furthermore, it suggests that we require 

characterisation of brain regions, as performed in this chapter, to understand why 

certain areas are more vulnerable than others. 

It is pertinent to note that AD brain also shows differential expression of splicing 

factors such as hnRNPA2/B1 (Berson et al., 2012). Through hierarchical clustering, 

it was revealed that splicing factors also have differential expression profiles 

between the cerebellum and frontal cortex, indicating that alternative splicing may 

also play a role in the cerebellar phenotype. Specifically, SRSF1, 3, 5, 6, 10 and 11 

had higher expression in the cerebellum relative to the frontal cortex, as shown in 

Figure 3.3.1.2. From these factors, SRSF1 and 6 are involved in the regulation of 

the spliceosome itself, as they promote binding of U1 and U2 snRNPs to 5’ and 3’ 

splice sites, respectively (Howard & Sanford, 2015). Based on this evidence, and 

our hypothesis that the cerebellum has neuroprotective measures against the onset 

of AD, rMATS was used to further characterise differential splicing in this brain 

region. 

3.4.2 Differential splicing of AD-related genes in frontal cortex and cerebellum 

In section 3.3.2, I found that synaptic genes were differentially spliced in the frontal 

cortex compared to the cerebellum. The regulation of synapses is vital to normal 

brain function, and synaptic loss is considered a key pathological feature of AD (Li et 

al., 2018). The NRXN2 gene is a member of the neurexin family; β-neurexins are 

integral to the synapse as they encode pre-synaptic cell adhesion molecules which 

interact with neuroligins, located on the post-synaptic membrane, forming a 

connection between the two neurones (Scheiffele et al., 2000; Rowen et al., 2002). 
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Interestingly, alternative splicing of exon 20 is crucial to the synaptic function of β-

neurexins, since protein translated from NRXN transcripts without exon 20 do not 

interact with neuroligins, and consequently inhibit neuroligin-induced differentiation 

of the presynaptic cell (Scheiffele et al., 2000). Comparing splicing of neurexins in 

brain regions, it was found that exon 20 skipping was significantly more common in 

the frontal cortex than in the cerebellum (presented in Figure 3.3.2.2). This indicates 

that synaptic function may be protected in cerebellum through splicing of neurexins. 

There is little evidence directly linking NRXN2 to pathology of AD, but it is known 

that neurexins are proteolytically processed by presenilins, and familial AD-linked 

presenilin mutations differentially affect neurexin processing (Saura et al., 2011). 

Therefore, it has been suggested that neurexins contribute to synaptic dysfunction 

and memory deficits in the AD brain, particularly because single nucleotide 

polymorphisms in NRXN genes may increase susceptibility for AD (Martinez et al., 

2013). Furthermore, reduced NRXN3 expression in AD brain has been inversely 

correlated with neuronal inflammation marker NLRP3, indicating that dysregulation 

of neurexin function may increase in neuroinflammation in AD (Hishimoto et al., 

2019). 

In their study of brain gene expression patterns in MCI, Berchtold et al. found that 

MCI was not an intermediate between normal ageing and AD, but rather constituted 

a significant upregulation of synaptic genes, including genes for vesicle fusion and 

trafficking, neurotransmitter release, and stabilisation of the synapse itself (Berchtold 

et al., 2014). Interestingly, the expression of synaptic genes, including NRXN1 and 

NRXN2, were positively correlated with cognitive impairment, as determined by 

MMSE score. Berchtold et al. noted that genes which regulate synaptic excitability 

or plasticity had the most significant association with cognitive function as they 

showed the strongest correlation with MMSE score. This suggests that excitability of 

the cortex, especially in the vulnerable limbic region, leads to quicker progression of 

neurodegeneration, and ultimately AD.  Independent component analysis of gene 

expression in AD has also identified the role of neurexins and neuroligins in AD, but 

found them to be down-regulated, in addition to other genes related to 

neurotransmitter relay, including EXOC1 (Kong et al., 2012). The EXOC1 gene, 

which encodes a core component of the exocyst complex, is known to help regulate 

the activity of IP3R, and EXOC1 knockdown increases calcium release (Park et al., 

2015). In this thesis, it was identified in Figure 3.3.2.4 to be differentially spliced in 

the cerebellum compared to the frontal cortex. EXOC1 is a member of the GO 

pathway for “vesicle-mediated transport to the plasma membrane”, and among other 
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genes suggest that calcium signalling is differentially regulated in these brain 

regions through alternative splicing. 

The gene ITPR1 encodes the intracellular receptor IP3R, which mediates the 

release of calcium from the endoplasmic reticulum, and consequently modulated the 

activity of enzymes, either directly or through calmodulin (Mikoshiba et al., 1994). 

The disruption of calcium homeostasis and dysregulation of calcium signalling is 

another hallmark of AD (LaFerla, 2002) and IP3R itself has previously been 

implicated in AD pathology as single nucleotide variants in ITPR1 were significantly 

associated with amyloid deposition and increased AD susceptibility (Seo et al., 

2020). The regulation of ITPR1 expression has been investigated in 3xTg mice, 

which have three mutations associated with familiar AD (specifically in APP, MAPT 

and PSEN1) and reliably demonstrate both plaque and tangle pathology. Reduced 

IP3R, expression was reported to successfully protect against amyloid accumulation, 

tau hyperphosphorylation, and memory loss (Shilling et al., 2014). As seen in Figure 

3.3.2.5, the cerebellum has more exon 10 skipping compared to the frontal cortex; 

this “S1” alternatively spliced region has been previously identified in the literature 

and translates to a 15aa sequence in the binding domain of IP3R (Nakagawa et al., 

1991). Functionally, this has been related to greatly reduced binding of IP3 to the 

receptor (Miyawaki et al., 1991). Therefore, relatively lower IP3 function in the 

cerebellum resulting from preferential exon splicing could be considered protective 

against aberrant calcium signalling that occurs in AD. Some studies have found 

decreased IP3R in the temporal cortices of AD brain (Haug et al., 1996) and 

significantly reduced IP3 binding in regions of the brain with severe NFT pathology 

(based on Braak staging) or greater amyloid deposition (Kurumatani et al., 1998). 

Despite this, it is unclear whether IP3R loss results in a directional change of 

intracellular calcium levels, so it unlikely to have a straightforward relationship with 

cortical excitability. Interestingly, Kurumatani also studied IP3 in the cerebellum, and 

found no obvious relationship with severity of NFTs; this discrepancy was attributed 

to the fact this region is less vulnerable to disease and loss of IP3 would only occur 

in the end stages of AD. As indicated by results in section 3.3.2, the regulation of 

splicing (rather than expression) of IP3 and other mediators of calcium signalling in 

the cerebellum could play a more important role in providing this neuroprotection. 

3.4.3 Differential expression in AD 

Transcriptional analysis of the AD brain revealed differential gene expression 

associated with disease state. I used GSEA to identify biological processes enriched 

among differentially expressed genes and I found that AD brain could be 
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distinguished by neurone-specific genes which may be related to cognitive decline 

through (dys)regulation of synaptic function, vesicle-mediated transport, amine 

transport, and epithelial cell adhesion molecules.  

The dorsolateral prefrontal cortex (DLPFC) of individuals with a clinical diagnosis of 

AD showed significantly greater expression of synaptic genes compared to 

individuals with no cognitive impairment. Additionally, GO pathways for synaptic 

function were enriched with comparisons based on AD pathology (CERAD score) 

and cognitive impairment (MMSE score), highlighting their importance in the AD 

phenotype. With transcriptomic stratification of the ROSMAP dataset, Milind et al. 

also found differential synaptic transmission in AD (Milind et al., 2020). In addition, 

gene clusters for astrocyte and microglial activation were reported to have opposing 

differential expression profiles, and related GO inflammatory pathways were 

enriched among down-regulated genes in my CERAD and MMSE score-based 

analyses, although not to a significant degree (see Tables 3.3.3.2 and 3.3.3.3, 

respectively). The GO pathway for “establishment of organelle localisation” 

organisation was consistently and significantly enriched between control and AD, 

including structural gene MYH10 and microtubule-associated proteins MAP2, 

DCTN2 and MAPT. This pathway was also enriched due to upregulation of 

aforementioned synaptic proteins, such as RAB, CPLX, and VAMP genes, which 

regulate vesicle transport and membrane docking (see Appendix Table 7.3.10-12). 

An independent analysis of differential isoform expression in ROSMAP dataset has 

previously identified enrichment of cell structure regulatory pathways, which are 

known to be AD-related, and overlap with genes listed in this chapter (Fan et al., 

2020). Drawing these parallels from different analysis pipelines validate the findings 

of this thesis and reinforce the importance of these GO biological processes to the 

disease state.   

To filter for genes with biologically impactful differential expression, RNA-seq studies 

will often threshold log2FC>1.5 or >2 rather than p-value alone. However, very few 

transcripts were identified to show differential expression with these stringent rules, 

as seen in section 3.3.3. Fan et al. similarly reported a low number of transcripts to 

be differentially expressed, especially between control and MCI groups, with 

DEseq2 analysis of the ROSMAP dataset (Fan et al., 2020). This may be attributed 

to variability in expression profiles, as expected from clinical data collected on a 

complex disease such as AD. Unfortunately, this makes it rather difficult to find 

common pathways for AD pathogenesis. The use of transcriptomics has been 

criticised as an experimental approach to environmental physiology for this same 
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reason, as it is rare to identify individual genes with large impacts on adaptive 

responses (Evans, 2015). Nonetheless, physiologically relevant process may be 

regulated by smaller expressional (1.3- to 1.5-fold) changes and investigated further 

using an empirical approach. Therefore, genes identified by transcriptional analysis 

were considered for biological processes that may be altered in AD, and those with 

statistically significant differences were discussed in this thesis. 

Grouping individuals based on MMSE score, a measure of cognitive impairment that 

is independent of pathological scoring, identified differential expression of CLU, 

known AD-related gene. Clusterin (CLU) is the third most significant genetic risk 

factor identified by GWAS for AD and it has a long-established relationship with β-

amyloid; it is thought that clusterin acts to facilitate β-amyloid neurotoxicity, as 

knockdown of clusterin was shown to be protective in vitro and in vivo (Killick et al., 

2014; Robbins et al., 2018; Foster et al., 2019). This is supported by the ROSMAP 

dataset, in which CLU is among the genes significantly downregulated in severe CI, 

and may drive conversion from MCI to AD. The severe CI group was also enriched 

for GO pathways for vesicle-mediated transport in synapse and calcium-regulated 

exocytosis, which include VAMP and CPLX genes, as well as SNAP25. As 

previously discussed, synaptic loss is a hallmark of AD, and dysfunction of the 

synapse is the best correlation between cognitive decline and pathological markers 

of AD (Li et al., 2018; Chen et al., 2019). Lastly, GO pathways for amine transport 

were significantly enriched with severe CI. In addition to disruption of the cholinergic 

system, loss of monoaminergic neurons is known to play a role in AD; long, 

unmyelinated monoaminergic fibres are particularly vulnerable to aberrant axonal 

transport, and they are located in many regions of the brain which are affected by 

neuritic (β-amyloid) plaques and tau pathology (Šimić et al., 2017). In fact, the inter-

dependency of cholinergic and monoaminergic neural networks was the basis for 

proposing the use of multi-modal drugs like ladostigil for the treatment of AD. 

Ladostigil is a reversable inhibitor of AChE and BuChE (acetyl- and butyryl-

cholinesterase) as well as an irreversible monoamine oxidase inhibitor, and was 

shown to be neuroprotective by enhancing expression of BDNF in vivo (Weinreb et 

al., 2012). The significant enrichment of (mono)amine transporter pathways in the 

ROSMAP dataset provides further evidence that this group of neurotransmitters are 

implicated in progression of cognitive impairment and AD. The genes for 

monoamine transport were upregulated in SCI (listed in Appendix Table 7.3.12), 

which could be attributed to a compensatory mechanism for possibly reduced 

monoamine expression and function.  
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Heat shock proteins HSPA6 and HSPA7 were among the genes that showed 

significantly reduced expression with MCI but not in AD, as highlighted in volcano 

plots for comparison of CERAD and MMSE scores (see Figures 7.3.11-12). 

Additionally, functional protein associations were formed between heat shock 

proteins with STRING enrichment analysis of genes differentially expressed in 

clinical AD compared to both control and MCI groups (see Figure 3.3.3.2). This is 

interesting because AD can be characterised by protein misfolding and aggregation, 

and the primary function of heat shock proteins is to counteract the effects of protein 

misfolding (Shorbagi & Brown, 2016). Whole transcriptome profiling of AD and 

Parkinson’s disease has previously identified HSPA6 and HSPA7 to be differentially 

expressed compared to control (Annese et al., 2018). This supports findings from 

the ROSMAP dataset presented in this chapter and suggests that a lack of 

protection from heat shock proteins contributes to cognitive impairment before 

progression to AD. Annese et al. also identified dysregulation of SERPINH1 

expression in AD, matching data in section 3.3.3 where SERPINE1 or related genes 

were found to be downregulated in individuals with MCI and AD, as determined by 

cognitive diagnosis, CERAD score, and MMSE score. SERPINE1 encodes the 

plasminogen activator inhibitor type-1, which has been previously proposed as an 

early diagnostic marker for AD because its expression increases with dementia 

progression (Oh et al., 2014). The inhibitor effectively reduces the production of 

plasmin, a protease that plays a role in clearance of Aβ (Zhao & Pei, 2008). 

Mitochondrially Encoded Cytochrome C Oxidase Psuedogenes (MTCO*P) were 

found to have significantly differential expression in MCI and AD compared to 

control; since these are long non-coding RNAs, it could be suggested that 

epigenetic processes are involved in the progression of cognitive impairment. This is 

supported by the fact GO pathways for regulation of transcription and protein 

translation were identified to be downregulated, although not to a significant degree 

(see Tables 3.3.3.1-2). Review of the literature emphasises that non-coding RNAs 

are implicated in the pathogenesis of AD by altering the expression of various AD 

risk factors and AD-related genes (Idda et al., 2018). 

3.4.4 Differential splicing transcripts in AD brain and splicing kinase 

expression in relation to 4R:3R tau ratio 

In this chapter, the number of known transcripts per gene was used as a general 

indication of splicing. It was found that individuals with MCI and AD had a greater 

number of known transcripts per gene, i.e., exhibited increased splicing compared to 

control. Characterisation of genes by transcript number identified genes with splicing 
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transcripts exclusively expressed in MCI and AD.  Among these genes was NDRG2, 

which has been previously shown as upregulated in AD pathology (Mitchelmore et 

al., 2004). In their analysis of splicing of the ROSMAP dataset, Raj et al also 

identified NDRG2 to be among the 52 genes that show significantly differential 

splicing in AD. Additionally, MCI and AD groups produced more splicing variants of 

SERF2, which has been shown regulate amyloid conformation and deposition in 

both C elegans and mouse models (Stroo et al., 2021). Interestingly, splicing of long 

non-coding RNA gene MEG3 was also identified in cognitive impairment, which 

further implicates differential epigenetic processes. 

The literature reports on differential expression of RNA binding proteins that were 

not identified in this study but have been previously associated with AD pathology, 

providing further evidence that regulation of splicing is altered in AD. For example, 

hnRNPA2/B1 was found to be downregulated as a result of impaired cholinergic 

signalling in AD (Berson et al., 2012); hnRNPA2/B1 is an important regulator of AS 

and its activity affects many proteins, among which is β-secretase. Depletion of 

hnRNPA2/B1 shifts toward the production of more active β-secretase, which in turn 

causes accumulation of Aβ plaques (Kolisnyk et al., 2017). Additionally, TDP-43 is 

an RNA-binding protein that has been widely reported as a marker of 

neurodegenerative diseases, including 20% of AD patients; TDP-43 accumulates 

and forms inclusions distinct from NFTs, and their wider distribution outside the 

limbic lobe has been linked to greater severity of AD (Amador-Ortiz et al., 2007). 

Expression of mutant TDP-43 shows altered alternative splicing of neural genes in a 

transgenic pig model (Wang et al., 2015a), which emphasises the important role of 

AS in disease progression.  

Dysregulation of tau splicing is known to occur in AD and other tauopathies, as 

introduced in section 1.4. The 4R:3R tau ratio, based on transcript quantification of 

two MAPT isoforms including and excluding exon 10, was used as an indicator of 

tau splicing in the ROSMAP dataset. I found that splicing kinase expression was 

positively correlated with 4R:3R tau ratio (Figure 3.3.4.4), indicating that SRPK, 

Dyrk1A and CLK are related to AS events which regulate tau function and directly 

impact tau pathology. Restoring equimolar expression of 4R and 3R isoforms is 

important for normal brain physiology and has been shown to protect against 

aggregation of tau, neuronal dysfunction, and cognitive decline (Espindola et al., 

2018). As a result, splicing kinases could be targeted to modulate AS of tau and 

protect against NFT pathology. 
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AS in AD is also known to impact synaptic function, previously discussed to be 

central in the process of neurodegeneration. For example, splice-junction microarray 

identified AD-specific changes in AS that were distinct from age-related differences, 

including alternative exon inclusion in cell adhesion molecule genes NEO1, CHL1 

and NRCAM, as well as synaptic assembly gene GPHN (Tollervey et al., 2011). 

Many of these AD-related exons were found to be regulated by NOVA1/2, neuronal-

specific RNA-binding proteins, which are known regulators of synapse formation and 

function (Ruggiu et al., 2009). In this study, AD-related AS of NOVA-regulated 

genes was associated with decreased nuclear abundance in NOVA proteins 

(Tollervey et al., 2011), suggesting that many AD splicing events are dependent on 

NOVA activity. Examination of exon skipping events in the ROSMAP dataset (in 

addition to data repositories from MSBB and Mayo clinic) similarly revealed 

enrichment of synaptic processes in differentially spliced genes; this included 

vesicle-mediated transport and protein localisation to membrane (Yang et al., 2021). 

These were among GO processes enriched in the differential transcript expression 

analyses performed for this thesis, highlighting their importance in the AD 

phenotype. Yang et al. identified significant downregulation of RNA-binding Motif 3 

(RBM3) to be positively correlated with 107 reported exon skipping events, including 

exon skipping in cell adhesion molecule gene CHL1. Interestingly, the knockdown of 

RBM3 has been previously investigated in 5xFAD mice, which express human APP 

and PSEN1 with three, and two, pathogenic mutations respectively, causing 

relatively early and aggressive presentation of amyloid pathology, neuronal loss, 

and cognitive deficits. It was reported that knockdown of RBM3 exacerbated 

synapse loss and accelerated neurodegeneration in this model (Peretti et al., 2015), 

making RBM3 another noteworthy regulator of AS in AD. The transcript levels of 

further RNA-binding proteins and splicing kinases are also reported in dementia, so 

it is likely interplay of multiple mechanisms are involved in AS of synaptic genes and 

other AD-relevant processes. 

3.4.5 Relation between low SRPK expression and AD pathology 

Splicing kinases are known to regulate phosphorylation and function of splicing 

factors, thus targeting splicing kinases can be therapeutic by modifying alternative 

splicing of downstream targets. The ROSMAP dataset was used to investigate 

relationship between expression of splicing kinases and occurrence of AD. In 

women, the top quintile for SRPK1 and SRPK2 expression had a significantly lower 

number of AD diagnoses than bottom quintiles (see section 3.3.5). This was 

supported by significantly reduced neuritic (Aβ) plaques, measured by CERAD 
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score, as well as tau burden, measured by density and distribution of NFT 

pathology. Altogether, this suggests that low expression of SRPK1 and SRPK2 can 

be associated with AD in women. Since this has not been empirically tested, there is 

no evidence for causation, nor is it obvious whether low SRPK1/2 expression 

increases risk for AD, or rather SRPK1/2 expression is downregulated as a result of 

AD pathology. Indeed, downregulation of SRPK1/2 expression could be adopted as 

a compensatory mechanism, albeit insufficient to provide neuroprotection against 

AD. There is very little published information on SRPK1 in AD pathology, but 

elevated auto-antibodies against SRPK1 have been reported in AD patients 

(Daniilidou et al., 2011), which could consequently lead to reduced SRPK1 

expression. SRPK2, however, is known to regulate tau function through splicing and 

direct phosphorylation, and so elevated SRPK2 activity has been tied to NFT 

formation and dysfunction of synaptic function, crucial steps in the pathogenesis of 

AD (Hong et al., 2012; Wang et al., 2018). SRPK2 has been investigated in 

APP/PS1 mice, a double transgenic line with mutations in APP and PSEN1, causing 

accelerated plaque pathology, neuroinflammation, and cognitive impairment. 

Depletion of SRPK2 was proven to inhibit tau phosphorylation and alleviate 

cognitive impairment (Hong et al., 2012), which appears to contradict data reported 

here. Having said that, Wang et al. reported AEP-mediated cleavage of SRPK2 to 

increase its nuclear localisation and kinetic activity i.e., a functional increase in 

SRPK2 rather than transcriptional upregulation. As a result, SRPK2 expression may 

be downregulated as a compensatory response to its increased activity in AD, which 

could possibly explain the higher proportion of AD observed in women with low 

SRPK2. Further investigation of the dynamics of SRPK2 function is necessary to 

draw more precise conclusions, but it clear that SRPK function contributes to AD 

pathology and cognitive decline. 
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Figure 3.4.5.1 Schematic diagram of potential SRPK mediated regulatory mechanisms 
in neurodegeneration, presented by (Chan & Ye, 2013). 

 

Sex-dependent differences are well documented to impact disease risk and often 

involve a combination of biological and environment factors. Unfortunately, AD is 

known to disproportionately affect women (Mielke et al., 2014). Sex-dependent risk 

is likely to have played a role in the ROSMAP dataset since differential AD 

occurrence was observed in females but not replicated in males. However, it is 

noteworthy that there are roughly double the number of females than males, and so 

the sample size of males may have been insufficient to observe an effect, 

particularly after being sorted for age (there was a total of 26 women and 13 men 

per quintile). This is reflected by post-hoc power analysis (Faul et al., 2007) of NFT 

pathology data. In females, 1-β = 0.65 and 0.78 for SRPK1 and SRPK2, whilst in 

males, 1-β = 0.31 and 0.09, respectively. As β is the probability of making a type II 

error, 1-β is used as an indicator of power; 0.8 is generally accepted as adequate 

power because it indicates low probability of error. Therefore, a larger age-matched 

dataset may be necessary for the conduction of the analysis of AD occurrence in 
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males in order to determine with confidence if splicing kinases are related to 

diagnosis and/or pathology. 

SRPKs can be characterised by a spacer sequence that splits their catalytic domain 

in two; the spacer has no direct effect on kinase activity (Ngo et al., 2005) but rather 

determines subcellular localisation through a cytoplasmic retention signal. This 

effectively acts as a negative regulator of SRPKs by reducing interaction with the 

spliceosome (Zhong et al., 2009). SRPK1, the ubiquitously expressed member of 

the family, has been proposed to be a constitutively active kinase that does not 

require any post-translational modification to optimise function: While other splicing 

kinases require phosphorylation to be activated, SRPK1 has a relatively short 

activation loop that is readily accessible (Ghosh & Adams, 2011). This makes its 

subcellular localisation more important to the regulation of SRPK1 function 

compared to phosphorylation and other factors (Gonçalves & Jordan, 2015). When 

in the nucleus, SRPK1 phosphorylates the RS domain of SR proteins to control 

alternative splicing of downstream targets (Aubol et al., 2013). SRPK2 is highly 

enriched in the brain but co-expressed with SRPK1 in other human tissues and cell 

lines (Wang et al., 1998). SRPK2 isoforms differ by selection of an alternative start 

exon, encoding different N-terminal sequences; the full length ‘a’ isoform of SRPK2 

is 10aa longer than the ‘b’ isoform and differs by the first 24aa sequence, after which 

the remaining protein sequence is conserved (determined from Ensembl and NCBI 

databases). Interestingly, SRPK1 has only one protein-coding isoform with RefSeq 

on the NCBI database, which encodes the full-length protein. The other listed 

isoform uses an alternative 5’ splice site which results in a novel exon and contains 

an early stop codon, making it a candidate for nonsense-mediated mRNA decay. 

 

Figure 3.4.5.2 Amino-acid sequence for N-terminus of SRPK2 in ‘a’ and ‘b’ isoforms 
which have alternative start exons, encoding full-length and short version respectively. 

 

The removal of the SRPK2 N-terminus was shown to have deleterious effects on its 

activity, indicating that it is necessary for SRPK2 function (Liang et al., 2014); this is 

a unique regulatory feature, since deletion of the SRPK1 N-terminus does not block 

substrate binding or kinetic activity (Ngo et al., 2005; Ngo et al., 2007). Targeting the 

N-terminus provides a potential method for regulation of SRPK activity, which may 

be neuroprotective against AD and other tauopathies. For the purposes of this 
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thesis, expression of full-length isoform of SRPK2 was investigated in the ROSMAP 

dataset. However, if truncation of SRPK2 N-terminal blocks kinetic activity, 

exploiting endogenous regulation of SRPK2 could effectively control its function and 

potentially attenuate SRPK2-mediated tau pathology.  

3.4.6 Relation between Dryk1A expression and AD 

The DYRK1A gene is localised in the Down syndrome (DS) critical region of 

chromosome 21 and is associated with many aspects of DS, including mental 

retardation (Song et al., 1996). Overexpression of DYRK1A in a transgenic mouse 

model replicates key symptoms of DS such as cognition deficit, learning difficulties, 

motor abnormalities, and memory loss (Altafaj et al., 2001). Interestingly, individuals 

with DS develop AD-type pathology very early in life, creating a link between the two 

pathologies (Wisniewski et al., 1985). Indeed, DYRK1A expression was found to be 

dysregulated in AD and other neurodegenerative conditions (Arbones et al., 2019), 

suggesting that Dyrk1A activity may be driving these pathologies and inhibition of 

Dryk1A could alleviate shared symptoms. This hypothesis has been tested using in 

vivo models, where pharmacological Dryk1A inhibition significantly reduced effects 

of pathological tau overexpression and neuroinflammation (Melchior et al., 2019) as 

well as amyloid plaque levels, which effectively recovers cognitive decline (Lee et 

al., 2020). 

In the ROSMAP dataset, there was no clear relationship between Dyrk1A 

expression and AD (see Figures 3.3.5.6-7). In a subgroup of women, the bottom 

quintile for Dyrk1A expression had significantly higher proportion of AD diagnoses 

compared to the top quintile, suggesting a relationship between low Dyrk1A 

expression and occurrence of AD. In addition, 86% of the low Dyrk1A group had 

considerable neuritic (Aβ) plaques required for pathological assessment of probable 

or definite AD. However, CERAD score and tau burden did not significantly differ 

between low and high Dyrk1A groups. Since Dyrk1A expression was not 

consistently associated with pathology of AD, it is reasonable to suggest that 

Dyrk1A is more relevant to DS dementia, and although high Dyrk1A may increase 

risk for AD, it is not necessary for pathogenesis. It could also be argued that Dyrk1A 

plays a less important role in AD than SRPK1/2, as low SRPK groups were 

significantly associated with AD pathology. However, it may in fact be the case that 

AD diagnosis is over-represented in individuals with both low and high Dyrk1A 

expression. However, this somewhat contradicts evidence in the literature for 

elevated Dyrk1A in AD (Arbones et al., 2019). As I previously discussed with relation 

to SRPK, it is not possible to conclude causation or definitively determine if 



108 
 

expressional changes occur as a consequence of disease without empirical 

evidence. 

At least two alternative promoters of the DYRK1A gene regulate transcription with 

different 5’- untranslated regions; cassette exon 1-containing isoforms are only 

found in skeletal muscle and heart whereas exon 2-containing isoforms are 

ubiquitously expressed in the human body (Guimera et al., 1999). The remaining N-

terminal domain encodes a unique nuclear targeting sequence (which confines 

Dyrk1A to the nucleus), and followed by the kinase domain, PEST region, and finally 

a C-terminal domain with histidine repeats and serine/threonine repeats (Kentrup et 

al., 1996; Becker et al., 1998). Conserved tyrosine residue 321 is a key site in the 

activation loop found within the kinase domain; Y321 is auto-phosphorylated in an 

intermediate form of Dyrk1A during translation, hence the final form of Dyrk1A is 

constitutively active (Kentrup et al., 1996). Dyrk1A activity is therefore assumed to 

be directly related to its expression, known as “dosage effect”; significantly altered 

expression, such as dramatically higher Dyrk1A observed in DS with an extra gene 

copy, results in significantly higher kinase activity and leads to pathological 

processes (Abbassi et al., 2015). In light of this, individuals with low Dyrk1A 

expression in ROSMAP dataset can be assumed to have reduced Dyrk1A activity, 

indicating that the association with AD diagnosis does not occur as compensation 

for increased activity. However, it may be that increased Dyrk1A expression is 

phenotypic for early development of AD but is not sustained in end-stage dementia. 

In support of this, plasma Dyrk1A has reported to be significantly decreased in AD 

patients compared to control, while individuals with negative Aβ status actually 

showed a rise in Dryk1A expression with age (Delabar et al., 2020). Indeed, low 

Dyrk1A was more closely related to amyloid status than clusterin, which is a known 

risk factor for AD, further evidence for its involvement in AD pathology. It was 

therefore proposed that decreased Dyrk1A could be a biomarker for AD, which 

altogether agrees with findings from ROSMAP cohort. However, it remains unclear 

why low Dyrk1A is related to the occurrence of AD. 

There is little known about upstream regulation of Dyrk1A, but transcription factor 

E2FI has been identified to increase DRYK1 gene expression (Maenz et al., 2008). 

Additionally, studies on bone homeostasis have suggested that NFATc1 can induce 

Dyrk1A expression, although NFATc1 itself is inhibited by Dryk1A though a negative 

feedback loop (Lee et al., 2009). Investigation of these factors may expand our 

understanding of Dyrk1A regulation, and how its expression may change during AD 

pathogenesis. 
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3.4.7 Relation between low CLK expression and AD pathology 

The CLKs are dual-specificity kinases; with relation to AD, CLKs have been 

established to regulate MAPT exon 10 splicing (Jain et al., 2014) but otherwise have 

not been associated with AD risk or pathology. In the ROSMAP dataset, it was 

found that men with low expression of full-length CLK1 had significantly greater 

number of AD cases than men with relatively high CLK1 expression (see Figure 

3.3.5.9). Although this effect was not supported by CERAD score, the low CLK1 

group did have significantly greater tau burden, which indicates that CLK1 

expression may be closer related to NFT formation than amyloid pathology. 

Interestingly, this effect was not seen replicated in the female subgroup, indicating 

further sex-dependent differences in the roles of kinases in AD. However, women 

with low and high CLK2 expression did show differences in AD-related outcomes 

(see Figure 3.3.5.10). In particular, the low CLK2 group had significantly greater 

pathological assessment of probable or definite AD, as well as greater tau burden 

(determined by NFT fractional area). Although this group did also have more clinical 

diagnoses of AD, this was not statistically significant. Nonetheless, low expression 

of CLK can be associated with greater AD pathology, suggesting that regulating 

CLK expression could manipulate disease progression. 

The CLK kinase domain is located in the C-terminus, highly conserved in the CLK 

family, and containing a signature amino acid motif ‘EHLAMMER ILG’. The N-

terminal domain is poorly conserved between isoforms, but it is considered 

intrinsically disordered due to enrichment of serine/arginine residues, which enable 

the N-terminus to readily interact with the RS domains of SR proteins (Colwill et al., 

1996). It has been proposed to regulate CLK function through presence of a nuclear 

localisation signal; when deleted, there is a significant switch to cytoplasmic 

localisation (Duncan et al., 1997). Additionally, truncation of the N-terminus has 

been shown to significantly increase CLK-1 activity, specifically the rate of reaction, 

suggesting that the N-terminus domain negatively regulates CLK1 (Menegay et al., 

2000). It was proposed that the N-terminus may “conformationally constrain 

catalysis” but the mechanism behind its regulatory function remains unclear. More 

recent studies have shown that the N-terminus is important in facilitating SR protein 

phosphorylation; while CLK1 is able to incorporate a total of 18 phosphates into the 

RS domain of SRSF1, CLK1ΔN (without N-terminus) is only able to add 6 

phosphates (Aubol et al., 2014). Crucially, Aubol et al also reported that (a) full-

length CLK1 bound to SRSF1 with an affinity 15-fold greater than CLK1ΔN, and (b) 

the N-terminus directly interacts with CLK1 kinase domain as well as SR proteins. 
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Based on these collective findings, it was proposed that the N-terminus may act as a 

bridge connecting the CLK1 kinase domain to the RS domain of SR proteins, or bind 

RS domains to draw them closer the CLK active site. 

Interestingly, all four human CLKs are alternatively spliced to produce a full-length 

protein or a truncated protein lacking the kinase domain. The latter occurs when 

91bp exon 4 is skipped, leading to a frameshift and introducing a pre-mature stop 

codon (Johnson & Smith, 1991; Duncan et al., 1995). These isoforms were reported 

to have near 1:1 expressed ratio in most tissues, but it was noted that hindbrain 

(among others) showed much higher levels of the full-length isoform (Menegay et 

al., 2000). The presence of truncated protein is thought to regulate CLK activity, 

perhaps through interactions with full-length CLK and/or SR proteins (Aubol et al., 

2014). Interrogation of the ROSMAP dataset was based on the full-length CLK 

transcripts which were selected for “normal” kinase activity. Manipulating CLK 

activity with truncated isoforms could have an effect on tau pathology, as well as 

other CLK-regulated pathways. 

   

 

Figure 3.4.7 Alternatively spliced isoforms of CLK1 protein. A Exons (length in bp) 
coding CLK1 found in three different isoforms from NCBI database. The CLK1-003 transcript 
skips exon 4 and frameshift results in stop codon and nonsense-mediated decay. B Full-
length protein translated from CLK1 transcripts 007 and 001 and truncated transcript lacking 
kinase domain translated from CLK1-003 transcript. 

 

With regard to AD pathology, CLKs have been shown to increase MAPT exon 10 

skipping (Hartmann et al., 2001); if this were the case, low CLK groups could be 



111 
 

assumed to have greater exon 10 inclusion and therefore increased 4R tau relative 

to 3R tau expression. However, the expression of CLK and other splicing kinases 

was positively related to 4R:3R tau ratio. As the correlation was weak, it is not 

necessarily in contradiction with previous findings, especially considering that 

ANCOVA was conducted on sum of all transcripts, some of which may be regulatory 

(e.g., nonsense-mediated decay) and not a reliable indicator of kinase function. 

Even so, it is clear that splicing kinases can be related to MAPT exon 10 splicing. 

The imbalance in 4R:3R tau ratio is known to occur in AD and is thought to 

contribute to NFT pathology (Park et al., 2016). Indeed, it has been previously 

reported that AD can be characterised by excess of 4R tau (Spires-Jones et al., 

2011; Kopeikina et al., 2012). As many other kinases regulate tau splicing, this 

cannot be wholly dependent on CLK, but it can nonetheless be postulated that CLK 

expression modulates risk of AD through 4R:3R tau ratio and related pathology. 

3.4.8 Targeting splicing kinases as a therapeutic strategy for AD 

SRPK inhibition is being investigated as a novel approach to the treatment of 

numerous conditions, including cancers (Mavrou et al., 2015) and age-related 

macular degeneration (Gammons et al., 2013), through AS of VEGF-A. Since the 

data presented in this chapter relates SRPK expression to the occurrence of AD, I 

was led to the hypothesis that modulation of SRPK activity may affect AD pathology. 

Indeed, VEGF-A is already established to play an important role in AD, particularly 

through its effect on vascular risk, as previously introduced in section 1.6. This 

provides a potential mechanism through which SRPK activity may affect 

pathogenesis in AD brain and targeting SRPK may prove neuroprotective. This 

hypothesis is explored in Chapter 4 through use of SPHINX31, a novel SRPK1 

inhibitor, which is known to alter VEGF-A splicing. 

Both CLK1 and CLK2 expression was also related to the occurrence of AD. CLK has 

been previously proposed as a therapeutic target for AD because CLKs can be 

linked to aberrant splicing in AD, particularly in tau-related pathology (Jain et al., 

2014). This led me to the hypothesis that CLK inhibitors may be used to modulate 

MAPT exon 10 splicing and protect against AD pathology. In Chapter 5, I explore 

the potential use of novel small-molecule CLK inhibitors to shift 4R:3R tau ratio and 

ameliorate AD-related neurotoxicity. 

3.4.9 Concluding remarks 

First, I investigated AS in the cerebellum and frontal cortex of normal human brain to 

identify differences that may make the cortex more susceptible to AD pathology. 
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This primarily identified AS of genes relating to synaptic function, which highlights 

the importance of synaptic regulation to providing protection against AD. Indeed, 

differential expression analyses of the ROSMAP dataset also revealed significant 

enrichment of synaptic genes with AD diagnosis, pathology, and cognitive decline. 

Synaptic loss in AD is driven by accumulation of tau and NFT pathology (Gratuze & 

Holtzman, 2021) which further implicates tau as a key driver of AD pathogenesis. 

In this chapter, I also examined the relationship between splicing kinases and 

occurrence of AD, and I found that groups with low expression of SRPK and CLK 

transcripts have significantly higher proportion of AD pathology and diagnoses than 

high expression groups. This was mostly observed in female groups; sex-dependent 

differences may be dependent on differing biology and/or statistical effect size since 

the male cohort had half the sample size of women in the ROSMAP dataset. 

Although this analysis does not indicate causation, it does relate splicing kinases to 

AD, and suggests that modulation of SRPK and CLK activity could contribute AD 

pathogenesis. To further characterise the role of splicing kinases in AD, in vitro 

models for Aβ and tau hyperphosphorylation related neurotoxicity were used in 

Chapters 4 and 5 to experimentally assess AS of VEGF-A and tau, splicing targets 

of SRPK and CLK, respectively. 
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Chapter 4: The effect of VEGF-A on AD-related neurotoxicity 
 

4.1 Introduction 

The neurovascular unit (NVU) controls blood-brain barrier (BBB) permeability and 

cerebral blood flow, maintaining the chemical composition of cerebral tissue 

required for its proper function (Zlokovic, 2011). The NVU unit comprises vascular 

cells (endothelium, pericytes and smooth muscle), glial cells and neurones. 

Dysfunction of the NVU, and resulting disruption to the BBB, is associated with the 

accumulation of neurotoxins, including β-amyloid, as well as a reduction in cerebral 

blood flow and hypoxia. Cerebrovascular deficits are common in AD: >50% of 

patients have ischaemic white matter damage and >90% of patients have cerebral 

amyloid angiopathy, characterised by the deposition of Aβ in vessel walls (Thomas 

et al., 2015). Furthermore, vascular risk factors, such as atherosclerosis and 

diabetes mellitus, also increase risk of developing AD (Yang et al., 2004). 

4.1.1 Amyloid and VEGF-A 

There is growing evidence that amyloid production and cerebral hypoperfusion are 

inherently linked to each other in AD pathology. VEGF-A, a key regulator of 

angiogenesis, is known to bind to amyloid peptides with high affinity and specificity. 

In addition, it has been found to co-localise with neuritic (Aβ) plaques in the AD 

brain (Yang et al., 2004). Aβ treatment has been shown to alter angiogenesis in a 

concentration dependent manner: At lower concentrations, amyloid can result in the 

stimulation of microvessel formation whereas higher concentrations significantly 

inhibit the angiogenic process in endothelial cells (Paris et al., 2004). Investigation of 

amyloid’s anti-angiogenic activity found that it can inhibit VEGFR2 activation by 

directly binding and acting as an antagonist of the receptor (Patel et al., 2010). 

Furthermore, amyloid treatment of endothelial cells can reverse a VEGF-A induced 

increase in permeability. Considering VEGF-A is a very potent permeability factor, 

these studies put forward strong evidence of amyloid’s ability to antagonise VEGF-A 

related activity. 

Interestingly, levels of VEGF-A are increased in the AD brain, specifically in the 

frontal cortex and para-hippocampus (Thomas et al., 2015). In addition, the total 

level of VEGFR1, a negative regulator of VEGF-A expression, is reduced in AD 

despite being upregulated by hypoxia (Harris et al., 2018). However, this may be 

offset by the fact the ratio of membrane bound to soluble VEGFR1 is also reduced, 

since soluble VEGFR1 is inactive and can sequester VEGF-A by acting as a 
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competitive inhibitor of its ligand. Ultimately, this suggests that inhibition of VEGF-A 

binding at VEGFR2, and related VEGF-A mediated activity, may be driving 

upregulation of its expression. Indeed, Thomas et al. suggested that overproduction 

of VEGF-A in AD may be a compensatory mechanism for reduced cerebral 

perfusion associated with Aβ accumulation. This is supported by evidence that 

VEGF-A expression positively correlates with disease severity (Thomas et al., 

2015). Since cerebral hypoperfusion persists as a symptom of AD, endogenous 

upregulation of VEGF-A may be an insufficient response to NVU dysfunction. 

Exogenous VEGF-A can oppose the effect of high Aβ concentrations and partially 

restore angiogenic activity in vitro (Patel et al., 2010) suggesting that stimulation of 

VEGF-A activity could be relevant to neuroprotection. However, it is important to 

elucidate the direct effect on neurones as the majority of studies so far have only 

characterised role of VEGF-A in the endothelial cell component of the NVU. 

4.1.2 Neurofibrillary tangles and VEGF-A 

As a hallmark of AD pathology, neurofibrillary tangles (NFTs) are the second key 

driver of cognitive decline. NFTs are mainly comprised of hyperphosphorylated tau, 

a protein particularly abundant in neurones, and lead to cell dysfunction and death 

(Theofilas et al., 2018). Compared with amyloid, there is less literature linking NFTs 

to VEGF-A biology, but diminished VEGF-A has been correlated with the presence 

of NFTs in AD cortices (Provias & Jeynes, 2008). Furthermore, the ratio of 

phosphorylated tau to amyloid is considered a strong positive predictor of cognitive 

decline and has been used to identify other CSF biomarkers for AD (Harari et al., 

2014). The use of lentiviral VEGF-A treatment was tested in apoE4-driven AD 

pathology (using mice expressing the ε4 allele) and VEGF-A was found to reverse 

apoE4-associated increase in hyperphosphorylated tau as well as amyloid 

accumulation (Salomon-Zimri et al., 2016). Considering this evidence for crosstalk 

between amyloid, tau and VEGF-A, it is necessary to account for both amyloid and 

tau hypotheses in order to properly understand the role of VEGF-A in AD pathology. 

4.1.3 AD-related neurotoxicity in vitro 

The accumulation of Aβ leads to cell death through generation of reactive oxygen 

species (ROS) and mitochondrial dysfunction in the AD brain (Cheignon et al., 

2018). To create a pathologically relevant in vitro model, oxidative species and 

exogenous Aβ can be used to induce concentration-dependent toxicity in neuronal 

cell lines. Introduction of Aβ in a cell assay has been previously reported to be 

problematic since Aβ can rapidly assemble in different aggregation states, leading to 
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different physiological effects and inconsistency between assays (Faller & Hureau, 

2020). Naturally, Aβ in the AD brain is also found to assemble by different 

mechanisms, but in vitro this creates an obstacle to building a robust assay. 

However, investigation of the relative toxicity of aggregation states could perhaps 

shed light on which mechanisms are linked to pathogenesis of AD. “Amyloids” are 

the most stable form of Aβ assembly, defined as fibrillar aggregates with a high 

content of β-sheet structures, whilst amorphous aggregates are larger assemblies of 

mainly unstructured peptides. There are also Aβ oligomers, which usually refers to 

soluble Aβ aggregates with a limited size, and are now thought to be the most toxic 

form of amyloid (Lee et al., 2017). In this chapter, all Aβ treatments were conducted 

immediately after suspension of DMSO stock in ice-cold water, which is 

recommended for an unaggregated state (Stine et al., 2011). In this instance, Aβ 

treatment of Neuro2a cells was shown to cause a concentration-dependent 

decrease in cell survival but was less severely toxic than oligomeric and fibrillar 

forms. 

In order to model tau-related neuronal dysfunction, okadaic acid (OA) was selected 

as a neurotoxin that is known to cause hyperphosphorylation and abnormal 

aggregation of tau. A neurite outgrowth assay was developed to provide a functional 

measure of OA-induced toxicity in vitro; this was achieved by using βIII-tubulin as a 

neuronal-specific marker that is also linked to AD pathophysiology. Together, α- and 

β-tubulins make up heterodimers that polymerise into microtubules, and the function 

of microtubules is known to be disrupted in AD (Nasu et al., 2020). This is perhaps 

unsurprising since tau is a microtubule associated protein, but it also has wider 

implications on pathophysiology, since microtubules are required for cell morphology 

and axon stability, as well as maintenance of cell cycle and division. Critically, if co-

treatments are able to protect and stabilise microtubules, as indicated by 

maintenance of βIII-tubulin and neurite outgrowth, they could also significantly 

reduce downstream effects of microtubule dysfunction, including cell death, and 

therefore offer real therapeutic options for AD.  

4.1.4 Hypotheses 

Central to this work is the notion that VEGF-A is not limited to its original discovery 

as a vascular protein but rather a pleiotropic protein that exerts cytoprotective 

effects in the nervous system (Greenberg & Jin, 2005). It has thus been proposed to 

act as an neuroprotective agent implicated in a number of neurodegenerative 

conditions, including AD (Storkebaum et al., 2004). In cases of ischemic injury, 

VEGF-A not only protects neural tissue by reperfusion but also directly exerts 
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neurotrophic (survival) and neurotropic (neurogenesis) actions (Hobson et al., 

2000). I wanted to investigate the use of VEGF-A as a neuroprotective agent using 

in vitro models relevant to AD pathology. In addition to this, I aimed to look at the 

effects of alternative splicing isoform VEGF-A165b, which has previously been shown 

to protect against sensory neuronal degeneration in a model of diabetes (Hulse et 

al., 2015) but had not yet been studied in AD. The SRPK1 inhibitor SPHINX31, 

which can shift VEGF-A splicing from VEGF-A165a to VEGF-A165b isoforms, had 

never been used in the context of AD either. I initially established a neuronal cell 

assay based on oxidative stress since ROS production is widely accepted to be 

crucial to amyloid plaque toxicity (Cheignon et al., 2018). I then proceeded to use 

amyloid as a direct neurotoxin. Metabolic activity was used as a proxy for cell 

viability to quantify neuronal insult and investigate the potential protective effect of 

VEGF-A165 isoforms. Finally, I investigated the effect of VEGF-A and SPHINX31 

treatments in a neuronal outgrowth assay based on the induction of tau 

hyperphosphorylation (Metin-Armagan et al., 2018). 

The hypotheses for this chapter are: 

1. NGF and VEGF-A165 isoforms will increase viability of SHSY5Y cells and 

N2a cells. 

2. NGF and VEGF-A165 isoforms will protect against H2O2-induced reduction 

in neuronal viability. 

3. VEGF-A165 isoforms will protect against amyloid-induced reduction in 

neuronal viability. 

4. VEGF-A165 isoforms will ameliorate reduction in neuronal outgrowth 

induced by okadaic acid.  

5. SRPK1 inhibition with SPHINX31 treatment of SHSY5Y cells will shift 

VEGF-A splicing toward VEGF-A165b isoform. 

6. SPHINX31 treatment will replicate the neuroprotective effect of VEGF-

A165b in the neuronal outgrowth assay. 
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4.2 Methods  

Human SHSY5Y cells and mouse N2a cells were cultured for use in vitro. Cells 

were treated with neurotoxic agents hydrogen peroxide, β-amyloid or okadaic acid 

for 24h with and without 2.5nM (100ng/mL) VEGF-A co-treatment. Neuroprotective 

agent NGF was used as a positive control. For SRPK1 inhibition, cells were treated 

with SPHINX31 for 24-72h (depending on assay) at a range of 1-10µM. Cells were 

assayed for cell viability with WST-1 reagent. After 0.5-1h incubation, Magellan 

microplate reader was used at 480nm wavelength with 620nm reference. Cells were 

assayed for neurite outgrowth with βIII tubulin immunofluorescence. Images were 

taken with Leica confocal microscope at 20x and 40x magnification. The VEGF-

A165a and VEGF-A165b ELISA were performed on whole cell lysates collected from 

SHSY5Y cell culture. Unless stated otherwise, all replicates are experimental 

(technical) replicates. All methods are described in detail in Chapter 2. 
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4.3 Results 

4.3.1 VEGF-A isoforms are neuroprotective against oxidative stress 

To establish an assay of neuronal toxicity, SHSY5Y and N2a cells were treated with 

hydrogen peroxide, a strong reactive oxygen species that can induce oxidative 

stress in vitro (Bonello et al., 2007). The WST-1 assay showed a decrease cell 

viability at 150-250µM and 25-100µM H2O2 in SHSY5Y cells (Figure 4.3.1.1A) and 

N2a cells (Figure 4.3.1.1B), respectively. These concentrations were selected based 

on the published work in SHSY5Y cells (Ossola et al., 2012; Garcimartin et al., 

2017) and my own optimisation of culture conditions. Co-treatment with 

neuroprotective agent NGF was used as a positive assay control since it is known to 

consistently increase neuronal cell survival (Bogetti et al., 2018). WST-1 assay 

quantified a significant increase in viability of both cell lines (two-way ANOVA, 

p<0.01), validating the use of the assay to investigate the effect of VEGF-A isoforms 

in this in vitro model of oxidative stress. 

 

Figure 4.3.1.1 NGF increases metabolic activity of SHSY5Y cells and N2a cells co-
treated with hydrogen peroxide. SHSY5Y cells and N2a cells were treated with H2O2 
alone or with NGF for 24h and a WST-1 assay was performed to measure metabolic activity. 
Readings were normalised against an assay control (media + WST-1 reagent) and 
experimental control (cells treated with PBS or NGF alone + WST-1 reagent). A 
Concentration-dependent decrease in percent metabolic activity of SHSY5Y cells with H2O2. 
NGF treatment significantly increased metabolic activity compared to control group (two-way 
ANOVA, p<0.01). B Concentration-dependent decrease in percent metabolic activity of N2a 
cells with H2O2. NGF treatment significantly increased metabolic activity compared to control 
group (two-way ANOVA, p<0.01). N=3-4 replicates. 
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In SHSY5Y cells, treatment with 100ng/mL recombinant VEGF-A165a acted against 

increasing concentrations of hydrogen peroxide and significantly increased cell 

viability (two-way ANOVA, p<0.01) in a similar manner to NGF. There is an upward 

shift in cell metabolic activity where the drop in the control group induced by 150µM 

H2O2 (62% ±9.8% of control) is completely recovered by 100ng/mL VEGF-A165a 

(shown in Figure 4.3.1.2A below). In N2a cells, there was no significant difference in 

the viability with VEGF-A165a treatment (see Figure 4.3.1.2B) but measured slightly 

higher under 50-100µM H2O2.  

 

Figure 4.3.1.2 VEGF-A165a increases metabolic activity of SHSY5Y cells and N2a cells 
co-treated with hydrogen peroxide. SHSY5Y cells and N2a cells were treated with H2O2 
alone or with 100ng/mL VEGF-A165a for 24h and a WST-1 assay was performed to measure 
metabolic activity. A Concentration-dependent decrease in percent metabolic activity of 
SHSY5Y cells with H2O2. VEGF-A165 treatment consistently and significantly increased 
metabolic activity compared to control group (two-way ANOVA, p<0.01). B Concentration-
dependent decrease in percent metabolic activity of N2a cells with H2O2. VEGF-A165 
treatment slightly increased metabolic activity compared to control but not to a significant 
degree (two-way ANOVA, p>0.05). N=3-4 replicates. 
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Recombinant VEGF-A165b has previously demonstrated cytoprotective properties in 

the retina (Magnussen et al., 2010), as measured by the same WST-1 assay used in 

this study. In SHSY5Y cells, 100ng/mL VEGF-A165b treatment induced a similar 

effect. Figure 4.3.1.3 shows an upward shift in cell metabolic activity where VEGF-

A165b completely recovered the decrease in the control group at 150µM H2O2 (62% 

±9.8% of control). As previously seen with VEGF-A165a, there was no significant 

difference in the viability of N2a cells with 100ng/mL VEGF-A165b treatment, but it 

measured slightly higher under 50-100µM H2O2.  

 

Figure 4.3.1.3 VEGF-A165b increases metabolic activity of SHSY5Y cells and N2a cells 
co-treated with hydrogen peroxide. SHSY5Y cells and N2a cells were treated with H2O2 
alone or with 100ng/mL VEGF-A165b for 24h and a WST-1 assay was performed to measure 
metabolic activity. A Concentration-dependent decrease in percent metabolic activity of 
SHSY5Y cells with H2O2. VEGF-A165b treatment consistently and significantly increased 
metabolic activity compared to control group (two-way ANOVA, p<0.05). B Concentration-
dependent decrease in percent metabolic activity of N2a cells with H2O2. VEGF-A165b 
treatment slightly increased metabolic activity compared to control but not to a significant 
degree (two-way ANOVA, p>0.05). N=3-4 replicates. 
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4.3.2 VEGF-A isoforms are neuroprotective against Aβ-induced neurotoxicity 

In the development of the amyloid in vitro model, increasing concentrations were 

used to reduce cell viability in accordance to guidance from the literature, 

particularly methods chapter detailing how to prepare amyloid in unaggregated, 

oligomeric and fibrillar states (Stine et al., 2011). Since amyloid has a tendency to 

aggregate in vitro and its unaggregated form had been shown to reduce viability of 

N2a cells, this method was selected for my study. In SHSY5Y cells, 10-100nM 

amyloid did not have any effect on cell viability after both 24h and 48h treatment. 

However, 1µM amyloid significantly decreased viability to 80% ±3% of control after 

24h, as presented in Figure 4.3.2.1A. As 48h treatment produced a very similar 

response, the remainder of assays were carried out after 24h incubation. The same 

optimisation was repeated in N2a cells: although viability decreased to 69% ±8% of 

control with 24h 1µM amyloid treatment, the assay did not produce a consistent 

decrease in viability (see Figure 4.3.2.1B). To validate the use of WST-1 as a 

measure of cell viability, both SHSY5Y and N2a cells were treated with 

chemotherapy agent cisplatin: 24h treatment produced a decrease to 35% ±4% and 

40% ±2% of control viability, shown in Figure 4.3.2.1C and D, respectively. 
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Figure 4.3.2.1 β-amyloid (Aβ) caused modest decrease in metabolic activity of 
SHSY5Y cells and N2a cells. SHSY5Y cells and N2a cells were treated with increasing 
concentrations of Aβ for 24h and 48h. WST-1 assay was performed to measure metabolic 
activity and readings were normalised against an assay control (media + WST-1 reagent) 
and experimental control (cells treated with vehicle alone + WST-1 reagent). N=3 replicates. 
A After both 24h and 48h treatment, SHSY5Y cells were not affected by 10-100nM Aβ but 
percent metabolic activity was significantly decreased with 1µM Aβ (two-way ANOVA, 
p<0.0001). B N2a cells had a variable response to different concentrations of Aβ. Metabolic 
activity was reduced but not to a significant degree (two-way ANOVA, p>0.05). C D 
Normalised to control, cisplatin decreased metabolic activity in both SHSY5Y cells and N2a 
cells. 

 

In this model, SHSY5Y cells were treated with 100ng/mL recombinant VEGF-A165a 

and VEGF-A165b to identify whether they could rescue amyloid-induced reduction in 

cell viability. Treatment with 100ng/mL VEGF-A165a and VEGF-A165b recombinant 

protein alone did not significantly alter metabolic activity compared to vehicle control 

(p>0.05). Treatment with 1µM amyloid alone significantly decreased cell viability to 

63% ±5% of control (one-way ANOVA, p<0.05), but when co-treated with either 

VEGF-A165a (in Figure 4.3.2.2A) or VEGF-A165b (in Figure 4.3.2.2B), there was no 

significant drop in cell viability between with 1µM amyloid (p>0.05). Comparing 

amyloid treatment groups, Tukey’s multiple comparisons test revealed that SHSY5Y 

cells with Aβ + VEGF-A165a treatment were not significantly to Aβ alone, viability 

measured at 81% ±7% of control (p>0.05). VEGF-A165b co-treated cells had similar 

metabolic activity, measured at 84% ±5% of control, but this was significantly higher 

than Aβ alone (p<0.05).  

 

Figure 4.3.2.2 VEGF-A165a or VEGF-A165b treatment recovers Aβ-induced decrease in 
metabolic activity in SHSY5Y cells. A Normalised metabolic activity showed decrease with 
1µM Aβ (one-way ANOVA, p<0.05) and was recovered with co-treatment of VEGF-A165a. 
Treatment with 100ng/mL VEGF-A165a alone did not significantly change metabolic activity. 
B Similarly, 100ng/mL VEGF-A165b alone did not change metabolic activity but protected 
against Aβ-induced reduction. N=3 replicates. 
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As previously demonstrated in Figure 4.3.2.1, 1µM amyloid did not cause a 

significant decrease in N2a cell viability, measured at an average 92% ±8% of 

control. Co-treatment with 100ng/mL VEGF-A165a and VEGF-A165b maintained a 

similar level of cell viability, at 82% ±9% and 80% ±4% of control, seen in Figure 

4.3.2.3A and B, respectively. 

 

Figure 4.3.2.3 Aβ treatment did not replicate decreased in metabolic activity in N2a 
cells. A No consistent change in metabolic activity of N2a cells was measured with WST-1 
assay with 1µM Aβ nor 100ng/mL VEGF-A165a. B Furthermore, co-treatment with 100ng/mL 
VEGF-A165b did not produce a measurable change in metabolic activity by WST-1 assay of 
N2a cells. N=3 replicates. 

 

4.3.3 VEGF-A isoforms are protective in neuronal outgrowth assay 

Okadaic acid (OA) is a neurotoxic agent that has been established to cause 

hyperphosphorylation and aggregation of tau in SHSY5Y cells (Boban et al., 2019). I 

used OA to develop a neurite outgrowth assay, which was selected to be a basic 

measure of neuronal viability and function that is closely related to the primary role 

of tau as a microtubule-associated protein. Tau stabilises the neuronal cytoskeleton 

by copolymerising with tubulin for microtubule formation. However, an increase in its 

phosphorylation reduces its interaction with microtubules, causing destabilisation of 

the cytoskeleton and neurodegeneration (Lindwall & Cole, 1984; Iqbal et al., 2010). 

βIII tubulin antibody was selected as a neuronal specific marker (Draberova et al., 

1998) and used to probe SHSY5Y cells treated with increasing concentration of OA, 

as presented in Figure 4.3.3.1A. Quantification showed a concentration-dependent 

decrease in cell number (Figure 4.3.3.1B) and normalised neurite outgrowth length 

(Figure 4.3.3.1C). At 3nM OA, SHSY5Y cells decreased to 60% ±9% of control cell 

number and 56% ±9% of control neurite outgrowth length. Based on these findings, 

the outgrowth assay was taken forward to interrogate the neuroprotective effect of 

VEGF-A isoforms. 
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Figure 4.3.3.1 Reduced neurite outgrowth with increased concentration of OA. A 
Neurone-specific marker βIII tubulin identified neurites in SHSY5Y cells shown in green. Cell 
nuclei stained with Hoechst shown in blue. Merged images in final row. N=3 replicates (18 
images) per condition. B Decreased number of live cells with increased concentration of OA. 
Nuclei automatically counted on FIJI software with a macro C Neurite length was quantified 
using simple tracer and the sum neurite length was divided by number of nuclei. The 
outgrowth in SHSY5Y cells treated with OA was plotted as percentage of DMSO control. 
Points = mean, error bars = SEM. 
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SHSY5Y cells co-treated with OA and 100ng/mL recombinant VEGF-A165a (as 

shown in the second panel of Figure 4.3.3.2A) had significantly increased neurite 

outgrowth compared with vehicle and with OA alone (two-way ANOVA, p<0.05). 

There is an upward shift in neurite length, where in the absence of OA, the average 

neurite length per cell increased from 22µm ±1µm to 30µm ±2µm (see Figure 

4.3.3.2B). With up to 3nM OA, 100ng/mL VEGF-A165a maintained higher neurite 

outgrowth in SHSY5Y cells, as seen by the increase from 12µm ±1µm to 18µm 

±1µm. When neurite outgrowth was normalised to the -OA control in each group, 

there was overlap between two curves with and without VEGF-A165a (see Figure 

4.3.3.2C), indicating that VEGF-A165a increased baseline neurite outgrowth but did 

not counteract the OA-induced decrease. For example, with 3nM OA, PBS and 

VEGF-A165a treated cells had an average 56% ±5% and 59% ±3% of their -OA 

controls, respectively. 
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Figure 4.3.3.2 VEGF-A165a increased neurite outgrowth in SHSY5Y cells co-treated with 
OA. A Neurone-specific marker βIII tubulin identified neurites in green. Cell nuclei stained 
with Hoechst shown in blue. N=3 replicates (18 images) per condition. B Using FIJI software, 
neurite length was quantified using simple tracer and the sum neurite length was divided by 
number of nuclei counted with a macro. Plot showed that average neurite length is 
significantly and consistently higher with 100ng/mL VEGF-A165 in control, 1nM and 3nM OA 
treatments (two-way ANOVA, p<0.05). With 10nM OA, VEGF-A165 did not have an effect. C 
Neurite outgrowth was plotted as percentage of DMSO control with and without VEGF-A165 

treatment. Points = mean, error bars = SEM. 

 

In comparison, 100ng/mL recombinant VEGF-A165b alone did not induce an increase 

in neurite outgrowth in vehicle treated neurones (as shown in the second panel of 

Figure 4.3.3.3A). However, VEGF-A165b treated SHSY5Y cells did maintain 

significantly higher sum neurite outgrowth when treated with OA (two-way ANOVA, 

p<0.01). While 3nM OA decreased neurite outgrowth from 22µm ±1 µm to 12µm 

±1µm in the control group, VEGF-A165b treated cells had average neurite length of 

22µm ±2 µm and 21µm ±1µm, respectively (see Figure 4.3.3.3B). This equated to 

maintaining 97% ±6 of -OA control with 100ng/mL VEGF-A165b treatment and 

resulted in a rightward shift in the normalised curve, as shown in Figure 4.3.3.3C. 
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Figure 4.3.3.3 VEGF-A165b recovered OA-induced decrease in neurite outgrowth. A 
Neurone-specific marker βIII tubulin identified neurites in green. Cell nuclei stained with 
Hoechst shown in blue. N=3 replicates (18 images) per condition. B Using FIJI software, 
neurite length was quantified using simple tracer and the sum neurite length was divided by 
number of nuclei counted with a macro. Plot showed that 100ng/mL VEGF-A165b treatment 
alone did not increase average neurite length but maintained outgrowth in SHSY5Y cells co-
treated with 1nM and 3nM OA where average length was significantly higher than PBS 
control (two-way ANOVA, p<0.01). With 10nM OA, 100ng/mL VEGF-A165b did not have an 
effect. C Neurite outgrowth was plotted as percentage of DMSO control with and without 
VEGF-A165b treatment. Points = mean, error bars = SEM. 

 

To quantify the effect of VEGF-A isoforms on OA-induced decrease in neurite 

outgrowth, the half maximal inhibitory concentration (IC50) of OA on sum outgrowth 

(per cell) was compared between groups co-treated with vehicle only, VEGF-A165a 

or VEGF-A165b. Using log inhibitor vs response curves on GraphPad Prism, I found 

that VEGF-A165a treatment caused a modest increase in IC50 from 3.0µM to 3.4µM 

whilst VEGF-A165b treatment caused a greater increase to 5.1µM. This suggests that 

VEGF-A165b treatment exerts a stronger protective effect on outgrowth as higher 

concentration of OA is required to produce the same level of “dieback”, i.e., decline 

in neuritic outgrowth. 

 

  

Co-treatment PBS (vehicle) VEGF-A165a VEGF-A165b 

Bottom Constrained ≥ 0 

Top 24.18 33.36 24.83 

LogIC50 0.479 0.534 0.710 

IC50 3.011 3.423 5.133 
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Table 4.3.3: Summary of the effect size and IC50 of VEGF-A isoforms on OA-induced 
neurite “dieback” in SHSY5Y cells. Values based on N=3 biological replicates per 
condition and quantification of sum neurite outgrowth normalised to the number of cells in 
field of view. 

 

4.3.4 SRPK1 inhibition can shift splicing of VEGF-A in SHSY5Y cells 

SPHINX31 is a SRPK1 inhibitor that has been shown to switch splicing from VEGF-

A165a to VEGF-A165b in endothelial cells, as well as DRG. Consequentially, 

SPHINX31 is a powerful investigatory tool for alternative splicing of VEGF-A and 

other genes regulated by SRPK1. However, SPHINX31 has not been previously 

used on SHSY5Y cells. Since recombinant VEGF-A165b was shown to have 

neuroprotective effects in SHSY5Y cells, I wanted to determine whether use of 

SPHINX31 could increase endogenous expression of VEGF-A165b, and potentially 

replicate the same physiological results. To quantify relative expression of VEGF-A 

isoforms, competitive RT-PCR primers were used to produce bands for VEGF-A165a 

and VEGF-A165b respectively, with the forward primer in exon 7a and the reverse 

primer in exon 8b/3’ UTR. However, VEGF-A165b expression was not detectable in 

control or SPHINX31-treated samples. To validate use (and specificity) of the 

primers, plasmids for VEGF-A165a and VEGF-A165b were run together with SHSY5Y 

samples and demonstrated distinct bands for expression of both isoforms, as seen 

in Figure 4.3.4.1. Lack of VEGF-A165b detection could be due to the fact it is 

expressed comparatively lower than VEGF-A165a, causing its amplicon to be out-

competed by the other isoform.  

 

Figure 4.3.4.1 VEGF-A165b bands are not detectable by conventional RT-PCR in 
SPHINX31 treated SHSY5Y samples. Cells were treated with 1µM, 3µM, and 10µM 
SPHINX31 and RT-PCR was conducted to quantify VEGF-A isoform expression. Positive 
control plasmids for VEGF-A165a and VEGF-A165b expression selectively showed detection of 
each isoform. NTC = no template control for cDNA and PCR reaction. 
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As an alternative and highly sensitive measure of expression, ELISA was used to 

detect relative expression of VEGF-A165a and VEGF-A165b isoforms in SHSY5Y 

cells. Optimisation of this ELISA is described in section 2.5.4, and the standard 

curves used for relative protein quantification are shown in Figure 4.3.4.2 below 

(minus “blank” i.e., OD measured from 1% BSA only). All values were then 

normalised to vehicle control group VEGF-A isoform expression. 

 

Figure 4.3.4.2 Standard curves for VEGF-A165a and VEGF-A165b ELISA show detection 
window for protein expression. Two standard curves are shown on each graph for two 
independent ELISA plates, run for SHSY5Y cell lysates and media samples. Quantification 
of VEGF-A165a has a larger window than VEGF-A165b. Dots indicate mean values (from 
duplicate) and dashed lines indicate SD. 

 

Expression of both isoforms was detectable in both cell lysate and media collected 

from SHSY5Y samples. In the cell lysate, VEGF-A165a expression did not change 

with SPHINX31 treatment (Figure 4.3.4.3A) but VEGF-A165b significantly increased 

82.6% ± 7.7% above vehicle control with 1µM SPHINX31 (Figure 4.3.4.3C, one-way 

ANOVA, p<0.001). The ratio of VEGF-A165a:VEGF-A165b in cell lysate was 

calculated to show a significant decrease with both 1µM and 10µM SPHINX31 

treatment (shown in  Figure 4.3.4.3E, p<0.001 and p<0.05, respectively). However, 

this effect was not concentration-dependent, suggesting that lowest concentration 

1µM SPHINX31 was sufficient to induce shift in VEGF-A splicing toward the VEGF-

A165b isoform, and this was the maximal effect observable in SHSY5Y cells through 

SRPK1 inhibition. 

In cell media, VEGF-A165a expression significantly reduced with 10µM SPHINX31 

treatment to 63.5% ± 1.1% of vehicle control, as shown in Figure 4.3.4.3B 

(p<0.0001, one-way ANOVA). VEGF-A165b expression showed a general increase, 

albeit variable, in Figure 4.3.4.3D. At 3µM and 10µM SPHINX31, VEGF-A165b 

expression was measured to be 97.3% ± 12.2% and 66.6% ± 26.1% higher than 
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vehicle control, respectively (p<0.05 at 3µM treatment, one-way ANOVA), This 

caused a significant decrease in the ratio of VEGF-A165a:VEGF-A165b in cell media 

at both 3µM and 10µM SPHINX31 treatment (see Figure 4.3.4.3E). This is a 

measure of secreted protein and confirms that altered splicing of VEGF-A in 

SPHINX31-treated SHSY5Y cells can be quantified in both intracellular and 

extracellular protein.  
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Figure 4.3.4.3 SPHINX31 treatment significantly reduces VEGF-A165a:VEGF-A165b ratio 
expression in SHSY5Y cells. A SPHINX31 does not produce measurable change in VEGF-
A165a expression in cell lysate. B Similarly, VEGF-A165a in cell media remains stable with 1-
3µM SPHINX31 but is significantly reduced with 10µM treatment (p<0.0001, one-way 
ANOVA). C Cell lysate shows a significant increase in VEGF-A165b with 1µM SPHINX31 
(p<0.001) and there is also a trend of higher VEGF-A165b expression with 3µM and 10µM 
SPHINX31 treatment. D Cell media shows measured increase in VEGF-A165b with 3µM and 
10µM SPHINX31 treatment. Measured increase with 3µM is statistically significant (p<0.05, 
one-way ANOVA). E F The ratio of VEGF-A165a:VEGF-A165b is significantly reduced in both 
cell lysate and media with SPHINX31 treatment, but this does not occur in a concentration-
dependent manner (p<0.001 and p<0.05, one-way ANOVA). N=3 biological replicates and 
N=2 technical replicates. 

4.3.5 SRPK1 inhibition is protective of neuronal outgrowth through a VEGF-

A165b mediated mechanism 

Based on the findings that VEGF-A165b can increase outgrowth of SHSY5Y cells and 

SPHINX31 can shift splicing from VEGF-A165a toward VEGF-A165b, the next logical 

step was to determine whether SPHINX31 treatment would have comparable effects 

on neurite outgrowth to recombinant VEGF-A165b. Using the OA neurotoxicity model 

(with DMSO vehicle control, representative images shown in Figure 4.3.5.1A), I 

found that SPHINX31 treatment protected against OA-induced decline in SHSY5Y 

cell outgrowth. As shown in Figure 4.3.5.1B, OA significantly reduces outgrowth in a 

concentration-dependant manner, while SPHINX31 ameliorates OA-induced neurite 

“dieback”. At 1nM, SPHINX31-treated cells showed higher neurite outgrowth at an 

average of 18.4µm ± 1.1µm compared to 14.8µm ± 0.6µm but this was not 

significantly different (two-way ANOVA, p>0.05). At 3nM OA, SPHINX31 treatment 

increased outgrowth from an average of 16.7µm ± 1.3µm to 8.9µm ± 1.0µm (two-

way ANOVA, p<0.0001). At 10nM OA, SPHINX31 treatment was no longer 

neuroprotective. In fact, outgrowth was effectively ablated with this treatment 

combination, as very few cells were observed compared to the control group (Figure 

4.3.5.1A). Similar results were seen in previous iterations of this assay with PBS 

vehicle control, which could imply that DMSO alone may affect outgrowth. However, 

higher cell survival could equally be due to inter-plate variance in seeding densities 

and cell passage, etc. As vehicles were independently controlled in each 

experiment, any vehicle effect should have no bearing on the experimental results. 
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Figure 4.3.5.1 SPHINX31 significantly ameliorates OA-induced decline in neurite 
outgrowth from SHSY5Y cells. A Neurone-specific marker βIII tubulin identified neurites in 
green. Cell nuclei stained with Hoechst shown in blue. Neurite outgrowth was calculated by 
tracing neurites on Image J and dividing the sum length per image by the number of cells. B 
SPHINX31 co-treatment significantly ameliorates decline in neurite outgrowth induced by 
3nM OA (two-way ANOVA, p<0.0001). N=3-5 biological replicates per condition. 

 

OA was used in this thesis to model AD-related neurotoxicity, since OA is known to 

induce hyperphosphorylation of tau (Martin et al., 2011). However, the relative 

expression of 4R and 3R tau isoforms (see section 1.4) is also important to AD 

pathology (Espindola et al., 2018). Since SRPK1 is a splicing kinase, and 

SPHINX31 is a selective and potent SRPK1 inhibitor, I wanted to determine whether 

SPHINX31 and OA co-treatment caused a shift in the 4R:3R tau ratio. Tau splicing 
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will be discussed in greater detail in Chapter 5, but for the purpose of this 

experiment, it is important to note that although SHSY5Y cells preferentially express 

3R tau, they do endogenously express both 4R and 3R tau isoforms. SPHINX31 

treatment showed slightly increased 4R:3R tau ratio, quantified to be 32% ± 7% 

higher than control group (see Figure 4.3.5.2 below). However, this change was not 

statistically significant, and 3nM OA treatment did not induce a significant shift in the 

4R:3R tau ratio either (one-way ANOVA, p>0.05). This indicates that the observed 

physiological effect of SPHINX31 on outgrowth is not dependent on alternative 

splicing of the MAPT gene. The vehicle for both OA and SPHINX31 is DMSO, thus 

all values were normalised to 0.02% DMSO treated control group.  

 

Figure 4.3.5.2 OA and SPHINX31 treatments do not significantly alter the 4R:3R tau 
ratio in SHSY5Y cells. A SHSY5Y cells were treated with 3nM OA and/or 3µM Sphinx31 for 
24h. MAPT PCR was carried out using primers spanning exon 10 (forward primer in exon 9, 
reverse primer in exon 11) to quantify relative expression of 4R and 3R tau isoforms. Images 
show tau isoform expression and housekeeping gene GAPDH matched to each sample. B 
Sphinx31 treatment does not significantly alter 4R:3R tau ratio (one-way ANOVA, p>0.05). 
All presented 4R:3R tau ratios are normalised to the control group. The variability of control 
group itself is shown by normalisation to its own average. N=4, error bars show SEM. 
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To determine whether the neuroprotective effect of SPHINX31 is dependent on 

alternative splicing of VEGF-A, the outgrowth assay was repeated with 56/1 

antibody co-treatment, which neutralises the VEGF-A165b isoform (presented in 

Figure 4.3.5.3A). Compared to the SPHINX31 group, SHSY5Y cells treated with 

SPHINX31 + 56/1 showed significantly reduced outgrowth (Figure 4.3.5.3B), 

indicating that amelioration of outgrowth with SPHINX31 does in fact occur through 

increased VEGF-A165b expression. In the presence of 1nM OA and 3nM OA 

respectively, SPHINX31 treated cells were quantified to have average sum 

outgrowth of 18.4µm ± 1.1µm and 16.8µm ± 1.2µm, which was higher than 

averages 14.8µm ± 0.6µm and 8.9µm ± 1.0µm in vehicle control (two-way ANOVA, 

p>0.05 and p<0.0001, respectively). When co-treated with both SPHINX31 and 56/1 

antibody, there was a significant reduction in neurite outgrowth compared to 

SPHINX31 alone, at an average sum length of 12.5µm ± 0.4µm (two-way ANOVA, 

p<0.001). This was not significantly different to the control group at 3nM OA (two-

way ANOVA, p>0.05). 
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Figure 4.3.5.3 VEGF-A165b neutralisation with 56/1 antibody significantly reduces the 
neuroprotective effect of SPHINX31 treatment. A SHSY5Y cells were treated for 24h with 
1-10nM OA and a combination of 3µM Sphinx31 + 56/1 co-treatments. Neurone-specific 
marker βIII tubulin identified neurites shown in green. Cell nuclei stained with Hoechst shown 
in blue. Using FIJI software, neurite length was quantified using simple tracer and the sum 
neurite length was divided by number of nuclei counted with a macro. B Compared to 
control, SPHINX31 treatment significantly ameliorates decline in outgrowth at 3nM OA (two-
way ANOVA, p<0.0001). Co-treatment with 56/1 in addition to Sphinx31 reduces the 
protective effect of Sphinx31, significantly reducing outgrowth again (p<0.05, indicated by #). 
Neuronal outgrowth in this treatment group was not significantly different to 3nM OA alone 
(p>0.05). N=3-5 replicates per condition, error bars show SEM. 
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4.4 Discussion 

There are numerous in vitro models for AD that incorporate different aspects of its 

pathology. To investigate the neuroprotective properties of VEGF-A isoforms, it was 

necessary to develop a robust neurotoxicity assay that consistently presented 

concentration-dependent cell death within a reasonable range and that could be 

rescued by neuroprotective agents.  

4.4.1 VEGF-A165 isoforms increase viability of SHSY5Y cells in oxidative stress 

in vitro model 

For optimisation of the oxidative stress model, H2O2 was used at a range of 

concentrations alongside a positive assay control, NGF. In both SHSY5Y and N2a 

cell lines, NGF treatment evoked a significant and dependable increase in cell 

viability. It is worth noting that there was not a significant increase in cell viability 

with NGF treatment compared to the no treatment control, indicating good cell 

maintenance in its absence. When treated with either VEGF-A165a or VEGF-A165b, 

SHSY5Y cells demonstrated a similar increase in metabolic activity normalised to - 

H2O2 control. This is in alignment with other studies which have demonstrated 

VEGF-A dependent neuroprotection (Beazley-Long et al., 2013) and supports the 

hypothesis that VEGF-A treatment can increase neuronal viability in the presence of 

oxidative stress. There wasn’t an observable difference in the effect of alternative 

splicing isoforms which suggests that despite having opposing effects on 

angiogenesis (Nowak et al., 2010) both splicing families maintain neuroprotective 

effects in these cell lines.  

However, VEGF-A induced increase in cell viability was not reproduced in N2a cells. 

This could be attributed, at least in part, to the smaller cell viability window where 

relatively low concentrations of hydrogen peroxide (e.g. 50µM) reduced cell viability 

to less than half of control. There is limited literature surrounding VEGF-A function in 

N2a cells, but it has been reported that inhibition of VEGF-A with a neutralising 

antibody increases N2a cellular viability under hypoxic conditions (Saraswat et al., 

2015). This finding was related to maintaining normal levels of VEGF-A since it is 

upregulated by hypoxia via hypoxia-inducible factor-1 (HIF-1). Since HIF-1 is also 

known to be upregulated by reactive oxygen species, including H2O2 (Bonello et al., 

2007) it could be postulated that VEGF-A was already upregulated and no longer 

exerting cytoprotective effects, explaining why I could not measure a significant 

change in N2a viability. The VEGF-A165b isoform did not significantly affect N2a 

viability either, despite evidence that VEGF-A165b can negatively regulate VEGFR2 
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expression (Ballmer-Hofer et al., 2011) which would arguably counteract HIF-1 

induced VEGF-A activity. However, VEGF-A165b remains a partial agonist of 

VEGFR2 (Kawamura et al., 2008) and is dependent on VEGFR2 to elicit 

neuroprotection (Beazley-Long et al., 2013). Therefore, it is not appropriate to 

compare VEGF-A165b mediated neuroprotection with that related to VEGF-A 

neutralisation. It is also important to note that Saraswat et al. did not measure 

VEGFR2 expression or activation, and it is likely that blocking VEGF-A activity 

would have caused upregulation of VEGFR2 through the clathrin-mediated pathway 

(Bruns et al., 2010). VEGFR2 trafficking could also explain the lack of response 

seen in N2a cells if HIF-1 induced VEGF-A expression resulted in VEGFR2 

internalisation. For future work, and more comprehensive understanding of neuronal 

VEGF-A signalling, treatment with recombinant VEGF-A isoforms could be repeated 

in the presence of an VEGFR2 inhibitor. 

4.4.2 VEGF-A165 isoforms increase viability of SHSY5Y cells in amyloid in vitro 

model 

The amyloid in vitro model was less consistent in its cell viability results, particularly 

at lower concentrations, but at 1µM it was able to induce some loss of viability in 

N2a cells and a significant reduction in SHSY5Y cells. This observation was 

consistent with the literature, particularly with a study optimising treatment methods 

of amyloid in various states (Stine et al., 2011). In its unaggregated state, 1µM 

amyloid was found to decrease N2a cell survival whilst lower concentrations 

(0.01µM and 0.1µM) actually increased survival by ~20% over control.  In other 

studies carried out in SHSY5Y cells, amyloid treatment between 1 µM and 10 µM 

was successfully used to induce neurotoxicity (Stine et al., 2011; Hettiarachchi et al., 

2014; Zheng et al., 2014). Taking into account these findings, the assay was taken 

forward at 1µM to determine the effects of VEGF-A co-treatment.  

As seen in Figure 4.3.2.2, both VEGF-A165a and VEGF-A165b completely rescued 

the amyloid-induced decrease in SHSY5Y cell viability. This complements results 

from the oxidative stress in vitro model and confirms that both splicing isoforms are 

able to rescue neurotoxic effects associated with the accumulation of amyloid. In 

N2a cells, amyloid treatment did not reliably produce a significant decrease in 

viability, despite several rounds of assay optimisation. As a result, it was not 

possible to conclusively characterise the effect of VEGF-A in this cell line other than 

to observe that VEGF-A maintained control-level cell viability. 
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4.4.3 VEGF-A165a increases neurite outgrowth of SHSY5Y cells 

In AD and many other tauopathies, NFTs result from the hyperphosphorylation of 

tau and its aggregation within neurones (Bancher et al., 1989). Regulation of tau 

function is dependent on glycogen synthase kinase 3β (GSK-3β) and protein 

phosphatase 2A (PP2A) enzymes which play a role in tau phosphorylation and 

dephosphorylation respectively (Gong & Iqbal, 2008). In fact, PP2A activity is 

decreased by ~30% in AD brain (Gong et al., 1995), highlighting its importance in 

the regulation of normal tau function. Okadaic acid (OA) has been used a potent 

inhibitor of PP2A to induce tau hyperphosphorylation in vitro (Martin et al., 2011). In 

the development of this neurotoxicity model (Figure 4.3.3.1), I demonstrated that OA 

decreases neurite outgrowth of SHSY5Y cells in a concentration-dependent 

manner. This neurotoxic effect of OA is in alignment with observations from similar 

studies using OA in SHSY5Y cells (Metin-Armagan et al., 2018; Boban et al., 2019). 

OA treatment has also been shown to upregulate VEGF-A expression (Wakiya & 

Shibuya, 1999) which is closely related to increased activity of HIF-1 activated by 

the mTOR pathway (Kim et al., 2009). While PP2A inhibits ribosomal protein S6 

kinase (S6K) activity, VEGFR2 promotes mTOR signalling and PKC activation which 

positively regulates S6K. Therefore, OA inhibition of PP2A significantly increases 

VEGF-A mediated PKC activation and S6K activity (Edelstein et al., 2011) which is 

yet further augmented by treatment with recombinant VEGF-A. As well as controlling 

protein synthesis, S6K activity is known to signal cell survival (Harada et al., 2001) 

which may account (or at least contribute toward) the cytoprotective properties of 

VEGF-A. In this study, VEGF-A165a treatment amplified neurite outgrowth in the 

absence and presence of OA; this can be observed in Figure 4.3.3.2, which shows a 

general increase in SHSY5Y neurite outgrowth in cells treated with 0-3nM OA. This 

could be mediated by an upregulation of S6K activity, suggesting that VEGF-A could 

compensate for loss of neuronal function related to tau hyperphosphorylation. When 

coupled with previous experiments that showed recovery of amyloid-induced 

decrease in cell viability, it can be concluded that VEGF-A is protective against both 

forms of AD-related neurotoxicity. 
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4.4.4 VEGF-A165b recovers the decrease in neurite outgrowth of SHSY5Y cells 

As opposed to VEGF-A165a, a full agonist of endothelial VEGFR2 that stabilises its 

interaction with NP-1, VEGF-A165b is a partial agonist of endothelial VEGFR2 that is 

unable to bind NP-1 and promotes internalisation and degradation of VEGFR2 

(Ballmer-Hofer et al., 2011). Consequentially, VEGF-A165a binding leads to PKC 

activation while VEGF-A165b binding does not (Kisko et al., 2011; Hulse et al., 2014). 

Since PKC is a negative regulator of Akt, its inhibition has been shown to increase 

Akt phosphorylation (Edelstein et al., 2011). Akt is known to inhibit GSK-3β activity 

(Hermida et al., 2017), which in turn phosphorylates tau (Gong & Iqbal, 2008). If 

VEGF-A165b is able to downregulate neuronal VEGFR2 in a similar way to 

endothelial VEGFR2, I would postulate that resulting Akt inhibition of GSK-3β 

protects against tau hyperphosphorylation and could therefore have knock-on 

effects on tau function. 

In this study, VEGF-A165b co-treatment alone did not increase neurite outgrowth of 

SHSY5Y cells. However, VEGF-A165b protected against the decrease in neurite 

outgrowth seen with 1nM and 3nM OA (Figure 4.3.3.3) wherein sum neurite 

outgrowth was significantly greater than vehicle treated cells. This indicates that 

VEGF-A165b is not ubiquitously increasing neurite outgrowth but acting directly 

against the effect of OA. This could potentially occur via the PI3/Akt pathway: if 

VEGF-A165b causes downregulation of VEGFR2 and attenuates PKC activation, it 

may lead to increased Akt phosphorylation, greater inhibition of GSK-3β activity and 

thus reduced phosphorylation of tau. If sufficient to counter-act OA inhibition of 

PP2A, this could prevent the hyperphosphorylation of tau and thus protect against 

downstream effects, including decrease in neurite outgrowth. 

 

Figure 4.4.4 Schematic summarising proposed action of VEGF-A165a and VEGF-A165b 
via VEGFR2 binding and full or partial agonism, respectively. Green path displays VEGF-
A165a activation, blue path displays VEGF-A165b activation.  
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4.4.5 SRPK1 inhibitor SPHINX31 significantly decreases VEGF-A165a:VEGF-

A165b ratio in SHSY5Y cells 

SRPK1 is related to alternative splicing of VEGF-A through phosphorylation of 

SRSF1 (Harper & Bates, 2008). As introduced in sections 1.9-10, SRPK1 activity 

drives nuclear localisation of SRSF1 and promotes selection of the proximal splice 

site in exon 8, producing VEGF-A165a (Nowak et al., 2008). SRPK1 inhibition 

reduces phosphorylation of SRSF1 and consequentially increases selection of the 

distal splice site in exon 8, producing VEGF-A165b (Nowak et al., 2010). This has 

been established through use of SRPK1 inhibiting compounds SRPN340 and 

SPHINX31 in a variety of tissues, including the kidney (Amin et al., 2011), retinal 

epithelium (Gammons et al., 2013; Batson et al., 2017), peripheral neurones (Hulse 

et al., 2014), prostate cancer (Mavrou & Oltean, 2016) and acute myeloid leukaemia 

(Tzelepis et al., 2018). Consequently, alternative VEGF-A splicing has been related 

to a number of pathological conditions, including Denys Drash Syndrome, diabetic 

retinopathy, age-related wet macular degeneration (AMD), neuropathic pain, and 

cancer. However, SPHINX31 (or SRPK1 inhibition) had not been previously 

investigated in SHSY5Y cells, used in this thesis as a neuronal model. As shown in 

Figure 4.3.4.3, SRPK1 inhibition does modulate VEGF-A exon 8 splicing in SHSY5Y 

cells, making them a viable model to investigate the neuroprotective role of VEGF-A 

isoforms in AD-related neurotoxicity. Consistent with the effect observed in other 

tissues, both intracellular and extracellular VEGF-A showed a proportional shift 

toward the VEGF-A165b isoform and significant decrease in VEGF-A165a:VEGF-A165b 

ratio. 

4.4.6 SRPK1 inhibition recovers OA-induced decrease in neurite outgrowth 

and recovery is dependent on endogenous VEGF-A165b 

Similar to observed effects of recombinant VEGF-A165b, SPHINX31 treatment was 

shown to protect against OA-induced decrease in neurite outgrowth. In the presence 

of 1nM and 3nM OA, SPHINX31 co-treatment significantly increased outgrowth to a 

level comparable to vehicle control (see Figure 4.3.5.1). This is a novel finding which 

suggests SRPK1 inhibition is neuroprotective in the OA model for tau 

hyperphosphorylation. When SHSY5Y cells were co-treated with SPHINX31 and 

VEGF-A165b-neutralising antibody 56/1 (Figure 4.3.5.3), amelioration of neurite 

outgrowth was significantly reduced. As a result, it can be concluded that the 

neuroprotective effect of SPHINX31 is dependent on VEGF-A165b expression, which 

increases relative to VEGF-A165a with SRPK1 inhibition. However, it remains 
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possible that SPHINX31 is neuroprotective through other mechanisms in addition to 

VEGF-A alternative splicing. 

In the literature, recombinant VEGF-A165b has been reported as a neuroprotective 

agent in response to numerous insults, including glutamatergic excitotoxicity in 

hippocampal neurones, chemotherapy-induced cytotoxicity of dorsal root ganglia, 

and ischaemia-reperfusion injury in retina (Beazley-Long et al., 2013). Therefore, 

the main findings in this chapter are in keeping with previous work and confirm that 

SPHINX31 can be used as a tool to switch VEGF-A splicing and replicate the 

protective effect of VEGF-A165b for neurite outgrowth. Beazley-Long et al reported 

that the neuroprotective action of VEGF-A165b in hippocampal neurones was 

mediated through VEGFR2, as it was blocked by VEGFR2 inhibitors but maintained 

with selective R1 inhibition. It was also found that hippocampal neuroprotection was 

unaffected by inhibition of PI3K or p38 MAPK, supporting the previously discussed 

hypothesis that VEGF-A165b acts as a partial agonist at VEGFR2 and does not 

activate the mTOR pathway (Ballmer-Hofer et al., 2011). Similarly, SPHINX31-

mediated VEGF-A165b expression seems to act against canonical VEGF-A165a 

signalling, preventing activation of PKC and phosphorylation of PI3K (Harper & 

Bates, 2008). Therefore, SPHINX31 is likely to exert neuroprotection through 

another pathway. Beazley-Long et al. suggest involvement of MEK1/2 pathway 

because VEGF-A165b was shown to induce Erk1/2 phosphorylation, which has been 

independently shown to ameliorate neuronal damage (Bhowmick et al., 2019). 

However, activation of Erk1/2 is thought to be altered in AD pathology and has been 

related to hyperphosphorylation of tau and increased NFT burden (Pei et al., 2002; 

Veeranna et al., 2004). Considering OA-induced neurotoxicity is based on tau 

phosphorylation, it would be contradictory to suggest that VEGF-A165b-mediated 

neuroprotection occurred through a mechanism that is known to further 

phosphorylate tau. As a result, I would postulate that VEGF-A165b (and by extension 

SPHINX31) dependent neuroprotection occurs through aforementioned inhibition of 

GSK-3β activity. As this hypothesis is mostly based on evidence from endothelial 

cells, it is necessary to empirically test VEGF-A165b binding to neuronal VEGFR2 

and activation of downstream targets, most notable GSK-3β, to definitively conclude 

how neuronal VEGF-A165b functions. 

Future work on SPHINX31 could focus on investigating its effect against other 

insults used by Beazley-Long et al., because SPHINX31 has not been proven as 

neuroprotective in these contexts. The most closely related data published on the 

effect of SPHINX31 in nervous tissue identified its use for analgesia: Treatment of 
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primary afferents and resultant shift toward VEGF-A165b expression was found to 

lower VEGF-A165a mediated sensitisation of mechanical nociceptors to stimulation 

(Hulse et al., 2014). Together with data presented in this chapter, this identifies 

SRPK1 inhibition as an interesting therapeutic target in both the CNS and PNS, with 

potential applications in neuroprotection and nociception. With regards to AD, it 

would be interesting to explore the effect of SPHINX31 on other aspects of its 

pathology, perhaps using a mouse model for AD, and determine whether in vitro 

results translate in vivo. The 3xTg mouse model would be particularly useful in this 

instance, with mutations in APP, MAPT and PSEN1, since it reliably demonstrates 

both plaque and tangle pathology, as well as modelling aspects of behavioural and 

psychological symptoms seen in dementia (Kosel et al., 2020). 

4.4.7 Concluding remarks 

Amyloid and tau-related in vitro models caused measurable decrease in cell viability 

and neurite outgrowth. In SHSY5Y cells, VEGF-A165a treatment ameliorated 

amyloid- and tau-related damage suggesting that VEGF-A mediated signalling can 

act against the progression of AD pathology. By comparison, VEGF-A165b exerted 

similar neuroprotective effects in the amyloid model and acted directly against OA-

induced toxicity in the neurite outgrowth assay. This identified VEGF-A165b as a 

more ideal therapeutic agent for nervous tissue. Furthermore, SRPK1 inhibition with 

SPHINX31 was able to reproduce the neuroprotective effect of recombinant VEGF-

A165b. This validated the use of small-molecule compounds to inhibit splicing kinases 

and modulate neuronal function. Naturally, kinase inhibition would not only affect 

VEGF-A splicing but also shift splicing of other genes involved in neuronal survival 

and function. In the next chapter, novel splicing kinase inhibitors are used to 

regulate splicing of AD-related gene MAPT and determine whether this could protect 

against tau-related neurotoxicity. 
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Chapter 5: The regulation of MAPT splicing 
 

5.1 Introduction 

The MAPT gene is alternatively spliced at exon 10, resulting in the production of 4R 

or 3R tau based on the inclusion or exclusion of exon 10, respectively. There are a 

number of cis-acting elements that modulate splicing of MAPT (Park et al., 2016). 

These are short sequences located either within the exon or intron, including a 

purine-rich sequence within exon 10 and various sequences further downstream of 

exon 10, which have been identified to alter the ratio of 4R:3R tau ratio (Andreadis, 

2005). The mutation of these cis-acting elements has been linked with 

Frontotemporal Dementia (FTD) and other tauopathies. Most known intronic 

mutations are clustered around the boundary of exon 10 and intron 10, which is 

thought to form a stem-loop structure as illustrated in Figure 5.1 below (McCarthy et 

al., 2015). The presence of stem-loop structures can inactivate 5’ splice sites 

(Eperon et al., 1988) by competing with the U1 snRNP for binding (Grover et al., 

1999). Therefore, a mutation in this region can disrupt the secondary structure, 

effectively protecting the 5’ splice site and increasing exon 10 inclusion (Niblock & 

Gallo, 2012). For example, the pathogenic exon 10 mutations G272V and P301L in 

select families with familial FTD has been associated with tangles that are almost 

exclusively 4R tau (Hutton et al., 1998; Malkani et al., 2006). Since missense 

mutations at the 5’ splice site are related to mis-splicing and can clinically manifest 

as FTD, alternative splicing of MAPT exon 10 could also be implicated in other 

tauopathies, including AD.  

 

Figure 5.1 The sequence of the stem-loop located immediately after exon 10 of MAPT 
gene; proposed 6-8bp loop structures adapted from (Grover et al., 1999; Donahue et al., 
2006). 
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Interacting with cis-acting elements are trans-acting factors that regulate alternative 

splicing of MAPT pre-mRNA. These include RBM4, which was shown in vitro to bind 

at a pyrimidine-rich element located 100 nucleotides downstream of the 5’ splice site 

of exon 10 and consequently increase exon 10 inclusion. Additionally, splicing 

factors TRA2-β and SRSF1 have been found to bind to exonic splicing enhancer 

(ESE) motifs in the 5’ end of MAPT exon 10 and promote exon 10 inclusion, acting 

together with SRSF9 (Kondo et al., 2004). In fact, there is evidence for involvement 

of many splicing factors in regulation of exon 10 splicing, but some of the literature is 

contradictory. For example, co-transfection of COS cells with a Tau minigene and 

SRSF1 or SRSF9 (in addition to other splicing factors) showed inhibition of exon 10 

inclusion and decreased the 4R:3R tau ratio expression (Gao et al., 2000; Wang et 

al., 2004). Based on these findings, it is not clear how these trans-acting factors 

regulate MAPT splicing. SRSF2, however, has been consistently shown to promote 

inclusion of exon 10 as well as tau expression in general through stabilisation of its 

mRNA (Hernández et al., 2004; Qian et al., 2011a; Qian et al., 2011b; Chen et al., 

2014). 

5.1.1 Role of regulatory splicing kinases 

The activity of splicing factors is dependent on their phosphorylation state, and 

therefore is dependent on regulatory kinases. For example, the CLKs play a key role 

phosphorylation of SR proteins and their subcellular redistribution (Jain et al., 2014). 

In relation of MAPT isoform expression, CLK activity (murine CLK1-4) has been 

shown to increase exon 10 skipping in vitro, therefore causing a decrease in the 

4R:3R tau ratio (Hartmann et al., 2001). CLK2 was highlighted to have the strongest 

effect (compared to CLK1, 2 and 4) on exon 10 skipping and counteract the effect of 

FTD mutations which enhance exon 10 usage. Otherwise, SRPK1 is known to 

phosphorylate SRSF1 and facilitate its translocation to the nucleus (Ma et al., 2008), 

and SRSF1 has been shown to promote exon 10 inclusion (Kondo et al., 2004). 

Therefore, one could postulate that SRPK1 promotes a shift towards 4R tau isoform 

expression. However, studies have shown that it causes exon 10 skipping instead 

(Hartmann et al., 2001; Nikolakaki et al., 2001). As of yet, there is no empirical 

evidence that SRPK1 exerts its effect on MAPT splicing through either SRSF1, so it 

may promote exon skipping through regulation of other splicing factors instead.  

Another splicing kinase that regulates MAPT exon 10 inclusion is Dyrk1A.  As a 

gene encoded by the region of chromosome 21 critical to Down Syndrome, its 

activity has been long established as critical to the condition. Individuals with Down 

Syndrome develop AD-type tau pathology very early in life (Wisniewski et al., 1985), 
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so it is perhaps unsurprising that Dyrk1A is also been linked to AD. In both in vitro 

studies and AD patients, it was found that Dyrk1A inhibits exon 10 inclusion, shifting 

toward 3R tau isoform expression (Shi et al., 2008; Jin et al., 2015a). In particular, 

the AD brain showed increased truncation of Dyrk1A through calpain I, which was 

positively correlated with Dyrk1A activity (Jin et al., 2015a). Downstream, it has 

been proposed that Dyrk1A phosphorylates SRSF1 at serine residues 227, 234 and 

238, which drives it into nuclear speckles and prevents SRSF1-mediated inclusion 

of exon 10 (Shi et al., 2008). Dyrk1A is also known to target SRSF2, and similarly 

inhibits SRSF2 mediated exon 10 inclusion in a concentration dependent manner 

(Qian et al., 2011b).  

5.1.2 Splicing models 

Splicing of MAPT exon 10 in humans and rodents is constitutively different; where 

there is equal expression of 4R:3R tau in adult human brain (Gao et al., 2000), the 

adult mouse brain almost exclusively expresses 4R tau (Kosik et al., 1989). 

Interestingly, the 5’ splice site of exon 10 is only partially conserved between human 

and mouse, differing after position +8 (Grover et al., 1999) where a number of 

mutants are known to affect regulation of exon 10 splicing and cause FTD. It has 

therefore been suggested that failure of rodent models to reproduce neurofibrillary 

tangles may be related to their constitutive splicing of exon 10 (Gao et al., 2000). 

The difference in MAPT splicing between species is also observed in SHSY5Y and 

Neuro2a cell lines: while the former human line preferentially expresses 3R tau, the 

latter murine line expresses 4R tau at a much higher level. From a technical 

standpoint, this was advantageous because combined use of these cell lines 

created a large window for measuring change in splicing with novel compound 

treatments.  

Considering the endogenous expression of tau isoforms in SHSY5Y and Neuro2a 

cell lines, I sought to investigate the inhibition of splicing factors, which was 

hypothesised to cause exon skipping, in Neuro2a cells. However, the inhibition of 

splicing kinases, which was hypothesised to increase exon inclusion, was 

predominately conducted in SHSY5Y cells. I then proceeded to examine the 

physiological impact of selective CLK inhibition on neurite outgrowth using a 

previously established in vitro model for tau hyperphosphorylation (Metin-Armagan 

et al., 2018). 

  



146 
 

5.1.3 Hypotheses 

In this chapter, I tested the following hypotheses:  

1. SRSF1 and SRSF2 promote exon 10 inclusion and knockdown of these 

splicing factors will increase relative expression of 3R tau through exon 10 

skipping. 

2. Inhibition of splicing kinases with novel compounds will significantly 

increase exon 10 inclusion by blocking kinase-mediated exon 10 skipping. 

3. Selective CLK inhibition can decrease phosphorylation of SR proteins 

4. Selective CLK inhibition can ameliorate OA-induced neurotoxicity and 

significantly increase neurite outgrowth.  
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5.2 Methods 

Compound treatments and siRNA experiments were conducted in serum-free media 

and the absence of any inducing factors, unless otherwise stated. The VEGF-A165a 

and VEGF-A165b ELISA were performed on whole cell lysates collected from 

SHSY5Y cell culture. In the OA assay, SHSY5Y cells were assayed for neurite 

outgrowth with βIII tubulin immunofluorescence. Images were taken with Leica 

confocal microscope at 20x and 40x magnification. All replicates are experimental 

(technical) replicates unless otherwise stated. All methods are described in detail in 

Chapter 2. 

5.2.1 GRIFFIN compounds 

The GRIFFINs used in this chapter were a gift from our collaborator Prof Jonathan 

Morris in the University of New South Wales. The data on percent remaining kinase 

activity and IC50 values were reported by the Morris lab. Structures for the GRIFFIN 

compounds can be found in the Figure 5.2.1 below. 

 

Figure 5.2.1: Chemical structures for GRIFFIN compounds gifted by the Morris lab. 
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5.2.2 The MAPT RT-PCR 

To assess alternative splicing of exon 10, the MAPT RT-PCR was carried out using 

forward and reverse primers in exons 9 and 11, producing two competitive products 

for 4R and 3R tau isoforms, with and without inclusion of exon 10 (93bp). In 

Neuro2a cells these products were 168bp (excluding exon 10) and 261bp (including 

exon 10) in length. In SHSY5Y cells, these products were 297bp (excluding exon 

10) and 390bp (including exon 10) in length. PCR products from Neuro2a and 

SHSY5Y cells were run in 2% agarose gel and imaged using Gel Doc EZ. 
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5.3 Results 

Neuro2a and SHSY5Y cells are used in this chapter to investigate the regulation of 

MAPT exon 10 splicing. Untreated Neuro2a cells were found to preferentially 

express 4R tau, whilst SHSY5Y cells expressed relatively higher levels of 3R tau, as 

shown in Figure 5.3.1 below. Neuro2a cells transfected with tau minigene (refer to 

section 2.6) maintained the same splicing pattern of relatively greater 4R tau 

expression, indicating preference for exon 10 inclusion in human MAPT as well as 

endogenous mouse MAPT. Moving forward, endogenous expression was quantified 

after siRNA and compound treatment.  

 

Figure 5.3.1 Expression of 4R and 3R tau isoforms in SHSY5Y and Neuro2a cells. 
Human MAPT RT-PCR was carried out on RNA samples collected from SHSY5Y cells and 
Neuro2a cells transfected with SV9/10L/11 construct. Mouse MAPT RT-PCR was carried out 
on RNA samples from untreated Neuro2a cells. There is relatively higher expression of 3R 
tau in SHSY5Y cells and higher expression of 4R tau (both murine and human) in Neuro2a 
cells. 

 

5.3.1 Knockdown of SRSF1 and SRSF2 promotes MAPT exon 10 skipping 

To characterise the endogenous control of MAPT exon 10 splicing in neuronal cells, 

I confirmed the role of splicing factors SRSF1 and SRSF2. This provided a basis to 

postulate whether splicing kinases regulate exon 10 inclusion through 

phosphorylation of these SR proteins. Knockdown of SRSF2 was hypothesised to 

increase exon 10 skipping, since SRSF2 has been consistently reported to promote 

exon 10 inclusion (Hernández et al., 2004; Qian et al., 2011a; Qian et al., 2011b; 

Chen et al., 2014). The effect of SRSF1 knockdown was under contention since 

there is evidence for SRSF1 activity promoting MAPT exon 10 inclusion (Kondo et 

al., 2004) and contradictory evidence for exon 10 skipping (Gao et al., 2000; Wang 

et al., 2004). Neuro2a cells were treated with siRNA targeting SRSF1 and SRSF2 

for an optimised length of 48h and 72h respectively, after which RNA was collected 

for RT-PCR. As shown in Figure 5.3.1.1, SRSF1 and SRSF2 expression was 

significantly reduced (densitometry values normalised to GAPDH expression and 

lipofectamine control), confirming the knockdown. 
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Figure 5.3.1.1 Transient knockdown of SRSF1 and SRSF2 in Neuro2a cells with 
targeted siRNA confirmed by RT-PCR and densitometry. A Images show level of SRSF1 
and SRSF2 expression with respective siRNA treatments, relative to expression of 
housekeeping gene GAPDH displayed directly under each sample. Labelling with L = 
lipofectamine only, NT = control siRNA, siRNA = targeting SRSF1/2. B C Quantification of 
SRSF1 and SRSF2 demonstrates significantly reduced expression with respective siRNA 
treatment (one-way ANOVA, p<0.01), values normalised to GAPDH expression and 
experimental control (Lipofectamine-only) N=5, error bars show SEM. 

 

Next, tau isoform expression was quantified to determine the effect of SRSF1 on 

MAPT exon 10 inclusion. As hypothesised, knockdown of SRSF2 caused both a 

significant decrease in 4R tau and an increase in 3R tau, as presented in Figure 

5.3.1.2 below (p<0.01, one-way ANOVA). N2a cells treated with SRSF2 targeting 

siRNA showed 4R tau expression at an average 70.3% ± 3.9% of Lipofectamine 

control whilst 3R tau was 139.7% ± 20.9% higher. This shift to exon 10 skipping is 

consistent with previously cited literature, where SRSF2 was reported to promote 

exon 10 inclusion. Quantification of 4R and 3R tau isoform expression translated to 
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a significant change in 4R:3R tau ratio. Non-selective “scramble” siRNA treatment 

caused an average decrease in 4R:3R ratio to 65% ± 5% of lipofectamine control. 

SRSF2 knockdown cells showed significantly greater reduction in 4R:3R tau ratio 

(p<0.0001, one-way ANOVA) measuring 31% ± 5% of lipofectamine control. 

 

 

 

Figure 5.3.1.2 SRSF2 knockdown with targeted siRNA treatment of Neuro2a cells 
increases MAPT exon 10 skipping and decreases 4R:3R tau ratio. A Images show 
relative expression of 4R and 3R tau, in addition to housekeeping gene GAPDH, for samples 
treated with L= lipofectamine only, NT= scramble siRNA, siRNA= targeting SRSF2. B 
Quantification of 4R tau shows significant reduction with SRSF2 knockdown (one-way 
ANOVA, p<0.01). C SRSF2 knockdown induces two-fold increase in 3R tau expression due 
to significantly more exon 10 skipping (one-way ANOVA, p<0.01). D 4R:3R tau ratio is 
significantly reduced by SRSF2 knockdown to less than half of experimental (scramble 
siRNA) control (one-way ANOVA, p<0.0001). All values normalised to GAPDH expression, 
N=5, error bars show SEM. 
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Knockdown of SRSF1 in N2a cells caused a slight decrease in 4R tau and/or a 

significant increase in 3R tau expression, as shown in Figure 5.3.1.3 below (p<0.01, 

one-way ANOVA). This supports evidence that SRSF1 activity promotes exon 10 

inclusion (Kondo et al., 2004) and opposes findings which suggest SRSF1 promotes 

exon skipping (Gao et al., 2000; Wang et al., 2004). It can be concluded that the 

latter does not occur in the Neuro2a cell line. The decrease in 4R tau expression in 

N2a cells treated with SRSF1 targeting siRNA was not significant but averaged 

68.2% ± 12.8% of Lipofectamine control. 3R tau showed significantly higher 

expression with SRSF1 knockdown and ranged from 29.8% to 547.2% higher than 

Lipofectamine control (one-way ANOVA, p<0.05). This translated to a significant 

decrease in 4R:3R tau ratio with SRSF1 knockdown (one-way ANOVA, p<0.01), 

which measured at 23% ± 2% of Lipofectamine control. 
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Figure 5.3.1.3 SRSF1 knockdown with targeted siRNA treatment of Neuro2a cells 
increases MAPT exon 10 skipping and decreases 4R:3R tau ratio. A Images show 
relative expression of 4R and 3R tau, in addition to housekeeping gene GAPDH, for samples 
treated with L= lipofectamine only, NT= scramble siRNA, siRNA= targeting SRSF1. B 
Quantification of 4R tau shows slight reduction with SRSF1 knockdown (ns, one-way 
ANOVA, p>0.05). C Quantification of 3R tau shows variable increase with SRSF1 
knockdown due to significantly more exon 10 skipping (one-way ANOVA, p<0.05). D 4R:3R 
tau ratio is significantly reduced by SRSF1 knockdown to less than half of experimental 
(scramble siRNA) control (one-way ANOVA, p<0.01). All values normalised to GAPDH 
expression, N=5, error bars show SEM. 

 

5.3.2 Selective inhibition of SRPK1 does not conclusively increase MAPT exon 

10 inclusion 

In contrast with Neuro2a cells that preferentially include MAPT exon 10, SHSY5Y 

cells exclude exon 10 and so constitutively express 3R tau at a much higher level. 

Because of this, SHSY5Y cells were used as a model to test the hypothesis that 

inhibition of splicing kinases can also alter MAPT splicing through altered 

phosphorylation of SR proteins. SPHINX31 is a known SRPK1 inhibitor that has 

been previously shown to change splicing of VEGF-A in endothelial cells (Batson et 

al., 2017). SRPK1 inhibition with other compounds has also been shown to regulate 

VEGF-A splicing in neuronal cells (Hulse et al., 2014). In the previous chapter, I 

demonstrated that SPHINX31 treatment of SHSY5Y cells can reproduce similar 

results, shifting expression from VEGF-A165a to VEGF-A165b isoforms. Since SRPK1 

has been found to increase MAPT exon 10 skipping (Hartmann et al., 2001), 

SPHINX31 was used to inhibit SRPK1 in SHSY5Y cells to determine if there was a 

shift towards exon 10 inclusion (and increase in the 4R:3R tau ratio). Cell treatment 

was carried out between 10nM and 10µM (as shown in Figure 5.3.2.1), and no 

significant change in 4R tau expression was measured until the highest 

concentration 10µM SPHINX31 (see 5.3.2.1C), which may be no longer specific to 

SRPK1 inhibition. 
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Figure 5.3.2.1 SPHINX31 treatment of SHSY5Y cells for 24h does not significantly alter 
4R:3R tau ratio in concentration range 10-3000nM. A Images show relative expression of 
4R and 3R tau, in addition of housekeeping gene GAPDH, for samples treated with 10-
10,000nM SPHINX31. 4R tau band is noticeably brighter with 10µM SPHINX31. B C 
Quantification of 4R tau and 3R tau does not show a statistically significant change in 
expression with SPHINX31 treatment. Values normalised to GAPDH. D Up to 3µM 
SPHINX31 does not significantly alter 4R:3R tau ratio in SHSY5Y cells (one-way ANOVA, 
p>0.05) but treatment with 10µM SPHINX31 increases 4R:3R ratio by inducing exon 10 
inclusion (one-way ANOVA, p<0.0001). N=4, error bars show SEM. 
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SRPN56 is a novel compound that has not been previously used in neuronal cells 

nor any physiological assay to investigate alternative splicing. Preliminary in vitro 

data (cell-free) shows that SRPN56 inhibits SRPK1 at 25nM but its selectivity is 

unknown. Here, I investigated the effect of SRPN56 on MAPT exon 10 splicing. 

From 1-10µM, SRPN56 treated SHSY5Y cells showed significantly increased 4R 

tau expression (Figure 5.3.2.2), suggesting increased exon 10 inclusion (one-way 

ANOVA, p<0.05 and p<0.0001 with 1-3µM and 10µM, respectively). This led to a 

shift in the ratio of 4R:3R tau isoforms from an average of 0.11 with vehicle (DMSO) 

only to 0.17 with 10µM SRPN56 treatment (see Figure 5.3.2.2C). This is a small but 

consistent and significant increase (one-way ANOVA, p<0.01 and p<0.0001), as the 

standard deviation of 4R:3R tau ratio for all concentrations was ≤0.01. 
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Figure 5.3.2.2 SRPN56 treatment significantly increases 4R:3R tau ratio in SHSY5Y 
cells. A MAPT PCR was carried out on samples treated with 10-10,000nM SRPN56 for 24h. 
Images show relative expression of 4R and 3R tau, in addition of housekeeping gene 
GAPDH. B 4R tau expression significantly increases with 1µM, 3µM, and 10µM SRPN56 
treatment (one-way ANOVA, *p<0.05 and ****p<0.0001), values normalised to GAPDH. C 
Quantification of 3R tau revealed no significant change in expression. D 4R:3R tau ratio was 
significantly increased with 1µM, 3µM and 10µM SRPN56 treatment indicating increased 
exon 10 inclusion (one-way ANOVA, **p<0.01 and ****p<0.0001 respectively). N=4, error 
bars show SEM. 

 

To further characterise the role of SRPKs in MAPT exon 10 splicing, SRPK1 

inhibitors SPHINX31 and SRPN56 were also used in Neuro2a cells. Similar to 

concentration-response presented in SHSY5Y cells, 1-10,000nM SPHINX31 

treatment did not induce a significant change in 4R:3R tau ratio in Neuro2a cells 

(Figure 5.3.2.3A and C). Interestingly, 100nM SRPN56 treatment showed slightly 

higher expression of 3R tau (as seen in Figure 5.3.2.3B) which significantly 

decreased 4R:3R tau ratio below vehicle control, from an average of 1.8 ± 0.1 to 1.2 

± 0.1 (one-way ANOVA, p<0.05). However, 1-10µM SRPN56 treatment returned 

ratio back to control levels (Figure 5.3.2.3C, p>005). The latter concentration range 

produced an increase in 4R:3R tau ratio of SHSY5Y cells, which indicates that 

SRPN56 treatment may have different effects on exon 10 inclusion through 

inhibition of different splicing kinases. 
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Figure 5.3.2.3 SPHINX31 and SRPN56 treatment of Neuro2a cells does not 
significantly increase 4R:3R tau ratio. A B MAPT PCR was carried out on samples 
treated with 10-10,000nM SPHINX31 and SRPN56 for 24h. Images show relative expression 
of 4R and 3R tau, in addition of housekeeping gene GAPDH. C There is no significant 
change in 4R:3R tau ratio in Neuro2a cells treated with SPHINX31. D Neuro2a cells show 
significant decrease in 4R:3R tau ratio with 100nM SRPN56 but higher concentrations 1-
10µM SRPN56 do not have a significant effect. N=3-6, error bars show SEM. 

 

5.3.3 GRIFFIN treatment of SHSY5Y cells increases MAPT exon 10 inclusion 

The GRIFFINs are novel compounds that have not been published in cell-based 

assays. Based on preliminary data, they are potent inhibitors of CLKs, and cause 

varying inhibition of other splicing kinases (summarised in Tables 5.3.3.1-2). Whilst 

Griffin6 and Griffin8 are selective for CLK1 and CLK2, Griffin33 strongly inhibits 

SRPK1 and SRPK2 as well as the CLKs. Comparative use of these compounds, 

alongside SPHINX31, creates a powerful tool for investigating the individual and 

combined effect of these splicing kinases on MAPT exon 10 inclusion. 

GRIFFIN % activity remaining at 1µM 
CLK1 CLK2 DYRK1A SRPK1 SRPK2 

6 2 3 42 26 70 
8 4 5 27 27 54 
33 4 6 22 2 9 

Table 5.3.3.1 The percent remaining activity of splicing kinases with 1µM GRIFFIN 
treatment in a cell-free in vitro assay. GRIFFIN6 and 8 are more selective for CLK 
inhibition, whilst GRIFFIN33 is a pan-inhibitor for CLK1/2 and SRPK1/2. 
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GRIFFIN IC50 (nM) 
CLK1 CLK2 DYRK1A SRPK1 SRPK2 

6 6 4 350 199 1400 

33 15 17 125 5 45 

Table 5.3.3.2 The half maximal inhibitory concentration (IC50) for GRIFFINs for 
splicing kinases based on a cell-free in vitro assay. IC50 data for GRIFFIN8 is not 
currently available. 

 

SHSY5Y cells were treated with Griffin6 and Griffin8 to investigate the effect of CLK 

inhibition on endogenous MAPT exon 10 expression in a neuronal model. These 

compounds were used between 10nM and 10µM, and as shown in Figure 5.3.3.1, 

treatment with 3-10 µM Griffin6 induced a significant increase in 4R tau expression 

through exon 10 inclusion (one-way ANOVA, p<0.05 and p<0.01 respectively). 3R 

tau expression did not change, so this caused a significant shift in the 4R:3R tau 

ratio from an average of 0.11 with vehicle (DMSO) only to 0.17 with 10µM Griffin6 

(one-way ANOVA, p<0.05 and p<0.001, respectively). 
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Figure 5.3.3.1 GRIFFIN6 treatment significantly increases 4R:3R tau ratio in SHSY5Y 
cells. A MAPT PCR was carried out on samples treated with 10-10,000nM GRIFFIN6 for 
24h. Images show relative expression of 4R and 3R tau, in addition of housekeeping gene 
GAPDH. B 4R tau expression significantly increases with 3µM and 10µM GRIFFIN6 
treatment (one-way ANOVA, p<0.05 and p<0.001 respectively), values normalised to 
GAPDH. C Quantification of 3R tau revealed no significant change in expression. D 4R:3R 
tau ratio is significantly increased with 3µM and 10µM GRIFFIN6 treatment indicating 
increased exon 10 inclusion (one-way ANOVA, p<0.05 and p<0.001 respectively). N=4, error 
bars show SEM. 

 

Griffin8 treatment similarly induced a concentration-dependent increase in 4R:3R 

tau ratio between 1-10µM (summarised in Figure 5.3.3.2). Cells treated with 10µM 

Griffin8 showed 2.7 ± 0.6 times greater expression of 4R tau than vehicle control 

(one-way ANOVA, p<0.01). However, 10µM Griffin8 treatment also induced a 

concentration-dependent increase in 3R tau expression (Figure 5.3.3.2C), albeit to a 

smaller degree, which measured at 1.5 ± 0.2 times greater than vehicle control 

(p<0.01). These changes in tau expression translated to a limited but significant 

increase in 4R:3R tau ratio from 0.031 with vehicle only to 0.047-0.052 with 1-10µM 

Griffin8 (Figure 5.3.3.2D, p<0.05 and p<0.01). Compared to Griffin6, it could be 

concluded that Giffin8 had a more potent effect, where 1µM was sufficient to shift 

toward exon 10 inclusion. However, it may also increase total tau expression. As 

indicated by Table 5.3.3.1, Griffin8 has similar activity on CLK but differs by greater 
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inhibition of Dyrk1A. Since CLKs and Dyrk1A have been shown to increase exon 10 

skipping (Hartmann et al., 2001; Qian et al., 2011b), these results are consistent 

with published data.  
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Figure 5.3.3.2 GRIFFIN8 treatment significantly increases 4R:3R tau ratio in SHSY5Y 
cells. A MAPT PCR was carried out on samples treated with 10-10,000nM GRIFFIN8 for 
24h. Images show relative expression of 4R and 3R tau, in addition of housekeeping gene 
GAPDH. B 4R tau expression significantly increases with 1µM, 3µM and 10µM GRIFFIN8 
treatment (one-way ANOVA, *p<0.05 and **p<0.01), values normalised to GAPDH. C 
GRIFFIN8 also induced an increase in 3R tau but to a smaller degree than 4R tau (one-way 
ANOVA, *p<0.05 and **p<0.01) indicating a rise in overall tau expression D 4R:3R tau ratio 
is significantly increased with 1µM, 3µM and 10µM GRIFFIN8 treatment indicating increased 
exon 10 inclusion (one-way ANOVA, *p<0.05 and **p<0.01). N=4, error bars show SEM. 

 

Griffin33 could be considered a pan-inhibitor as it non-selectively inhibits CLK1, 

CLK2, SRPK1, SRPK2 and to a lower degree Dyrk1A. As demonstrated in Figure 

5.3.3.3, SHSY5Y treatment with 3-10µM Griffin33 induced a significant increase in 

4R tau expression and 4R:3R tau ratio (refer to B and D for respective 

quantification; one-way ANOVA, p<0.05). Cells treated with 10µM Griffin33 had 1.6-

fold higher expression of 4R tau compared to vehicle control, which caused an 

increase in 4R:3R tau ratio from 0.075 with vehicle only to 0.129. This is somewhat 

similar to the effect measured from Griffin6 treatment. When considered alongside 

results from SPHINX31 inhibition of SRPK1, these data suggest that CLK is the 

main regulator of MAPT exon 10 splicing in SHSY5Y cells. 
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Figure 5.3.3.3 GRIFFIN33 treatment significantly increases 4R:3R tau ratio in SHSY5Y 
cells. A MAPT PCR was carried out on samples treated with 10-10,000nM GRIFFIN33 for 
24h. Images show relative expression of 4R and 3R tau, in addition of housekeeping gene 
GAPDH. B 4R tau expression significantly increases with 3µM and 10µM GRIFFIN33 
treatment (one-way ANOVA, p<0.05), values normalised to GAPDH. C Quantification of 3R 
tau revealed no significant change in expression. D 4R:3R tau ratio is significantly increased 
by 3µM and 10µM GRIFFIN33 treatment indicating increased exon 10 inclusion (one-way 
ANOVA, p<0.05). N=4, error bars show SEM. 
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To compare the effect of GRIFFINs 6, 8 and 33 on 4R:3R tau ratio, EC50 values 

were calculated from non-linear curve fit (log agonist v.s. response on GraphPad 

Prism). These values are summarised in Figure 5.3.3.4 below. Out of the three 

compounds, GRIFFIN33 had the least potent effect (3µM), and GRIFFIN8 had the 

most potent effect (177nM) on MAPT exon 10 inclusion.  

 

Figure 5.3.3.4 Summary of the effect size and EC50 of GRIFFINs 6, 8 and 33 increasing 
4R:3R tau ratio in SHSY5Y cells. N=4-6, error bars show SEM. 

 

Alternative splicing of MAPT was further investigated with Griffins 42 and 53. As 

summarised in Tables 5.3.3.3-4, Griffin42 is more selective for CLK1 compared to 

CLK2, but is otherwise similar to Griffin6 in terms of Dyrk1A inhibition and Griffin8 in 

terms of SRPK inhibition. In contrast, Griffin53 exerts greater inhibition of CLK2 and 

Dyrk1A, and so is most similar to pan-inhibitor Griffin33. One notable difference is 

that Griffin53 does not inhibit SRPK2, which has been demonstrated to promote 

MAPT exon 10 inclusion (Wang et al., 2018). 

 

GRIFFIN % activity remaining at 1µM 
CLK1 CLK2 DYRK1A SRPK1 SRPK2 

42 1 25 48 9 53 

53 1 12 17 11 58 

Table 5.3.3.3 The percent remaining activity of splicing kinases with 1µM GRIFFIN42 
and 53 treatment in a cell-free in vitro assay. Both GRIFFINs inhibit CLK and SRPK1 but 
GRIFFIN53 causes relatively more inhibition of Dyrk1A. 
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GRIFFIN IC50 (nM) 
CLK1 CLK2 DYRK1A SRPK1 SRPK2 

42 14   110.2  

53 8  97 122.6  

Table 5.3.3.4 The half maximal inhibitory concentration (IC50) for GRIFFINs for 
splicing kinases based on a cell-free in vitro assay. Missing data points because some 
IC50 values are not currently available. 

 

SHSY5Y cells were treated with 1nM to 1µM Griffin42 for 24h and RNA was 

collected for RT-PCR. Measured expression of 4R and 3R tau showed no significant 

change in MAPT exon 10 splicing nor 4R:3R tau ratio (Figure 5.3.3.5). Since 

Griffin42 is a less potent inhibitor of CLK2 compared to Griffin8, this could suggest 

that increased exon 10 inclusion at 1µM Griffin8 (seen in Figure 5.3.3.2B and D) 

was related to CLK2 rather than CLK1. Indeed, Hartmann et al. found that CLK2 

activity had a stronger effect on MAPT splicing compared to other CLKs. However, 

Griffin8 also differs to Griffin42 by its more potent inhibition of Dyrk1A. Thus, it is 

equally plausible that discrepancy between compounds is dependent on Dyrk1A 

inhibition. This theory is further supported by the fact Griffin6, which selectively and 

potently inhibits CLK1 and CLK2, does not shift 4R:3R at 1µM either, with significant 

effect measured at 3µM and 10µM Griffin6 treatment. 

 



165 
 

 

Figure 5.3.3.5 GRIFFIN42 treatment does not significantly change 4R:3R tau ratio in 
SHSY5Y cells. A MAPT PCR was carried out on samples treated with 1-1000nM 
GRIFFIN42 for 24h. Images show relative expression of 4R and 3R tau, in addition of 
housekeeping gene GAPDH. B C Quantification of 4R and 3R tau expression revealed no 
significant change with GRIFFIN42 treatment, values normalised to GAPDH. D 4R:3R tau 
ratio remains unchanged in the presence of up to 1µM GRIFFIN42 (one-way ANOVA, 
p>0.05). N=3, error bars show SEM. 

 

To further elucidate the role of CLK1 in regulation of MAPT exon 10 splicing, 

SHSY5Y cells were treated with siRNA targeting CLK1 and expression of 4R:3R tau 

ratio was quantified by RT-PCR. As shown in Figure 5.3.3.5A and B, CLK1 

knockdown was confirmed to an average of 65% ±3.6% of experimental control 

(one-way ANOVA, p<0.001). However, this did not induce a significant change in 

MAPT exon 10 splicing: the expression of 4R and 3R tau remained unchanged, as 

did the 4R:3R tau ratio (refer to 5.3.3.6C; one-way ANOVA, p>0.05). Unfortunately, 

protein quantification of CLK1 was not possible due to time constraints caused by 

the COVID pandemic. Nonetheless, this evidence indicates that 65% knockdown of 

CLK1 gene expression alone is insufficient to change MAPT exon 10 splicing.  
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Figure 5.3.3.6 CLK1 knockdown (65%) is insufficient to change MAPT exon 10 splicing 
in SHSY5Y cells. A CLK1 and MAPT RT-PCR were carried out on samples from SHSY5Y 
cells treated with siRNA targeting CLK1. Images show expression of CLK1, both 4R and 3R 
tau isoforms, and the housekeeping gene GAPDH. Samples labelled L= lipofectamine only, 
NT= control (scramble) siRNA, siRNA= targeting CLK1. B Quantification of CLK1 expression 
shows significant decrease to an average 65% ± 3.6% of Lipofectamine control (one-way 
ANOVA, p<0.001). All values normalised to sample GAPDH expression and then 
Lipofectamine control. C Quantification of 4R and 3R tau expression indicated that 4R:3R 
tau ratio remains unchanged by CLK1 knockdown (one-way ANOVA, p>0.05). N=6, error 
bars display SEM within each treatment group. 

 

Griffin53, a pan-inhibitor, was found to induce greater exon 10 inclusion in SHSY5Y 

cell, as shown in Figure 5.3.3.7 below. Cells treated with 1µM Griffin53 showed 1.9-

fold increase in 4R tau expression compared to vehicle control (Figure 5.3.3.7B). 3R 

tau expression was not significantly altered (Figure 5.3.3.7C), which led to a modest 

but significant shift in the 4R:3R tau ratio from an average of 0.11 to 0.16 with 1µM 

Griffin53 treatment (Figure 5.3.3.7D). This effect is comparable to 3µM Griffin33 

seen in Figure 5.3.3.3D. Considering IC50 values in Table 5.3.3.4, the stronger 

effect of 1µM Griffin53 may be dependent on less potent inhibition of SRPK2 

activity. Selective SRPK1 inhibition with SPHINX31 did not significantly shift 4R:3R 
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ratio, but strong CLK inhibition combined with weaker SRPK2 inhibition seems to 

promote exon 10 inclusion more than CLK inhibition alone. 

 

 

 

Figure 5.3.3.7 1µM GRIFFIN53 treatment significantly increases 4R:3R tau ratio in 
SHSY5Y cells. A MAPT PCR was carried out on samples treated with 1-1000nM 
GRIFFIN53 for 24h. Images show relative expression of 4R and 3R tau, in addition of 
housekeeping gene GAPDH. B 4R tau quantification shows upward trend with GRIFFIN53 
treatment, but expression is variable, and change is not statistically significant (one-way 
ANOVA, p>0.05). All values normalised to GAPDH. C Quantification of 3R tau revealed no 
significant change in expression. D 4R:3R tau ratio is significantly increased by 1µM 
GRIFFIN53 treatment, indicating increased exon 10 inclusion (one-way ANOVA, p<0.05). 
N=3, error bars show SEM. 
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5.3.4 Griffin6 treatment of SHSY5Y cells reduces SR protein phosphorylation 

The GRIFFINs are splicing kinase inhibitors and splicing kinases are known to 

phosphorylate SR proteins, but the direct effect of GRIFFINs on SR phosphorylation 

has not been previously investigated. In this experiment, I sought to empirically 

measure SR phosphorylation in Griffin6-treated SHSY5Y cells to test the hypothesis 

that Griffin6 inhibition of CLK would cause a decrease in SR phosphorylation. For 

comparison, SHSY5Y cells were also treated with SPHINX31, which operated in 

part as a positive control, since it has been previously published to decrease SR 

phosphorylation but not specifically in SHSY5Y cells. After 48h treatment, cell lysate 

was collected and 50µg protein per sample was used for Western blot, then probed 

for phosphorylated-SR protein and SRSF1 expression. As shown in Figure 5.3.4.1, 

both SPHINX31 and Griffin6 treatment caused a significant decrease in 

phosphorylation of SRSF1 (one-way ANOVA, p<0.05).  

 

Figure 5.3.4.1 GRIFFIN6 and SPHINX31 treatment of SHSY5Y cells induces a 
significant decrease in SRSF1 phosphorylation. A Western blot was carried out on 
SHSY5Y cell lysates after 48h treatment with 10µM SPHINX31 and GRIFFIN6. Blots were 
probed with mouse phospho-SR antibody, rabbit SRSF1 antibody and goat β-actin antibody. 
Expression was quantified on a dual-colour blot by densitometry using Licor Image Studio 
software. B Quantification of pSR band at 28kDa relative to SRSF1 band shows significant 
decrease with SPHINX31 treatment compared to vehicle control (one-way ANOVA, p<0.05). 
C The relative expression of pSR to SRSF1 also decreases with GRIFFIN6 treatment (one-
way ANOVA, p<0.05). Total N=5, error bars show SEM. 
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The expression of other phosphorylated-SR proteins observed on the same blot also 

changed with treatment of SHSY5Y cells with splicing kinase inhibitors. For 

example, faint pSR bands at 55kDa and 75kDa, relating to SRSF6 and SRSF4 

respectively, seemed to decrease with Griffin6 treatment (as demonstrated in Figure 

5.3.4.2). Although phosphorylated SRSF4 bands could not be reliably quantified 

(due to lack of clarity), SRSF6 was expressed at higher levels and could be more 

easily assessed. Based on densitometry, Griffin6 treatment significantly decreased 

phosphorylation of SRSF6 (Figure 5.3.4.2C; one-way ANOVA, p<0.05). Since CLK1 

is known to phosphorylate SRSF6, this effect is likely through Griffin6 dependent 

CLK inhibition (Hartmann et al., 2001). On average, SPHINX31 treatment also might 

decrease phosphorylation of SRSF6, but not to a statistically significant degree 

within current sample size (Figure 5.3.4.2B; one-way ANOVA, p>0.05). 

 

Figure 5.3.4.2 GRIFFIN6 treatment of SHSY5Y cells induces a significant decrease in 
pSR at 55kDa. A Western blot was carried out on SHSY5Y cell lysates after 48h treatment 
with 10µM SPHINX31 and GRIFFIN6. Blots were probed with mouse phospho-SR antibody 
and goat β-actin antibody. Expression was quantified on a dual-colour blot by densitometry 
using Licor Image Studio software. B Quantification of pSR band at 55kDa relative to 
housekeeping protein β-actin band does not show a significant change with SPHINX31 
treatment (one-way ANOVA, p>0.05). C GRIFFIN6 treatment does induce significant 
decrease in 55kDa pSR relative to β-actin expression (one-way ANOVA, p<0.05). Total N=4, 
error bars show SEM. 

 



170 
 

5.3.5 Griffin6 treatment of SHSY5Y cells ameliorates OA-induced decrease in 

neurite outgrowth 

As an indicator of how altered splicing relates to cell physiology, I investigated the 

effect of Griffin6, selective CLK inhibitor, on neurite outgrowth. Within the OA model 

introduced in Chapter 4, Griffin6 was found to recover neurite outgrowth. SHSY5Y 

cells were probed with βIII-tubulin (shown in green) and outgrowth was calculated 

by tracing neurites on Image J and dividing the sum length per image by the number 

of cells. OA treatment induced a concentration-dependent decrease in neurite 

outgrowth (see Figure 5.3.5.1A and B). 1nM and 3nM OA significantly inhibited 

outgrowth (Figure 5.3.5.1C), as determined by decrease in control group values 

from 21.6µm ± 1.3µm (vehicle only) to 14.8µm ± 0.6µm and 8.9µm ± 1.0µm, 

respectively. With Griffin6 co-treatment, I measured higher average 15.4µm ± 0.8µm 

outgrowth in the presence of 3nM OA. Using two-way ANOVA to compare all 

experimental groups, Griffin6 was determined to have a significant effect on sum 

neurite length (p<0.001), indicating that Griffin6 is protective of neuronal outgrowth.  
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Figure 5.3.5.1 Griffin6 treatment protects against OA-induced decline in neurite 
outgrowth. A SHSY5Y cells were treated for 24h with 1-10nM OA with or without 3µM 
Griffin6. Neurone-specific marker βIII tubulin identified neurites shown in green. Cell nuclei 
stained with Hoechst shown in blue. Using FIJI software, neurite length was quantified using 
simple tracer and the sum neurite length was divided by number of nuclei counted with a 
macro. B Quantification shows that 1nM and 3nM OA significantly inhibits outgrowth of 
SHSY5Y cells (one-way ANOVA, p<0.001 and p<0.0001 respectively). C Griffin6 co-
treatment significantly ameliorates decline in neurite outgrowth induced by 3nM OA (two-way 
ANOVA, p<0.0001). N=3 replicates per condition, error bars show SEM. 

 

Since Griffin6 can have neuroprotective effects in SHSY5Y cells, RT-PCR was used 

to further investigate whether (a) OA treatment, used to reduce neurite outgrowth in 

vitro, significantly changes MAPT exon 10 inclusion, and (b) measured 

neuroprotection is dependent on the increase in 4R:3R tau ratio previously 

demonstrated with 3µM Griffin6 treatment. As presented in Figure 5.3.5.2, OA alone 

did not significantly affect 4R:3R tau ratio, but Griffin6 treatment reproduced a 

significant increase in exon 10 inclusion and 4R:3R tau ratio (one-way ANOVA, 

p<0.01). SHSY5Y cells co-treated with OA and Griffin6 seemed to show lower 

average 4R:3R tau ratio relative to Griffin6 treatment alone (not significant) but 

statistically higher 4R:3R tau ratio than OA treatment alone (one-way ANOVA, 

p<0.05). This suggests that Griffin6 treatment can still increase exon 10 inclusion in 

the presence of OA, and it may exert (at least part) of its neuroprotective effect 

through regulation of MAPT splicing. 
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Figure 5.3.5.2 Griffin6 treatment of SHSY5Y cells increases 4R:3R tau ratio in both 
absence and presence of OA. A SHSY5Y cells were treated with 3nM OA and/or 3µM 
Griffin6 for 24h. MAPT PCR was carried out using primers spanning exon 10 (forward primer 
in exon 9, reverse primer in exon 11) to quantify relative expression of 4R and 3R tau 
isoforms. Images show tau isoform expression and housekeeping gene GAPDH matched to 
each sample B Griffin6 treatment induces a significant increase in 4R:3R tau ratio (one-way 
ANOVA, p<0.01). Additionally, combination of OA and Griffin6 treatment shows significantly 
higher 4R:3R tau ratio than OA treatment alone (one-way ANOVA, p<0.05). The 4R:3R tau 
ratio of experimental groups was normalised to vehicle-only control group, and variability 
within control group is produced by normalisation to its own average. N=4, error bars show 
SEM. 
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As a CLK inhibitor, Griffin6 treatment could shift alternative splicing of many other 

genes, which are likely contributing to measured neuroprotection and other 

physiological effects. Since VEGF-A isoforms were demonstrated to be an important 

player in this neuronal model (see Chapter 4), alternative splicing of VEGF-A was 

investigated in Griffin6-treated SHSY5Y cells. As seen with RT-PCR of SPHINX31-

treated cells (see Figure 5.3.5.3), VEGF-A165b isoforms could not be detected. As 

previously discussed, lack of VEGF-A165b detection could be due to the fact it is 

expressed comparatively lower than VEGF-A165a, causing its amplicon to be out-

competed by the other isoform. 

 

Figure 5.3.5.3 VEGF-A165b bands are not detectable by conventional RT-PCR in 
GRIFFIN6 treated SHSY5Y samples. Cells were treated with 1µM, 3µM, and 10µM Griffin6 
and RT-PCR was conducted to quantify VEGF-A isoform expression. Positive control 
plasmids for VEGF-A165a and VEGF-A165b expression selectively showed detection of each 
isoform. NTC= no template control for cDNA and PCR reaction 

 

Using ELISA, it was possible to quantify both VEGF-A isoforms and measure 

relative expression against standard curves produced by serial dilution of VEGF-

A165a and VEGF-A165b recombinant proteins (see section 2.5.4 for optimisation and 

Figure 4.3.4.2 for standard curves). All values were then normalised to vehicle 

control group VEGF-A isoform expression. In SHSY5Y samples, I did not measure a 

significant change in expression of either VEGF-A isoform with Griffin6 treatment 

(see Figure 5.3.5.4). In cell lysate, VEGF-A165a measured at an average of 105% ± 

4.7%, 99.1% ± 6.4%, and 103.7% ± 9.1% of vehicle control with 1µM, 3µM and 

10µM Griffin6, respectively (Figure 5.3.5.4A). Similarly, in cell media, VEGF-A165a 

remained at 102.9% ± 5.2% of vehicle control with highest concentration 10µM 

Griffin6 (Figure 5.3.5.4B). In both cell lysate and media, VEGF-A165b showed a 

downward trend but this change was insignificant, as shown in Figure 5.3.5.4C and 

D, respectively. With 10µM Griffin6 treatment, VEGF-A165b expression was 

calculated to be 109.6 ± 6.6% and 121.4% ± 8.9% of vehicle control, respectively 

(p>0.05, one-way ANOVA). When isoforms are expressed as a ratio VEGF-

A165a:VEGF-A165b, there is no concentration-dependent change with Griffin6 
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treatment (see Figure 5.3.5.4E and F). In cells treated with 10µM Griffin6, the ratio 

measured from lysate and media remained at 98.2% ± 12.7% and 91.5% ± 8.2% of 

vehicle control, respectively (p>0.05, one-way ANOVA). I should be noted that 

quantification of expression, particularly of VEGF-A165b, was variable even in the 

control group suggesting that a larger sample size could have produced more 

reliable results. Nonetheless, these results suggest that CLK does not play as 

important a role in neuronal VEGF-A alternative splicing compared to SRPK1 (refer 

to Figure 4.3.4.3). 
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Figure 5.3.5.4 Griffin6 treatment does not significantly change VEGF-A165a:VEGF-A165b 
ratio in SHSY5Y cells. A B SHSY5Y cells were treated with 1-10µM GRIFFIN6 for 72h and 
ELISA was used to quantify relative expression of VEGF-A isoforms against respective 
standard curves. Quantification of VEGF-A165a expression in cell lysate and media showed 
no significant difference between vehicle and Griffin6 treated samples. C D Similarly, VEGF-
A165b quantification did not show significantly differential expression in either cell lysate or 
media (one-way ANOVA, p>0.05). E F Finally, measured ratio of VEGF-A165a:VEGF-A165b in 
cell lysate and media does not show a significant effect of Griffin6 treatment on SHSY5Y 
cells. However, there is a downward trend in some samples, e.g., 3µM GRIFFIN6 treated cell 
media. N=3 biological replicates and N=2 technical replicates.  

 

To confirm that Griffin6 is not acting through alternative splicing of VEGF-A, the 

neurite outgrowth assay was repeated to include tertiary treatment with 56/1, a 

neutralising antibody for VEGF-A165b, as presented in Figure 5.3.5.5 below. I found 

that blocking action of VEGF-A165b did not significantly change the neuroprotective 

effect of Griffin6 (Figure 5.3.5.5B; two-way ANOVA, p>0.05). Compared to control, 

Griffin6 treatment significantly increases outgrowth from SHSY5Y cells in the 

presence of 3nM OA, from an average of 15.4µm ± 0.8µm to 8.9µm ± 1.0µm (two-

way ANOVA, p<0.001). When also treated with 56/1 antibody, there is no significant 

difference to Griffin6 treatment alone: Cells treated with Griffin6 + 56/1 + 3nM OA 

showed an average sum outgrowth of 14.7µm ± 1.3µm (two-way ANOVA, p>0.05). 
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Figure 5.3.5.5 Griffin6 amelioration of OA-induced decline in neurite outgrowth is not 
dependent on VEGF-A165b expression. A SHSY5Y cells were treated for 24h with 1-10nM 
OA and a combination of 3µM Griffin6 + 56/1 co-treatments. Neurone-specific marker βIII 
tubulin identified neurites shown in green. Cell nuclei stained with Hoechst shown in blue. 
Using FIJI software, neurite length was quantified using simple tracer and the sum neurite 
length was divided by number of nuclei counted with a macro. B Quantification of neurite 
outgrowth shows that Griffin6 co-treatment significantly ameliorates decline in neurite 
outgrowth induced by 3nM OA (two-way ANOVA, p<0.001). Co-treatment of SHSY5Y cells 
with 56/1 in addition to Griffin6 does not significantly change neurite outgrowth (two-way 
ANOVA, p>0.05) which remains greater than vehicle + OA group (two-way ANOVA, 
p<0.001). N=3-5 replicates per condition, error bars show SEM. 
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5.4 Discussion 

In this chapter, SHSY5Y cells were successfully used as a neuronal model to 

investigate endogenous alternative splicing of MAPT exon 10. Novel compounds 

acting as splicing kinase inhibitors were used to alter splicing of exon 10 and 

elucidate their role in tau function. 

5.4.1 Knockdown of SRSF1 and SRSF2 in Neuro2a cells confirmed to increase 

MAPT exon 10 skipping 

Transient knockdown of SRSF1 and SRSF2 caused a significant decrease in 4R:3R 

tau ratio through MAPT exon 10 skipping (see section 5.3.1). This suggests that 

both SRSF1 and SRSF2 are necessary for exon 10 inclusion, and inhibition of either 

splicing factor cannot be compensated by the other. As previously discussed, this is 

in keeping with the literature, where SRSF1 and SRSF2 have both been shown to 

promote MAPT exon 10 inclusion (Kondo et al., 2004; Qian et al., 2011b). SR 

proteins, including SRSF1, are known to bind to AG-rich region at the 5’ splice site 

of exon 10, AATAAGAAG, which acts as an exonic enhancer element (Kondo et al., 

2004). FTD mutation of this sequence, known to cause an increase exon 10 

inclusion, was associated with greater SR protein binding (compared to wildtype). 

This implicates SR protein regulation in tauopathies and suggests that control of SR 

protein binding could ameliorate mis-splicing of tau. To further investigate the control 

of MAPT splicing, site-directed mutagenesis of the SV9/10L/11 tau construct could 

be conducted to ascertain essential SR protein binding sites around the exon 10 

sequence. The activity of splicing factors is dependent on their phosphorylation 

state, which is in turn regulated by splicing kinases (Ghosh & Adams, 2011). The 

inhibition of splicing kinases using novel compounds was therefore hypothesised to 

shift MAPT exon 10 splicing through modulation of SR proteins, including SRSF1 

and SRSF2. 

5.4.2 Selective SRPK1 inhibition does not conclusively promote MAPT exon 10 

inclusion 

As a potent SRPK1 inhibitor and best-characterised compound used in this thesis, 

SPHINX31 treatment of SHSY5Y cells was used to investigate the role of SRPK1 in 

splicing of MAPT exon 10. SPHINX31 has not been previously studied in SHSY5Y 

cells or any models of AD, but it has been published in peripheral neurones (Hulse 

et al., 2014) and most commonly in endothelial cells (Gammons et al., 2013; Allen et 

al., 2017). Validated as a highly selective inhibitor, 1µM SPHINX31 was shown to 

decrease SRPK1 activity without significantly affecting 50 key enzymes representing 
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the human kinome (Batson et al., 2017). Since kinase assays are carried out in a 

cell-free environment, remaining activity and IC50 values do not translate to 

experimental design but rather provide information on relative selectivity and 

potency. For this reason, a concentration range of SPHINX31 (and all other 

compounds) was used to study its effect in SHSY5Y cells. As seen in section 5.3.2, 

10nM-3µM SPHINX31 did not significantly change 4R:3R tau ratio but 10µM 

SPHINX31 did cause a significant increase in exon 10 inclusion. It is unclear 

whether SPHINX31 remains highly selective for SRPK1 at this higher concentration, 

so it is not possible to determine that SRPK1 activity is necessary for MAPT exon 10 

splicing based on this result alone. In Neuro2a cells, the whole concentration range, 

including 10µM SPHINX31, did not have any significant effect on 4R:3R tau ratio. 

Novel compound SRPN56 did show a significant increase in exon 10 inclusion 

between 1µM-10µM treatment range. As a potent SRPK inhibitor, this provides 

some evidence that SRPKs may be necessary for MAPT exon 10 skipping. 

However, Neuro2a cells treated with 100nM SRPN56 showed significantly lower 

4R:3R tau ratio, and higher concentrations (1-10µM) returned the ratio back to 

control levels. Since profiling of SRPN56 is incomplete, I do not have data on its 

selectivity. Related compound SRPN340 has been published as a SRPK inhibitor 

(Gammons et al., 2013; Siqueira et al., 2015) but it remains impossible to make 

conclusions about SRPN56 with great confidence. Nonetheless, one could postulate 

that SRPK inhibition with SRPN56 can reduce 4R:3R tau ratio, and higher 

concentrations of SRPN56 may increase 4R:3R tau ratio in SHSY5Y cells through 

inhibition of other splicing kinases. Further investigation is necessary to elucidate its 

concentration dependent effects. 

SRPK1 activity was once reported to promote exon 10 skipping (Hartmann et al., 

2001) but there is little evidence elsewhere in the literature linking SRPK1 to MAPT 

splicing. Hartmann et al. did not reverse SRPK1-mediated exon skipping, and their 

study involved co-transfection of a tau minigene and SRPK1 expression vector, thus 

it cannot be directly compared to modulation of endogenous MAPT splicing with 

SPHINX31 and SRPN56 treatment. Because SPHINX31 did not exert an effect 

between 1µM-3µM, it could be postulated that other kinases are able to compensate 

for SRPK1 activity. To consolidate the role of SRPK1 in MAPT splicing, it would be 

interesting to determine which splicing factors, phosphorylated by SRPK1, mediate 

its effect on exon 10 skipping. This would reveal more about the regulatory 

mechanisms at play. 
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One mediator could be SRSF1, as SRSF1 activity is dependent on SRPK1 

phosphorylation, which drives its nuclear localisation (Harper & Bates, 2008). 

Following this, phosphorylated SRSF1 can remain within nuclear speckles, therefore 

requires further phosphorylation from CLK1 for its release and access to splicing 

machinery (Aubol et al., 2014). However, this model is likely over-simplistic. In 

actuality, evidence suggests that SRPK1 and CLK1 act synergistically rather than 

sequentially; SRPK1 has been found to form a complex with CLK1 within the 

nucleus that leads to hyperphosphorylation of SRSF1 and more efficient splice-site 

selection (Aubol et al., 2016). When acting alone, it was found that CLK1 lacks the 

mechanism to release phosphorylated SR proteins, effectively inhibiting the function 

of SR proteins. Taking this into consideration, it can be postulated that even if 

inhibition of CLK1 and SRPK1 is highly selective, it could impact that activity of the 

other kinase and phosphorylation state of SR proteins, particularly SRSF1, that is 

required for their function. With regard to MAPT exon 10 splicing, this model 

suggests that SRPK1 mediated effects could be blocked by CLK1 inhibition if 

splicing factors required further phosphorylation by CLK1 to be released from 

nuclear speckles. Equally, SRPK1 inhibition could mean that CLK1 activity is 

dampened, as it lacks the mechanism to release splicing factors when operating 

alone. This hypothesis was not investigated in this thesis but creates very interesting 

future directions. For example, augmentation effects in AS could be investigated by 

comparison of joint SPHINX31 and Griffin6 treatment, or transient knockdown of 

SRPK1 and CLK1, with the effect of treatments alone. Furthermore, it would be 

possible to test whether inhibition of CLK1 or SRPK1 could be partially recovered by 

activity of the other kinase, or if they are both necessary for regulation of target 

splicing factors.  

5.4.3 Selective CLK inhibitor promotes MAPT exon 10 inclusion and reduces 

SRSF1/6 phosphorylation 

SRSF1 promotes MAPT exon 10 inclusion (Kondo et al., 2004), and Griffin6 

treatment of SHSY5Y cells was shown to have the same effect. As Griffin6 inhibits 

CLK, and CLK1 phosphorylation increases activity of SRSF1 (via release from 

nuclear speckles), these results are somewhat conflicting. Nonetheless, CLK activity 

has been reported to promote exon skipping (Hartmann et al., 2001), based on 

which one could logically hypothesise that CLK inhibition can increase exon 10 

inclusion, as observed with Griffin6 treatment of SHSY5Y cells. Search of the 

literature could not find any other data on the effect of CLK inhibition on exon 10 

splicing; hence, it can be concluded for the first time that CLK is (in part) necessary 
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for exon 10 skipping, and its inhibition increases 4R tau isoform expression. It 

remains unclear how CLK has this effect but understanding the function of CLK 

phosphorylated splicing factors can put forward potential mechanisms for 

investigation. At this point, it would be important to assess (a) co-localisation of CLK 

and the splicing factor, (b) interaction between the splicing factor and MAPT exon 

10, and (c) the effect of constituently phosphorylated splicing factor (e.g. 

phosphorylated-SRSF1) on exon 10 inclusion. Furthermore, using kinase-dead CLK 

would further validate findings presented in this chapter. 

To help elucidate the targets of CLK in SHSY5Y cells, SR protein phosphorylation 

was quantified with Griffin6 treatment (and SPHIINX31 treatment as a positive 

control, see section 5.3.4). Phosphorylated SRSF1 was significantly reduced with 

Griffin6, but as discussed, it is unlikely that CLK inhibition increases exon 10 

inclusion through SRSF1 because knockdown of SRSF1 had the opposite effect on 

MAPT splicing. Considering other mediators, Griffin6 caused an equally significant 

decrease in phosphorylated SRSF6 and the literature reports that SRSF6 activity 

can also modulate exon 10 inclusion (Gao et al., 2000; Wang et al., 2004). More 

specifically, these studies found that co-transfection of SRSF6 with a tau minigene 

results in an increase of 3R tau expression. If selective CLK inhibition through 

Griffin6 treatment reduces phosphorylation of SRSF6, this could theoretically block 

SRSF6-mediated exon 10 skipping, and ultimately increase exon 10 inclusion. 

However, there is conflicting evidence that SRSF6 increases exon 10 inclusion in a 

number of cell lines, including SHSY5Y cells (Yin et al., 2012). This effect was 

validated for both endogenously expressed tau and transfected tau minigene, as 

siRNA targeting SRSF6 lead to inhibition of exon 10 inclusion in both instances. 

Having been observed in the same cell line, these data are more compelling and 

relevant to the splicing of MAPT quantified in this chapter.  

Toward an alternative hypothesis, we must consider the role of other splicing 

factors. Although not quantified in Griffin6-treated SHSY5Y cells, CLK is known to 

phosphorylate SRSF7 (originally named 9G8) and CLK inhibitor TG003 has been 

shown to reduce phosphorylation of SRSF7 (Ding et al., 2012). In this same study, 

SRSF7 was shown to block MAPT exon 10 inclusion, promoting exon skipping and 

3R tau isoform expression. SRSF7 activity was inhibited by Dyrk1A phosphorylation, 

which led to its translocation to the cytoplasm and increased exon 10 inclusion. 

Similarly, PKA phosphorylation has been demonstrated to prevent SRSF7 from 

blocking exon 10 inclusion (Gu et al., 2012). If CLK phosphorylation counteracts 

these kinases and can instead increase SRSF7-mediated exon skipping, then 
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SRSF7 activity may explain how CLK inhibition increases exon 10 inclusion. For 

future work, this would be a crucial hypothesis to investigate. Ultimately, more 

research is necessary to comprehensively interrogate the role of CLK in exon 10 

splicing and conclusively determine how inhibition of CLK leads to higher 4R tau 

expression. 

5.4.4 CLK2 is more important in MAPT exon 10 splicing than CLK1 

Both CLK1 and CLK2 activity have been implicated in exon 10 skipping, but CLK2 

has a comparatively stronger effect (Hartmann et al., 2001). Griffin42 was the only 

compound that showed slightly higher selectivity for CLK1 over CLK2, and it was not 

able to induce significant increase in exon 10 inclusion (up to 1µM treatment). To 

determine whether CLK1 inhibition alone was sufficient to increase 4R tau 

expression, CLK1 was transiently knocked down in SHSY5Y cells (Figure 5.3.3.6), 

and there was no significant change in exon 10 splicing. This further supports the 

hypothesis that Griffin-mediated increase in exon 10 inclusion predominately occurs 

through CLK2 rather than CLK1. However, it should be noted that an average of 

65% CLK1 activity remained with siRNA knockdown, which could be sufficient to 

perform its function and promote exon 10 skipping in SHSY5Y cells. It can still be 

inferred that shift in 4R:3R ratio quantified with treatment with other Griffins was, at 

least in part, dependent on CLK2 inhibition rather than CLK1 inhibition. Further 

investigation of CLKs in SHSY5Y cells would be necessary to validate this 

hypothesis, including independent knockdown of CLK2 at the protein level. It was 

not possible to conduct these experiments due to time constraints and adjusted 

working schedule during the COVID-19 pandemic.  

CLK2 mediated exon 10 skipping has been proposed to occur through inhibitory 

interaction with TRA2-β1, a splicing factor which can bind to a MAPT exonic splicing 

enhancer (ESE) and promote exon 10 inclusion (Jiang et al., 2003). CLK2 

phosphorylates TRA2-β1 at its RS domain which triggers TRA2-β1 autoregulation, 

where its own exons 2 and 3 are skipped, promoting the transcription of TRA2-β3 

instead. Since TRA2-β3 lacks a RS domain, it cannot influence TRA2-β splicing, 

thus phosphorylation of TRA2-β1 can act as powerful negative feedback for 

expression of TRA2-β1. Consequently, it has been theorised that CLK2 increases 

MAPT exon 10 skipping by reducing TRA2-β1 activity, effectively blocking TRA2-β1-

mediated exon 10 inclusion (Glatz et al., 2006). CLK2 is also known to 

phosphorylate other SR proteins, including SRSF4 and SRSF6, which can also 

increase exon 10 skipping but not to the same degree as CLK2 (Hartmann et al., 
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2001). It is therefore likely that CLK2 exerts its effect on MAPT exon 10 splicing 

through phosphorylation of all these splicing factors combined.  

5.4.5 SRPK2 inhibition may partially block increased MAPT exon 10 inclusion 

mediated by other kinases 

SRPK1 is ubiquitously expressed but SRPK2 is highly enriched in the brain. SRPK2 

is known to play an important role in regulation of brain tissue, for instance, it is 

involved in the control neuronal survival and cell cycle progression (Chan & Ye, 

2013). SRPK2 is thought to be activated during the pathological processes of AD, as 

elevated SRPK2 expression has been associated with NFTs in AD brain (Hong et 

al., 2012). Additionally, Wang et al have shown that SRPK2 can increase MAPT 

exon 10 inclusion in hTau mice. This is a mouse model for tauopathies that is 

designed to only human tau isoforms, produced by mating 8c mice, which express a 

human tau transgene, and tau knock-out mice, which do not express endogenous 

mouse tau. It was found that γ-secretase cleavage of SRPK2 can escalate its kinase 

activity, and overexpression of cleaved SRPK2 not only leads to significantly higher 

4R tau expression, but also accelerated tau pathology and cognitive impairment 

(Wang et al., 2018). 

Comparing Griffin33 and Griffin53 yields an interesting insight into the role of CLKs 

and SRPK2 in the alternative splicing of MAPT that occurs in SHSY5Y cells. These 

two compounds are almost identical in their selectivity, except that Griffin53 is a less 

potent SRPK2 inhibitor. In Figures 5.3.3.3 and 5.3.3.7, it was shown that Griffin53 

increased MAPT exon 10 inclusion at a lower concentration (1µM) than Griffin33 

(3µM). Since SRPK2 increases exon 10 inclusion (Wang et al., 2018), it could be 

postulated that inhibition of SRPK2 with Griffin33 treatment was partially protecting 

SHSY5Y endogenous splicing that preferentially skips exon 10. In this case, the 

comparative ability of Griffin53 to potently increase exon 10 inclusion may be 

dependent on increased SRPK2 activity. To validate this hypothesis, it would be 

interesting to selectively inhibit SRPK2, perhaps by siRNA, and determine if there is 

increased exon 10 skipping in the Neuro2a cell line. It is also important to determine 

how SRPK2 is exerting its effect. In a similar way to SRPK1, SRPK2 is known to 

phosphorylate SR proteins and modulate their activity (Wang et al., 1998). For 

example, SRPK2 can change the nuclear localization of SRSF1 from nuclear 

speckles to the nucleoplasm, increasing its interaction with the spliceosome 

(Koizumi et al., 1999). Furthermore, SRPK2 phosphorylation has been shown to 

improve the stability of SRSF2 and SRSR4 against degradation (Fukuhara et al., 

2006). Although its function has not been directly investigated in MAPT splicing, it is 
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reasonable to hypothesis that SRPK2 may increase exon 10 inclusion through 

phosphorylation of SRSF1 and SRSF2, since both have been independently shown 

to have the same effect (Kondo et al., 2004; Qian et al., 2011b). To test this 

hypothesis, it would be necessary to empirically find interactions between the 

kinase, splicing factors and MAPT exon 10.   

5.4.6 Combined CLK and Dyrk1A inhibition has a synergistic effect on MAPT 

exon 10 inclusion 

Griffin8 and Griffin53 both inhibit Dryk1A as well as CLK and treatment of SHSY5Y 

cells with these compounds induced a shift in the 4R:3R tau ratio more potently (at 

1µM) compared to selective CLK inhibitor Griffin6 (at 3µM). As previously discussed 

in section 5.1.1, Dyrk1A has been shown to promote exon 10 skipping through 

phosphorylation of SRSF1 and driving it into nuclear speckles (Shi et al., 2008). 

Moreover, Dryk1A phosphorylation of SRSF2 and similarly inhibits SRSF2-mediated 

exon 10 inclusion (Qian et al., 2011b). In the later study, downregulation of Dyrk1A 

was found to increase exon 10 inclusion, and so the findings reported in this thesis 

are in keeping with the literature. It can be concluded that both CLK and Dyrk1A are 

required for exon 10 skipping, and their inhibition causes increased exon 10 

inclusion. Dyrk1A constitutes an interesting target in AD because it can directly 

phosphorylate tau at numerous sites (most notably at threonine residue 212), 

increasing self-aggregation and priming tau for further phosphorylation by GSK-3β 

(Liu et al., 2008). Therefore, future investigation of Dyrk1A specific inhibitors could 

become a novel therapeutic strategy for AD and other tauopathies. 

5.4.7 Other kinases also play a role in regulation of MAPT exon 10 inclusion 

Although not tested in this chapter, it would be remiss not to mention the role of 

other kinases known to regulate MAPT splicing. One such example is GSK-3β. In 

addition to its direct interaction with tau (discussed in section 1.4), GSK-3β alters the 

splicing of MAPT exon 10, and promotion of GSK-3β activity through calpain I 

cleavage is associated with increased 3R tau expression (Jin et al., 2015b). This 

has been proposed to occur through phosphorylation of SRSF2, a promoter of exon 

10 inclusion (Hernández et al., 2004). GSK-3β was found to regulate intranuclear 

distribution of SRSF2, as GSK-3β inhibition increased SRSF2 localisation in nuclear 

speckles as well as increasing its own co-localisation with SRSF2 therein. Since SR 

proteins are released from speckles upon phosphorylation, it was hypothesised that 

GSK-3β phosphorylation causes SRSF2 release from nuclear speckles. However, 

GSK-3β inhibition confining SRSF2 within nuclear speckles would reduce SRSF2 
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interaction with MAPT and Hernández et al. incongruently reported greater exon 10 

inclusion. Rather than being dependent on SRSF2, this increase in 4R tau could be 

mediated through other splicing factors. Otherwise, it could be resultant from 

crosstalk with other regulatory kinases compensating for GSK-3β inhibition, 

especially because Hernández et al. used lithium which is not highly selective for 

GSK-3β. As discussed in the paper, measured changes in tau isoform expression 

are further confounded by GSK-3β phosphorylation of SRSF2 requiring pre-

phosphorylation from “priming” kinases at its RS domain, the most likely candidates 

being CLKs and SRPKs.  

MAPT splicing has also been related to cyclic-AMP dependent protein kinase (PKA) 

activity; SRSF2-mediated exon 10 inclusion was shown to be dependent on PKA 

phosphorylation of its RS domain (Qian et al., 2011b; Chen et al., 2014). This would 

act in opposition to GSK-3β and Dyrk1A activity, promoting expression of the 4R tau 

isoform. It has also been reported that PKA phosphorylation of SRSF1 enhances 

promotion of exon 10 inclusion (Shi et al., 2008). Interestingly, studies found that 

SRSF7 promotes skipping of exon 10, shifting isoform expression toward 3R tau, 

and PKA phosphorylation inhibits SRSF7-mediated change in tau splicing (Shi et al., 

2011). Altogether, PKA interactions with SRSF1, SRSF2 and SRSF7 can all lead to 

increase in 4R tau expression. As with Dyrk1A, PKA has also been shown to directly 

phosphorylate tau at several sites, priming it for further phosphorylation from GSK-

3β (Liu et al., 2006), and strongly implicating PKA in regulation of tau function.  

Finally, CDK5 has also been shown to increase exon 10 skipping, but to a much 

smaller degree (Hartmann et al., 2001). Also known as Neuronal CLK, CDK5 is the 

major cyclin-dependent kinase constitutively expressed in the brain and significantly 

elevated in AD (Lee et al., 1999). Functionally, CDK5 is involved in the dynamic 

organisation of actin cytoskeleton and neurite outgrowth (Nikolic et al., 1998) but 

has been related to abnormal phosphorylation of tau and formation of paired helical 

filaments (Paudel et al., 1993). Even so, there is no evidence to suggest it plays as 

important a role as other splicing kinases discussed in this chapter. 
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Figure 5.4.7 Summary schematic for the role of regulatory splicing kinases in the 
inclusion of MAPT exon 10.  

5.4.8 Griffin6 is neuroprotective against OA-induced neurotoxicity 

The OA model for neurotoxicity, introduced in Chapter 4, was used again in this 

chapter to investigate potential physiological effect of selective CLK inhibitors in 

section 5.3.5. Griffin6 treatment was found to protect against OA-induced decline in 

neurite outgrowth, suggesting that CLK inhibition can exert neuroprotective effects in 

this neuronal model. In the control group, 3mM OA decreased the average length of 

outgrowth to 41.1% ±4.4% of vehicle treated SHSY5Y cells. With Griffin6 co-

treatment, this decline was significantly reduced, where 3nM OA treated cells 

maintained 81.1% ±3.0% average outgrowth of vehicle control. In this assay, OA 

causes tau hyperphosphorylation through PP2A inhibition (Metin-Armagan et al., 

2018), thus it is possible that Griffin6-mediated CLK inhibition may be 

neuroprotective, at least in part, by directly or indirectly blocking 

hyperphosphorylation of tau. However, there is no evidence in the literature that 

suggests CLK regulates tau phosphorylation, so to validate this hypothesis, it would 

be necessary to quantify the phosphorylation of tau with OA, Griffin6, and their 

concurrent treatment. 

Since Griffin6-mediated CLK inhibition ameliorated OA-induced “dieback” of 

SHSY5Y cells but did not increase outgrowth on its own, it could be hypothesised 

that CLK inhibition is neuroprotective through a mechanism that is specific to OA-

induced neurotoxicity, and perhaps directly related to tau function. As established 

through Griffin6 and Griffin8 treatments, CLK inhibition leads to an increase in 

4R:3R tau ratio in SHSY5Y cells, which persists in the presence of 3nM OA (see 
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Figure 5.3.5.2). Therefore, it is possible that CLK inhibition is neuroprotective 

through regulation MAPT splicing. This is particularly interesting because 

maintaining an equimolar 4R:3R tau ratio is thought to be crucial in the human brain 

(Espindola et al., 2018) and SHSY5Y cells preferentially express 3R tau. Therefore, 

shifting toward exon 10 inclusion brings these cells closer toward equimolar 

expression of 4R and 3R tau isoforms. The SHSY5Y cell model, however, is limited 

in its use to determine the physiological effects relating to 4R:3R ratio, because it is 

not known if SHSY5Y cells have inherently disrupted physiology related to their 

imbalance of 4R:3R tau isoform expression. Therefore, further studies could focus 

on investigating the neuroprotective role of shifting 4R:3R tau ratio in primary tissue 

or another neuronal model that is closer to normal physiology.  

A number of studies have otherwise shown CLKs to play a role in neuronal function, 

such as inducing neuronal-like differentiation of PC12 cells from their adrenal gland 

origin (Myers et al., 1994), and relating to dendritic spine density in the cerebral 

cortex (Bidinosti et al., 2016). More specifically, CLK2 negatively regulates Akt, an 

important mediator of cell growth, survival and metabolism, by phosphorylation of 

the B56β subunit of PP2A, which triggers (and is required for) PP2A-mediated 

dephosphorylation of Akt (Rodgers et al., 2011). Activation of Akt by 

pharmacological CLK2 inhibition reverses neuronal impairments related to Akt 

deficiency and restores dendritic spine density (Bidinosti et al., 2016). Akt 

phosphorylation operates within the PI3K/Akt/S6K signalling pathway, which has 

been shown to promote neuronal survival, differentiation, neurite elongation, and 

regeneration (Zhang et al., 2017). In addition to regulating Akt phosphorylation, 

CLKs can also affect the PI3K/Akt/S6K pathway through its role as a splicing 

regulator. CLK inhibition may affect neuronal survival through regulation of S6K, 

since CLKs strongly inhibit canonical S6K activity by producing alternatively spliced 

isoforms of S6K, which effectively block S6-mediated cell growth and survival (Araki 

et al., 2015). However, in the specific context of neurite outgrowth, it is unclear 

whether S6 activity is always protective, since the literature supports S6-mediated 

neuronal sprouting in the CNS (Zhang et al., 2017) while demonstrating that S6 can 

inhibit axonal regeneration in the periphery (Al-Ali et al., 2017). To further complicate 

matters, S6 is directly related to tau dysfunction, as intense S6 phosphorylation is 

associated with NFTs in the AD brain, particularly in the CA1 region of the 

hippocampus (Sonoda et al., 2016). This highlights that up- or down-regulation of a 

kinase does not have straightforward results and is likely to affect cell physiology 

through many mediators, sometimes in contradictory ways. It is therefore crucial to 
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identify the most influential mechanisms driving neuroprotection and promote them 

while minimising undesirable side-effects.  

Regarding the effects of CLK inhibition on OA-induced neurotoxicity, I would 

postulate that Griffin6 mediated neuroprotection is not directly dependent on Akt 

activity, since OA is a PP2A inhibitor, and has been shown to block Akt 

dephosphorylation (Rodgers et al., 2011). As a result, it is unlikely that OA-induced 

neurotoxicity occurs through reduced Akt activity. Future work could explore the 

mTOR pathway and expression of PI3K, Akt and S6K activation markers to 

determine if they link between CLK activity and neurite outgrowth in this in vitro 

model of tau hyperphosphorylation. 

5.4.9 The neuroprotective effect of Griffin6 is not dependent on VEGF-A165b 

isoform expression 

CLK1 phosphorylates SRSF6 which has been shown to promote distal splice site 

selection of exon 8 in VEGFA (Nowak et al., 2008). As a result, this would cause an 

increase in VEGF-A165b and inhibition of CLK1 could block SRSF6-mediated VEGF-

A165b expression. On the other hand, CLK1 is also involved in the regulation of 

SRSF1 alongside SRPK1, and phosphorylated SRSF1 promotes proximal splice site 

selection of exon 8 in VEGFA (Nowak et al., 2010). Since these effects are 

conflicting, it was difficult to hypothesise how CLK inhibition would affect VEGFA 

splicing. However, as determined by ELISA, CLK inhibition through Griffin6 

treatment of SHSY5Y cells (see Figure 5.3.5.4) did not induce a significant shift in 

VEGF-A165a:VEGF-A165b ratio. As expression values were variable, using a larger 

sample size (current N=3 biological samples) could produce more reliable data on 

VEGF-A isoform expression. Having said that, Griffin6-treated samples were run on 

the same plates as SPHINX31-treated samples, which did show significant increase 

in VEGF-A165b isoforms (see Figure 4.3.4.3), acting as an experimental positive 

control. As previously discussed in Chapter 4, endogenous VEGF-A165b acts as a 

neuroprotective agent and decreasing the VEGF-A165a:VEGF-A165b ratio can 

ameliorate damage from various neuronal insults (Beazley-Long et al., 2013). The 

neuroprotective role of Griffin6 was not dependent on VEGF-A165b since 

neutralisation of the isoform with antibody 56/1 did not reduce its ability to 

ameliorate OA-induced “dieback” of SHSY5Y cells. This is in contrast to previous 

findings that SPHINX31-mediated neuroprotection was significantly reduced by 

concurrent 56/1 treatment, suggesting that SRPK1 inhibition may primarily act 

through VEGFA splicing but CLK inhibition does not.  
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5.4.10 Concluding remarks 

It was confirmed that SRSF1 and SRSF2 are necessary for MAPT exon 10 inclusion 

and their knockdown significantly increases exon 10 skipping. The inhibition of CLK, 

SPRK and Dyrk1A with novel small molecule inhibitors significantly increased MAPT 

exon 10 inclusion. Selective CLK inhibitor Griffin6 was also shown to ameliorate OA-

induced “die-back”, increasing neurite outgrowth in the presence of 1-3nM OA. 

Considering that Griffin6 alone did not increase neurite outgrowth, it was suggested 

that CLK inhibition was selectively blocking OA-induced neurotoxicity. It was also 

found that Griffin6-mediated neuroprotection was not dependent on AS of VEGF-A. 

Altogether, this chapter identifies that CLK plays an important role in MAPT splicing 

and that regulating tau expression could be therapeutic in tauopathies. Particularly 

in cases where MAPT mis-splicing has led to pathologically high 3R tau, CLK 

inhibition could provide neuroprotection through increased exon 10 inclusion. 
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Chapter 6. Summary and future directions 
 

Globally, there are roughly 47 million people living with dementia, a figure projected 

to increase to 132 million by the year 2050 (World Health, 2017). As the most 

common cause of dementia, AD is becoming a public health priority worldwide. 

Unfortunately, current treatments can only temporarily manage or slow symptoms, 

and do not effectively halt pathogenesis. For this reason, innovative AD research is 

critical to identify novel therapeutics and provide a higher standard of patient care. 

Unfortunately, all clinical trials for disease-modifying drugs have failed (Anderson et 

al., 2017). A number of explanations have been proposed for their failure, ranging 

from scepticism of biological drug targets and doses to criticism of participant 

selection and choice of clinical outcomes. Any combination of these can be argued 

and disputed, but what remains irrefutable is the need to change our approach to 

the treatment of AD. In order to affect change, it is necessary to (a) improve early 

detection of AD, particularly through quantification of polygenic risk (Hannon et al., 

2020) to enable effective intervention in the pre-clinical stage, and (b) target drivers 

of disease that may be upstream of Aβ and tau pathology, rather than more 

apparent but less instrumental targets which are reactionary to (and may even 

oppose) AD pathogenesis (Persson et al., 2014). In fulfilment of the latter, I propose 

targeting splicing factor kinases, known regulators of AS, as a novel therapeutic 

approach for AD.  

6.1 Alternative splicing in AD 

Changes in alternative splicing are linked to both normal ageing and ageing-related 

diseases (Angarola & Anczuków, 2021). This is thought to occur through differential 

expression of splicing factors, which affects regulation of splicing events and isoform 

production in older age (Balliu et al., 2019). A larger than average proportion of 

these splicing events constitute increased intron retention, in both normal physiology 

(Mazin et al., 2013) and Alzheimer’s disease (Adusumalli et al., 2019). Intron 

retention is reported to be widespread in the human brain and typically leads to 

nonsense-mediated decay due to inclusion of a premature stop codon. 

Consequently, intron-retained mRNAs are unlikely to be translated into proteins, and 

so the role of intron retention in regulating gene expression may be overlooked. 

Indeed, Adusumalli et al. found that 80 protein isoforms significantly downregulated 

in AD were encoded by 73 genes showing differential intron retention. In a recent 

study, intron retention was described to be functionally associated with occurrence 

of AD and positively correlated with Braak stage, indicating greater disease severity 
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(Li et al., 2021). These differential splicing events were found to be regulated by 

components of the spliceosome and major splicing factors, including SNRNP70, 

HSPA2, SRSF6 and HNRNPH1. 

Exon skipping, however, is the most common type of splicing event and this too has 

been implicated in AD (Han et al., 2019; Yang et al., 2021). For example, exon 

skipping in RELN, extracellular matrix glycoprotein, was associated with AD whilst 

exon inclusion was negatively correlated with Aβ burden (Han et al., 2019). Most 

notable is exon skipping in APP and MAPT genes, which produce AD hallmarks Aβ 

and tau, and it is becoming evident that splicing dysregulation can drive 

pathogenesis (Habekost et al., 2021; Jakubauskienė et al., 2021). In the ROSMAP 

dataset, AD patients were found to have differential intron usage (Raj et al., 2018) 

and exon skipping (Yang et al., 2021), emphasising the importance of both splicing 

events in AD pathology. In this thesis, the expression of splicing kinases was linked 

to likelihood of AD diagnosis and markers of AD pathology. Low SRPK1/2 

expression in females and low CLK1 expression in males were associated with 

more frequent occurrence of AD compared to high expression groups. This 

suggests that targeting kinases could be therapeutic by shifting AS and shielding 

against the AD phenotype. 

6.2 Targeting splicing kinases to modulate alternative splicing  

Investigation of AD-related protein VEGF-A, which is a known splicing target of 

SRPK1, found that it could protect against oxidative stress, Aβ-related neurotoxicity, 

and OA-induced decline in neuronal outgrowth. Interestingly, both VEGF-A165a and 

VEGF-A165b isoforms were neuroprotective, but it was hypothesised that VEGF-

A165b was blocking tau-related toxicity in the neurite outgrowth assay, while VEGF-

A165a was causing a general increase in outgrowth. Treatment with SPHINX31, a 

SRPK1 inhibitor that can switch splicing toward the VEGF-A165b isoform, was also 

found to neuroprotective against tau-related toxicity in a VEGF-A165b dependent 

manner. This led us to the conclusion that SRPK1 inhibition ameliorates AD-related 

neurotoxicity, and our proposal that SRPK1 inhibition may be therapeutic in AD 

brain through VEGF-A mediated mechanisms.  

To explore the role of splicing kinases in regulation of tau splicing, which is 

implicated in AD and other tauopathies, neuronal cells were treated with a panel of 

small-molecule inhibitors in vitro. I reported that CLK inhibitors significantly 

increased 4R:3R tau ratio by promoting MAPT exon 10 inclusion in SHSY5Y cells, 

which predominately express 3R tau. Functionally, this was associated with greater 
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neurite outgrowth despite OA-induced ‘die-back’, which indicates that CLK-mediated 

control of tau splicing could be another effective therapeutic strategy for AD. This is 

particularly noteworthy because CLK1 expression was related to tau pathology in 

male AD patients in the ROSMAP dataset. In order to elucidate other splicing 

changes that occur with SRPK1 or CLK1 inhibition, it would be interesting to perform 

RNA-seq on neuronal cell samples treated with SPHINX31 and GRIFFIN6 

respectively. This would ultimately determine other mechanisms which may mediate 

neuroprotection not explored within this thesis. For example, a number of other 

factors have been associated with both amyloid and tau related AD pathology, 

including MYCN gene (Ferrer & Blanco, 2000). MYC-c can promote neuronal 

survival and post-injury axon regeneration (Belin et al., 2015). Although its 

expression was not found to be in correlation with neuronal loss in AD brain (Ferrer 

& Blanco, 2000) it could also be considered an important target for neurogenesis. 

The regulation of Dyrk1A activity has also been proposed as a novel approach for 

AD as it directly phosphorylates tau in advance of further phosphorylation from 

GSK-3β (Ryoo et al., 2007). Dyrk1A is also involved in tau splicing, although 

research findings conflict on whether Dyrk1A promotes or blocks exon 10 inclusion 

(Qian et al., 2011b; Ding et al., 2012). In this thesis, co-inhibition of CLK and Dyrk1A 

increased inclusion of MAPT exon 10 with greater potency than selective CLK 

inhibitor GRIFFIN6, which suggests that Dyrk1A activity mediates exon skipping in 

SHSY5Y cells. In the ROSMAP dataset, Dyrk1A expression did not show a clear 

relationship with AD pathology but females with low Dyrk1A did have significantly 

higher occurrence of AD diagnoses. To further characterise tau related Dyrk1A 

function, future experiments could include use of a selective Dyrk1A inhibitor in the 

neurite outgrowth assay to determine whether it has neuroprotective effects in vitro.  

To interrogate the impact of 4R:3R tau ratio in both directions, it would be interesting 

to promote CLK and/or Dyrk1A-mediated exon 10 skipping in Neuro2a cells, which 

predominately express 4R tau, and determine whether this too is neuroprotective 

against OA-induced toxicity in the neurite outgrowth assay. This would support the 

hypothesis that imbalance of 4R:3R tau makes cells more susceptible to tau 

hyperphosphorylation and related neurotoxicity. Working under this assumption, 

shifting expression of 4R and 3R tau isoforms closed to 1:1 ratio will provide 

neuroprotection. Since it is more common for tauopathies to be caused by excessive 

4R rather than 3R (Spillantini & Goedert, 2013), this could lead to the conclusion 

that CLK1 inhibition is not an effective therapeutic intervention. It would also indicate 

that over-representation of AD pathology in males with low CLK1 expression may be 
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consequential rather than compensatory, i.e. downregulation of CLK1 may 

contribute to AD pathology. However, this counterargument remains speculative 

until further investigation. The discrepancy herein lies with use of imperfect cell 

models since neither cell lines have “normal physiology” with equimolar production 

of 4R and 3R tau. In the literature, hTau mice (expressing only human tau isoforms) 

are reported to have high 3R tau expression due to endogenous splicing preference 

for exon 10 skipping, which causes aged hTau mice to exhibit tau 

hyperphosphorylation and cognitive deficits (Espindola et al., 2018). Increased exon 

10 inclusion to 4R:3R tau ratio ~0.8 by injection of trans-splicing molecules 

ameliorated both tau pathology and cognitive performance. At the same time, 

inducing high 4R tau expression in hTau mice has also been shown to cause tau 

hyperphosphorylation and exacerbation of seizures (Schoch et al., 2016). 

Considering this evidence altogether, one must conclude that modulation of tau 

splicing can be neuroprotective in both directions depending on the pre-existing 

splicing and constituted risk for pathology. Although this does not provide a clear 

path for therapeutics, it does provide a more comprehensive understanding of the 

underlying physiology. 

6.3 Models to investigate AD pathology 

Use of models is integral to AD research, and the lack of accurate and 

representative AD models is a significant hindrance. Clinical research provides 

useful insight into disease, but basic scientific research is required for target 

validation and to empirically test new therapeutic strategies. Since it is impossible to 

produce a model for all aspects of AD, it is imperative to use a combination of 

models that integrate AD-related pathologies. Up until now, the lack of success of 

unidirectional therapeutics, e.g., exclusively targeting Aβ pathology (Doody et al., 

2013), has highlighted the heterogeneity of AD and consequently the importance of 

using a multimodal approach to its treatment.   

In this thesis, I was able to establish models for AD to study alternative splicing. 

Through multivariate analysis of transcript splicing (rMATS), I found that the 

cerebellum has differential splicing patterns as well as differential gene expression 

to the frontal cortex. Gene set enrichment analysis revealed that alternative spliced 

genes are predominately related to vesicle-mediated transport and synaptic 

function, including NRXN2 and EXOC1 which have significantly less skipped exons 

in the cerebellum. These novel findings suggest that regulation of splicing 

contributes to the cerebellar phenotype, which may protect against synaptic 
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dysfunction in AD. Enrichment of GO pathways related calcium signalling were also 

identified among differentially spliced genes. For example, IP3 receptor gene ITPR1 

was shown to have significantly more skipped exons in the cerebellum, which could 

cause the cerebellum to have reduced sensitivity to IP3R-mediated calcium release. 

Overall, the cerebellar splicing profile can be proposed to protect against (or at the 

very least delay onset) AD pathogenesis. To validate this hypothesis, future work 

could involve empirically testing differential splicing of target genes in vitro to 

determine whether replication of the cerebellar phenotype can be neuroprotective. 

To produce a model for AD-related pathology in vitro, I used a combination of 

oxidative stress, Aβ-induced neurotoxicity, and tau hyperphosphorylation assays in 

Chapter 4. This provided unique insight into the neuroprotective effects of VEGF-

A165a and VEGF-A165b splicing isoforms. The establishment of this model with 

SHSY5Y cells provides an accessible model for investigation of other 

neuroprotective agent; for future work, this model could be used to further 

investigate use of splicing kinase inhibitors such as the GRIFFINs as therapeutic 

candidates for AD. Ideally, primary brain cells from the hippocampus or other 

vulnerable areas would be used for greater physiological relevance, but primary 

tissue brings its own complications and has considerably more limited supply. One 

step further would be investigating the use of splicing kinase inhibitors in an animal 

model, such as hTau mice, which exhibit tau pathology in old age (Espindola et al., 

2018). 

6.4 Summary 

To conclude, inhibition of splicing kinases using selective small-molecule inhibitors 

is a viable strategy for regulation of aberrant splicing associated with AD pathology. 

In this thesis, use of SRPK1 inhibitor SPHINX31 and CLK inhibitor GRIFFIN6 were 

identified to have protective effects on neuronal outgrowth in vitro. SPHINX31 

neuroprotection was shown to be mediated through alternative splicing of VEGFA 

while GRIFFIN6 was postulated to act through alternative splicing of MAPT. Since 

exclusively targeting either Aβ or tau is insufficient for AD treatment, and I found that 

expression of splicing factors can be related to occurrence of AD, they constitute an 

interesting target for modulation alternative splicing in AD and upstream protection 

against neuropathology. Further investigation into mechanisms of action is 

necessary to elucidate how inhibition of splicing kinases may be neuroprotective and 

identify novel splicing targets which also play a role in AD.  
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Chapter 7. Appendix 
 

7.1 PIPS Review 

7.1.1 Introduction 

I completed a 3-month internship with the UN Interagency Task Force (UNIATF) on 

noncommunicable diseases (NCDs) based in the World Health Organisation (WHO) 

headquarters. The UNIATF acts a platform for the UN system and non-state actors 

to support governments tackle NCDs and mental health conditions. It primarily 

focuses providing context-specific technical assistance and policy advice to support 

national action and build capacity for best practices on the prevention and control of 

NCDs. In addition, the Task Force advocates at the highest level of governments 

and works with multi-stakeholder partners to mobilise human and financial 

resources, which in turn establishes a strong base for sustainable and effective 

responses to NCDs and mental health conditions. This work has successfully 

increased integration of NCDs into policy and development plans and continues to 

promote a whole-of-government and whole-of-society approach to public health.  

7.1.2 Outputs and Outcomes 

While working within the UNIATF Secretariat, I was able to contribute to a variety of 

projects by collaborating with other team members and learning from their 

experience and expertise. We collectively researched for new projects or wrote draft 

papers for other members of Task Force to edit and publish. For example, my 

colleagues and I made a series of edits on four briefing papers that can now be 

found on the UNIATF website. These papers succinctly describe how the strategic 

priorities and direction of work in the Task Force is aligned with commitments made 

by the UN Economic and Social Council as well as WHO’s general programme of 

work. Early in my placement, this exercise quickly developed my understanding of 

the Task Force’s work and built confidence in my writing ability. 

I was later able to focus on two projects which provided the opportunity to establish 

broader knowledge of the UN system and its global health priorities. The first project 

was about developing a methodological guidance tool for national investment in the 

area of mental health. This would be used by WHO staff working with government 

bodies to identify best practices and incorporate more mental health interventions to 

their ongoing work. After showing an interest in this area and familiarising myself 

with the draft document, I requested and collected notes from technical experts in 
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different UN organizations; these notes were used by the author for a 

comprehensive revision of the guidance tool. I secondly took responsibility for 

liaising between the Task Force and other WHO collaborators in the UN joint global 

programme on Cervical Cancer Prevention and Control. This role included attending 

meetings, writing minutes and following up on relevant action points. 

Throughout my internship, my most technical task was producing a needs 

assessment of staff training in NCD prevention and control. This involved collecting 

and analysing data from a questionnaire sent to country offices across all WHO 

regions about their staff working experience in NCDs and mental health. In 

response, my report was sent to all the regional offices to assess their current level 

of training and to nominate members of staff for participation in NCD seminars. I 

was also involved in the organisation of these NCD seminars with the University of 

Lausanne to build greater capacity for NCD-related work. The remainder of my tasks 

were mainly secretarial; they included organising lists of participants and agendas 

for Task Force meetings as well as scheduling a timetable of events for the World 

Health Assembly.  

7.1.3 Impact 

Overall, my internship at UNIATF was a valuable learning experience in the public 

health sphere. Although it hasn’t drastically changed my career plan, it was a good 

opportunity to apply my skills outside of the laboratory environment. It revealed how 

much I enjoy working within a team; my favourite part of the internship was making 

new acquaintances and growing relationships through collaboration and shared 

responsibilities. As I became more familiar with the work, I grew more confident in 

my technical abilities and outspoken in group meetings. I also developed 

organizational, writing and editing skills which will be particularly useful for my thesis 

as well as work beyond my PhD. 

Since this was my first time working in a global organisation, the UNIATF provided a 

truly unique perspective on high-level and high-impact work in healthcare. Despite 

the hurdles of bureaucracy, I really enjoyed seeing the translation of hard work into 

policy change and progress on sustainable development goals. Outside the 

traditional route of academia, I discovered that there are many ways of building 

research skills and engaging with empirical science. As a result, I am more like to 

seek career opportunities in a wider breadth of workplaces as long as I can maintain 

a technical or researcher role within the field. 
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7.2 COVID Statement 

The abrupt closure of the university in response to the COVID-19 pandemic had 

various repercussions on my work. I did not have access to the lab for several 

months, and consequently I was unable to complete protein validation of SRSF1/2 

knockdown experiments. Similarly, due to severe delays in our ordering system and 

the delivery of lab reagents, I was forced to terminate Tau minigene experiments 

originally planned between March and June 2020. Lockdown was particularly 

disruptive for our lab group because it occurred shortly after we moved buildings. 

This meant I had been previously unable to perform molecular biology experiments 

between November 2019 and January 2020. 
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7.3 Supplementary Tables and Figures 

Primer Sequences 
Amplicon 
size (bp) 

Anneal 
temp (°C) 

GAPDH 
F: AATTCCATGGCACCGTCAAG 

R: GGTCATGAGTCCTTCCACGA 
365 58 

mGAPDH 
F: CCATCTTCCAGGAGCGAGAC 

R: GCCCTTCCACAATGCCAAAG 
297 55 

VEGFR2 
F: AAAACCTTTTGTTGCTTTTGGA 

R: GAAATGGGATTGGTAAGGATGA 
237 55 

mVEGFR2 
F: AGAACACCAAAAGAGAGGAACG 

R: GCACACAGGCAGAAACCAGTAG 
384 57 

mSRSF1 
F: CGGGTTAAAGTTGATGGGCC 

R: CCAGTTCACACAAACCAGGG 
464 58 

mSRSF2 
F: GTGCTTGGCTGTTTCCTGTTT 

R: CACTGTATGCTCCATTATTTATATGC 
172 55 

CLK1 
F: GAACAAGCGCTGCAAATACA 

R: CTGATACCGGCTTTCATGGT 
175 54 

MAPT 
F: CTCCAAAATCAGGGGATCGC 

R: CCTTGCTCAGGTCAACTGGT 

297 (-E10) 

390 (+E10) 
54 

mMAPT 
F: CCCCCTAAGTCACCATCAGCTAGT 

R: CACTTTGCTCAGGTCCACCGGC 

168 (-E10) 

261 (+E10) 
55 

VEGF-A 
E7a F: GAGCGGAGAAAGCATTTGTT 

E8b R: TCAGTCTTTCCTGGTGAGAGAT 

201 (165a) 

135 (165b) 
60 

 Table 7.3.1 List of PCR primer sequences. 
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Table 7.3.2 List of genes from GSEA analysis that show significant differential 
expression in cerebellum compared to the frontal cortex. Significantly enriched 
pathways in Biological processes database are shown with FDR (*) and in description in 
bold. 
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Figure 7.3.1 Enrichment plots for biological processes that are significantly enriched 
in gene list of differential expression between the cerebellum and frontal cortex. Lines 
show ‘hits’ or genes at relevant rank in ordered dataset and resultant enrichment score. 
Produced by Webgestalt. 
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Table 7.3.3 List of genes from GSEA analysis that show significant increased or 
decreased exon skipping in cerebellum compared to the frontal cortex. 
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Table 7.3.4 List of genes from ORA analysis that show significant differential exon 
skipping between cerebellum and frontal cortex. 
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Table 7.3.5 List of genes from GSEA analysis that show significant increased or 
decreased intron retention in cerebellum compared to the frontal cortex. 

 

 

Table 7.3.6 List of genes from ORA analysis that show significant differential intron 
retention between cerebellum and the frontal cortex. 
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Table 7.3.7 List of genes from ORA analysis that show significantly differential 
splicing of mutually exclusive exons in the cerebellum and frontal cortex. 

 

 

Table 7.3.8 List of genes from ORA analysis that show significant differential 5’ splice 
site selection between cerebellum and the frontal cortex. 
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Table 7.3.9: List of genes from ORA analysis that show significant differential 3’ splice 
site selection between cerebellum and the frontal cortex. 
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Table 7.3.10 List of genes from GSEA analysis that have significantly different 
transcriptional expression in control and clinical AD in the ROSMAP dataset (based on 
clinical diagnosis). 
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Figure 7.3.2 Enrichment plots for biological processes that are significantly enriched 
in gene list of differential expression between the control and clinical AD. Lines show 
‘hits’ or genes at relevant rank in ordered dataset and resultant enrichment score. Produced 
by Webgestalt. 
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Table 7.3.11 List of genes from GSEA analysis that have significantly different 
transcriptional expression in control and pathological AD in the ROSMAP dataset 
(based on CERAD score). 
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Figure 7.3.3 Enrichment plots for biological processes that are significantly enriched 
in gene list of differential expression between control and pathological AD (grouped by 
CERAD score). Lines show ‘hits’ or genes at relevant rank in ordered dataset and resultant 
enrichment score. Produced by Webgestalt. 
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Table 7.3.12 List of genes from GSEA analysis that have significantly different 
transcriptional expression in control and SCI groups of the ROSMAP dataset (based on 
MMSE score). 
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Figure 7.3.4 Enrichment plots for biological processes that are significantly enriched 
in gene list of differential expression between the NCI and SCI (grouped by MMSE 
score). Lines show ‘hits’ or genes at relevant rank in ordered dataset and resultant 
enrichment score. Produced by Webgestalt. 
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