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Abstract 

 

An inverse comorbidity exists between neurodegenerative diseases like 

Alzheimer’s disease and Parkinson’s disease and various cancers.  Likely due to 

occupying opposite ends of the same spectrum; neurodegeneration causing 

premature cell death and cancer driving uncontrolled cell proliferation.  Alzheimer’s 

disease offers greatest protection against lung cancer but, surprisingly, the impact 

Alzheimer’s disease may have on brain cancers has not been fully investigated. 

This thesis will explore the role of the Alzheimer’s disease risk factor protein sortilin 

related receptor 1 (SorL1) in glioblastoma, the gravest and most common primary 

brain tumour.  SorL1 binds to the amyloid precursor protein to regulate trafficking 

to the early and late endosomes for cleavage into amyloid beta (A) peptides.  In 

Alzheimer’s disease, SorL1 expression is reduced, increasing A secretion and 

contributing to the characteristic extracellular amyloid plaques.  SorL1 has 

previously been implicated in peripheral cancers including breast and leukaemia 

but has never been investigated in glioblastoma.  This thesis explores the 

expression and function of SorL1 in glioblastoma and downstream effects on A40 

(most abundant species of A) and A42 (the more aggregate prone species 

commonly found in Alzheimer’s disease).   

 

Expression of SorL1 in immortalised cell lines (U87MG, 1321N1 and SVGp12) and 

primary cells (patient derived (PD) 301, PD304 and normal human astrocytes 

(NHA)), and subsequent expression of A40 and A42 was determined through 

combinations of immunofluorescence, western blot and ELISA.  Secretion of SorL1 

into spent medium of PD301, PD304 and NHA cells and in mouse serum from 

glioblastoma tumour bearing mice was investigated.  The contribution SorL1 

makes to cell function in glioblastoma was achieved by transiently transfecting 

PD301 and PD304 cells with siRNA vectors to knock down SorL1.  Following 

confirmation of SorL1 knock down by western blot and immunofluorescence, cell 

proliferation, viability, migration and impact on amyloid processing was 

determined. 
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SorL1 was found to be more highly expressed in glioblastoma cells (U87MG, 

PD301 and PD304) than control cell counterparts (SVGp12 and NHA) with 

concomitant reduction in A42 expression in PD301 and PD304 cells compared to 

NHA cells.  Expression of A40 was similar between PD301, PD304 and NHA 

cells.  Furthermore, secretion of SorL1 from PD cells into medium was significantly 

reduced compared to NHA cells. SorL1 in mouse serum did not change during 

progression of tumour or between tumour bearing mice or mice following sham 

surgery.  Successful transfection of siRNA against SorL1 in PD301 and PD304 

cells knocked down SorL1 by approximately 50%.  SorL1 siRNA transfected cells 

had increased A40 and A42 expression and SorL1 knock down reduced 

proliferation and migration of glioblastoma cells.   

 

Findings here suggest SorL1 remains functional to drive APP processing away 

from A42 production in glioblastoma and reducing SorL1 activity may be a 

potential therapeutic strategy for glioblastoma in the future.   
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1 Chapter 1 – Introduction 
 

This thesis is to explore the role of SorL1 in glioblastoma.  Previously, SorL1 

protein expression has been most thoroughly investigated in Alzheimer’s disease, 

however, it has not been explored extensively in cancer.  This project arose from 

the inverse comorbidity seen between Alzheimer’s disease and cancer reported in 

the literature, and so, this thesis has investigated proteins heavily involved with 

Alzheimer’s disease in glioblastoma tumour cells.   

 

 Comorbidity between Diseases 

 

 Cancer and Central Nervous System Diseases 

 

Epidemiological studies investigating the relationship between central nervous 

system (CNS) diseases as a collective, and cancers as a whole, suggest an 

inverse correlation (Driver, 2014).  Meta-analyses and systematic review of 50 

studies including more than 570,000 individuals between eight cancers (brain, 

breast, colorectal, lung, prostate, leukaemia, melanoma and testicular) and eight 

CNS disorders (Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, 

amyotrophic lateral sclerosis, Down’s syndrome, multiple sclerosis, schizophrenia 

and autism spectrum disorders) was conducted (Catalá-López et al., 2014).  A 

systematic review was carried out to methodically review literature published that 

reported cancer comorbidity in patients with CNS disorders with an estimate of 

association with measures of variation (e.g. relative risk with confidence intervals).  

Overall and cancer-site specific meta-analyses statistically analysed and 

combined results from the multiple studies that met the eligible criteria.  Results 

from meta-analyses were controlled during analysis using a random-effects model, 

which considers within-study and between-study variation incorporating 

differences of effects into overall analysis, and a fixed-effects model was used 

when effects of studies were reported according to sex or multiple regions of a 

country (Catalá-López et al., 2014).  Meta-analysis of another study also controlled 

for sex, but also age and year of diagnosis of either cancer or Alzheimer’s disease 

during the observation period (Musicco et al., 2013).  Further nested-case control 
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observational studies investigated neurodegenerative diseases of Parkinson’s 

disease and Alzheimer’s disease comorbidity with either smoking related cancers 

or non-smoking related cancers (Driver, 2014; Driver et al., 2012).  Each dementia 

case was matched to controls of age and sex who were dementia free at the time 

of the dementia diagnosis (index date) and also free of cancer as of the index date, 

and following 5 years, models were subsequently adjusted for tobacco use and 

body mass index (Driver, 2014; Driver et al., 2012).   

 

Meta-analyses investigating comorbidity of CNS disorders revealed individuals 

with CNS disorders had an 8% risk reduction of developing cancer (Catalá-López 

et al., 2014).  It could be considered that cancer and neurodegeneration have 

opposing mechanisms, with cancer cells being resistant to cell death while 

premature cell death occurs in neurodegenerative disorders (Plun-Favreau et al., 

2010). Therefore the observation that the subgroup of neurodegenerative diseases 

had  a greater reduction of co-occurrence at 20% collectively may not be 

unexpected (Catalá-López et al., 2014). While individually multiple sclerosis, 

Parkinson’s disease and Huntington’s disease saw reduced co-occurrence of 9%, 

17% and 47% respectively, the greatest of all was Alzheimer’s disease that had 

reduced co-occurrence of 68% (Catalá-López et al., 2014).    

 

 Comorbidity between Cancer and Alzheimer’s Disease 

  

Both Alzheimer’s disease and cancer occurrence increases with age 

and consequently, it would be thought that both conditions would be seen within 

the same individual in the aging population (Musicco et al., 2013).  However, this 

expected comorbidity is not the case and was first noticed in the early 1990s when 

autopsies revealed a significant difference in the prevalence of Alzheimer’s 

disease between patients with and without cancer (Tirumalasetti et al., 1991; 

Thorpe et al.,1994).   

  

Longitudinal and cross-over epidemiological studies have confirmed the inverse 

relationship between Alzheimer’s disease and various cancers. The risk of a 

patient developing cancer when already presenting with Alzheimer’s disease is 
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significantly reduced, and the reverse is true as patients with a history of cancer 

had a reduced risk of Alzheimer’s disease (Roe et al., 2005, Roe et al., 2010).  

Further literature supported this inverse correlation as a later study found 

Alzheimer’s disease patients had a 50% reduced risk of cancer and cancer patients 

had a 35% reduced risk of developing Alzheimer’s disease (Musicco et al., 

2013).  Alzheimer’s disease has been strongly inversely correlated with individual 

cancers, specifically lung as Alzheimer’s disease had the lowest risk in survivors 

of smoking related cancers compared to cancers not related to smoking (Driver et 

al., 2012).  Further studies found a significantly reduced risk of developing lung 

cancer in Taiwanese male Alzheimer’s disease patients, and similar results were 

also true for Caucasian adults (Roe et al.,2010; Ou et al.,2013).  A large cohort in 

Korea also showed Alzheimer’s disease patients has a significantly reduced 

chance of developing overall malignancy as well as developing any of the 10 site-

specific cancers investigated (Kang et al., 2023).  Out of the 10 site-specific 

cancers, pancreatic cancer showed the strongest inverse correlation with 

Alzheimer’s disease, followed by hepatic, gastric, kidney, lung, thyroid, colorectal, 

gallbladder and biliary, hematologic malignancy and finally bladder cancers (Kang 

et al., 2023). 

 

Further investigations have occurred in breast cancer, as a protective mechanism 

has been implied between the characteristic Alzheimer’s disease proteins and 

breast cancer.  Amyloid beta (A) peptide, characteristically found in Alzheimer’s 

disease, was found to inhibit tumour cell proliferation in breast cancer cells (Zhao 

et al., 2009).  In addition to the A peptide, a fragment has also been found to 

potently supress breast tumour growth in vivo, however, in vitro, it was unable to 

inhibit MCF-7 cells (breast cancer cell line), therefore suggesting there is no direct 

anti-proliferative effects and more likely inhibits tumour growth through anti-

angiogenic properties (Paris et al., 2010). 

 

The mechanism behind this inverse comorbidity between cancer and Alzheimer’s 

disease remains elusive and may be biological or due to drug treatments for either 

disease. A pharmacological hypothesis however is not sustained by the 

observation that Alzheimer’s disease treatments, with either acetylcholine esterase 
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inhibitors or memantine, are not ubiquitous and are usually only for a finite period, 

limiting ability to influence progression of a different biological process (Lanni et 

al., 2021). Conversely, while Alzheimer’s disease treatment options are very 

limited, cancer treatments are more personalised and have a myriad of targets 

thereby limiting the likelihood of a common pharmacological mechanism.  

Therefore, it seems a more likely that a common biological mechanism underlies 

the inverse comorbidity between cancer and Alzheimer’s disease.  Analysis of 

processes and pathways show dysregulation in opposite directions for lung cancer 

and Alzheimer’s disease, therefore supporting the inverse comorbidity observed in 

the epidemiological studies (Driver et al., 2012; Sánchez-Valle et al., 2017).  There 

is a growing amount of literature exploring the genes, proteins and pathways that 

are dysregulated in both Alzheimer’s disease and cancer, and often this 

dysregulation occurs in opposite directions (Houck et al., 2018).   

 

 P53 Role in Comorbidity between Alzheimer’s Disease and Cancer 

 

P53 is one such protein that has been investigated with the association of cancer 

and Alzheimer’s disease.  The protein p53 was discovered in 1979 and has been 

heavily studied within oncology and cancer biology (Borrero and El-Deiry, 2021).  

P53 is encoded by the gene TP53.  The gene is involved in the protection of DNA 

integrity of the cell as well as development, aging and differentiation of the cell 

(Jain and Barton, 2018).  Whereas, the protein it encodes, p53, is a transcription 

factor normally protecting the cell following cellular stress signals (Borrero and El-

Deiry, 2021).  The protein concentration of p53 is kept low within the cell and 

regulated by a negative feedback loop, so if the cell was to receive a stressor 

stimulus, for example, DNA damage, oxidative stress or oncogene activation, p53 

initiates a cascade of cellular responses that include cell arrest, metabolic adaption 

or apoptosis (Hashimoto et al., 2019; Wolfrum et al., 2022).  Mutations in TP53, 

the most commonly mutated gene in cancer, mutates p53 and due to its role being 

key to cell cycle regulation, loss of function causes cells to uncontrollably 

proliferate (Borrero and El-Deiry, 2021; Houck et al., 2018).  However, p53 has 

also been studied in Alzheimer’s disease, as elevated levels of p53 was initially 

observed implying the protein has a key role in the development of 
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neurodegenerative diseases (Chang et al., 2012).  P53 within the CNS has the 

ability to induce tau aggregation and neurofibrillary tangles (characteristics of 

Alzheimer’s disease) when activated (Nelson and Xu, 2023).  There are theories 

as to why p53 activation occurs in Alzheimer’s disease, one such theory is the 

accumulation of A triggering increased levels of pro-apoptotic proteins and 

therefore stimulating p53 and cell death (Troy et al., 2000).  Another study found 

formation of p53 oligomers and fibrils in the Alzheimer’s disease brain co-localised 

with tau protein, and therefore theorised the aggregation of p53 leads to dispersal 

of the endogenous protein in neurones triggering their apoptosis (Farmer et al., 

2020).   

 

Therefore, when exploring the inverse relationship between Alzheimer’s disease 

and cancer, it is understandable why p53 has been investigated; as p53 loses 

function in cancers so cells resist cell death and proliferation occurs, compared to 

an upregulation being seen in Alzheimer’s disease causing a stress response and 

neuronal death due to apoptotic effects (Behrens et al., 2009; Plun-Favreau et al., 

2010).   

 

 Alzheimer’s Disease 

  

Alzheimer’s disease (named after German psychiatrist Alois Alzheimer) is the most 

common form of dementia characterised by progressive loss of cognition and 

memory (Breijyeh and Karaman, 2020; Zhao et al., 2009).  The most recent report 

conducted in the United Kingdom in 2019 by the Alzheimer’s Society found 

approximately 900,000 people are living with dementia and is projected to rise to 

1.6 million by 2040 (Alzheimer’s Society, 2023).  Alzheimer’s disease accounts for 

approximately two-thirds of dementia cases of individuals 65 years or older (Huang 

et al., 2020; Kumar et al., 2023).   

 

 Alzheimer’s Disease Incidence and Diagnosis 

 

Alzheimer’s disease can either be familial, accounting for 5% of all cases, or 

sporadic accounting for the remaining 95% (Zhou and Wang, 2011).   Furthermore, 
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while Alzheimer’s disease is predominantly seen in the elderly, known as late onset 

Alzheimer’s disease (LOAD), onset of Alzheimer’s disease can occur before the 

age of 65 known as early onset Alzheimer’s disease (EOAD), and accounts for 

less than 10% of patients (Kumar et al., 2023).   

 

A clinical diagnosis of Alzheimer’s disease is made following neurological 

examination with cognitive function tests alongside medical and family histories.  If 

done, brain imaging using either positron emission tomography (PET) or magnetic 

resonance imaging (MRI) scans can reveal structural abnormalities and indicate 

how far the disease has progressed  (Barthel et al., 2011; Kumar et al., 2023; 

Sharma and Singh, 2016).  There has been a clinical need for a quantitative 

diagnostic biomarker for many years. Recent candidates include vitamin B12 

levels in the blood as some studies have associated a deficiency with neurologic 

problems, increasing the risk of Alzheimer’s disease (Jatoi et al., 2020; Cho et al., 

2018).   

 

Clinical diagnosis of Alzheimer’s disease is not however completely accurate as 

Alzheimer’s disease can only be definitively diagnosed following examination of 

the brain’s morphological and pathological changes at post-mortem (Barthel et al., 

2011).  Studies comparing an Alzheimer’s disease post-mortem diagnosis to the 

clinical diagnosis prior to death, found a clinical accuracy of 77% (Sabbagh et al., 

2017).  Alzheimer’s disease is diagnosed when autopsy definitively reveals 

characteristic amyloid beta (A) plaques and tau neurofibrillary tangles with 

associated atrophy of brain tissue, specifically in the hippocampal area of the brain 

(Perl, 2010). 

 

 Pathological Progression of Alzheimer’s disease 

 

There are three main stages in the pathological progression of Alzheimer’s disease 

(Gustaw-Rothenberg et al., 2010).  Initially the pre-clinical or pre-symptomatic 

stage can last for several years (De-Paula et al., 2012).  It is characterised by early 

pathological changes in the brain resulting in very minor cognitive symptoms or 

can be completely asymptomatic with no functional impairment in daily activities 
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and so no obvious clinical signs of Alzheimer’s disease (Kumar  et al., 2023; 

Dubois et al., 2016).  The second stage is mild cognitive impairment, considered 

when cognitive abilities become compromised, however, is not severe enough to 

effect daily function of life (Wattmo et al., 2016).  Patients in the mild cognitive 

impairment stage progress to dementia at a rate of approximately 10% per year 

(Kumar et al., 2023). Diagnosis of dementia is the final stage of the pathological 

progression of Alzheimer’s disease due to significant functional and cognitive 

impairments (Awasthi et al., 2016).  Patients lose their memory leading to 

confusion about their location and confusion communicating; some also lose their 

circadian brain pattern meaning sleep is dysregulated, and disruptive behaviours 

occur in approximately 50% of all Alzheimer’s disease patients (Kumar et al., 

2023).  At this stage, the brain has a significant accumulation of A plaques and 

neurofibrillary tangles specifically in the cerebral cortex (Breijyeh and Karaman, 

2020; De-Paula et al., 2012) 

 

It is difficult to diagnose the pre-clinical stage of Alzheimer’s disease as symptoms 

very rarely show during this early stage, occurring over a 10 or 20 year period 

before the onset of the disease can be seen in the neuropathology of Alzheimer’s 

disease patients (Sharma and Singh, 2016).   

 

 Established and Emerging Risk Genes of Alzheimer’s Disease 

 

The majority of known risk genes of Alzheimer’s disease are due to dominant 

genes found in familial EOAD cases.  Almost all of EOAD cases can be narrowed 

down to mutations in three genes.  These are amyloid precursor protein (APP), 

presenilin 1 (PSEN1) and presenilin 2 (PSEN2) (Rovelet-Lecrux et al., 2021).  

Missense mutations in all three of these genes increase the production of A42 

throughout life which is the more aggregate prone form of the peptide, which 

triggers Alzheimer’s disease as suggested by the amyloid cascade hypothesis 

(Selkoe and Hardy, 2016) . 

 

Currently, the strongest established genetic risk for LOAD is the Apolipoprotein E 

(APOE) gene (Hunsberger et al., 2019; Robinson and Bishop, 2002).  The APOE 
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gene encodes a protein that has an essential role in lipid metabolism and also A 

metabolism and clearance (Mahley, 1988; Kanekiyo et al., 2014).  Specifically the 

4 allele has been shown as a risk factor for both EOAD and LOAD as homozygous 

APOE4 genetic carriers are 15 times more likely to develop Alzheimer’s disease 

(Hunsberger et al., 2019).  Due to the function of APOE clearing A, failure of A 

clearance mechanisms due to mutations to the 4 allele, creates a gradual 

accumulation of A42 within the brain leading to Alzheimer’s disease (Selkoe and 

Hardy, 2016) 

 

However, emerging at risk genes have been found through whole exome and 

genome sequencing that have been linked not only the familial and EOAD cases 

but also sporadic and LOAD cases namely TREM2, ABCA7 and SORL1 (Guerreiro 

et al., 2013; Steinberg et al., 2015; Nicolas et al., 2016; Rovelet-Lecrux et al., 2021; 

Campion et al., 2019).  The proteins encoded by these genes are implicated in 

functions within the immune and lipid transport systems, and all three have been 

linked with an increased risk of Alzheimer’s disease (Bellenguez et al., 2017).   

 

 Sortilin Related Receptor 1 

 

Sortilin related receptor 1 (SORL1) also known as SORLA or LR11 is a gene 

located on chromosome 11 encoding a transmembrane protein approximately 

250kDa (Andersen et al., 2005; Barthelson et al., 2020; Nicolas et al., 2016).  

SorL1 is a multifunctional sorting receptor, expressed throughout the body, with 

especially high levels in the CNS, particularly within neurones in the hippocampus 

and within nuclei in the brain stem and Purkinje cells (Motoi et al., 1999).   

 

The multifunctional SorL1 protein has a complex structure made up of multiple 

functional domains.  Initially, the pro-peptide is cleaved in the Golgi, to release the 

functional protein (Nielsen et al., 2007).  Based on the structure of SorL1, the 

protein can be regarded as a member of the vacuolar protein sorting 10 (VPS10) 

proteins, and low-density lipoprotein receptor (LDLR) families due to the multiple 

class A and class B repeats responsible for binding a broad set of ligands 

(Jacobsen et al., 2001; Nielsen et al., 2007).  The fibronectin-type (FN-type) 
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repeats are further found in neural cell adhesion molecules (Jacobsen et al., 2001).  

Also part of structure is an epidermal growth factor-like (EGF-like) domain 

(Barthelson et al., 2020).  The transmembrane domain (TMD) of SorL1 is where 

SorL1 is cleaved to extracellularly release soluble SorL1 (sSorL1).  The cytosolic 

domain (ICD) contains multiple binding sites for cytosolic adaptors, for example 

Golgi-localising Gamma-adaptin ear homology domain ARF-interacting (GGA) 

proteins, clathrin adaptor proteins (AP1/AP2) and phosphofurin acidic cluster 

sorting protein 1 (PACS1), proteins that direct SorL1 between the Golgi and 

endosomes and cell surface (Barthelson et al., 2020; Schmidt et al., 2007) (Figure 

1.1).   

 

 

 

Figure 1.1 – Structure and binding sites of SorL1.  

Structure includes a pro-peptide, VSP10 domain, LDLR class B repeats, an EGF-

like domain, LDLR class A repeats, FN type repeats, a transmembrane region 

(TMD) and cytosolic domain (ICD).  Binding sites are also shown for various 

proteins (Barthelson et al., 2020).   

 

 SorL1 Function within the Cell 

 

The role of SorL1 was initially found to be involved with intracellular trafficking and 

lipoprotein metabolism in neurones (Motoi et al., 1999).  However, knowledge of 

SorL1 function within the cell has since been expanded.  SorL1 binds directly to 

the amyloid precursor protein (APP) shuttling between the Golgi and endosomes, 
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controlling the route taken either into endocytic or recycling pathways or to the cell 

surface (Schmidt et al., 2017; Rovelet-Lecrux et al., 2021; Lee et al., 2008; 

Andersen et al., 2005; Herskowitz et al., 2012).   

 

SorL1 is a multifunctional sorting receptor that traffics APP within cell (Offe et al., 

2006).  It is hypothesised one such function of SorL1 is it acts as a retention factor 

for APP, blocking APP from entering the secretory pathway (Figure 1.2A).  The 

inhibition of this pathway leads to a reduction of APP sent to the cell surface to be 

cleaved in the non-amyloidogenic pathway (Andersen et al., 2005; Offe et al., 

2006; Schmidt et al., 2007).  APP prefers to oligomerise creating APP homodimers 

however, SorL1 is also hypothesised to bind to APP to block dimerization and shifts 

the mode of secretase action to the monomer variant (Figure 1.2A) (Schmidt et al., 

2012; Willnow and Andersen, 2013).  Naturally, approximately 30-50% of APP 

molecules are homodimers, and when APP is dimerised, it has been found there 

is a seven fold increase in total A production (Munter et al., 2007; Scheuermann 

et al., 2001).  As such the nature of APP dimerization has been considered to be 

potentially necessary for APP to leave the Golgi (Willnow and Andersen, 2013).   

 

Further functions of SorL1 involve regulating the sorting of APP.  The trafficking 

and positioning of APP for cleavage is carried out by the SorL1 protein.  However, 

cytosolic adaptors GGA, AP1/AP2 and PACS1 have also been found necessary 

for intracellular trafficking; Section 1.2.4 (Barthelson et al., 2020; Nielsen et al., 

2007).  SorL1 transports APP to the early endosomes from the Golgi and either 

retrogrades APP back to the Golgi or blocks the protein from continuing to the late 

endosomes (Nielsen et al., 2007; Schmidt et al., 2017) (Figure 1.2B).  Therefore, 

this controls the rate at which APP enters the amyloidogenic pathway being 

cleaved by -secretase and -secretase (Willnow and Andersen, 2013).  

Consequently, the rate at which APP arrives at the early and late endosomes 

controls the amount of A produced (Andersen et al., 2005; Monti and Andersen, 

2017).   
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Figure 1.2 – SorL1 sorting of APP.   

SorL1 acting as a retention factor, binding to APP blocking dimer formation within 

the Golgi (TGN) and retaining APP in the Golgi blocking APP export to secretory 

pathway to be cleaved by -secretase () (A).  SorL1 acting as a sorting protein, 

shuttling APP between the Golgi, early and late endosomes with help from 

cytosolic adaptors (GGA, PACS1, AP1) regulating APP cleavage in the 

amyloidogenic pathway by -secretase () and -secretase () in the late 

endosomes for A production (B) (Willnow and Andersen, 2013). 
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The result of SorL1 retaining APP in the Golgi and shuttling the protein around the 

cell determines whether it is cleaved by -secretase entering the non-

amyloidogenic pathway or -secretase for the amyloidogenic pathway (Schmidt et 

al., 2007; Willnow and Andersen, 2013).  Therefore, research states that SorL1 

does not directly inhibit secretase cleavage, and only targets inhibiting these 

pathways through binding to APP directly (Schmidt et al., 2012).  Due to the role 

that SorL1 has in shuttling APP to enter the amyloidogenic pathway and therefore 

A production, under expression of SorL1 is considered a risk factor for developing 

Alzheimer’s disease; Section 1.2.3 (Schmidt et al., 2017).    

 

  SorL1 and Alzheimer’s Disease 

 

Research suggests genetic variants of the SORL1 gene are associated with a risk 

of Alzheimer’s disease (Reitz et al., 2011).  Variants of the SORL1 gene have been 

discovered following whole exome sequencing (WES) of a family covering 3 

generations with familial Alzheimer’s disease that do not have the known familial 

mutations of APP, PSEN1 or PSEN2 (Moreno et al., 2022).  WES identified rare 

SORL1 variants, which along with structural changes, suggested reduced protein 

function and a contributing factor to the development of familial Alzheimer’s 

disease (Moreno et al., 2022).  WES also identified rare SORL1 mutations in EOAD 

and found a greater frequency of predicted missense SORL1 variants in EOAD 

cases, which was enriched in those with a positive family history (Nicolas et al., 

2016).  Furthermore, when a patient has one of these SORL1 variants, it increases 

the risk of EOAD by approximately 5-fold (Alvarez-Mora et al., 2022).  As well as 

EOAD, WES has identified SORL1 mutations in LOAD and found common SORL1 

mutations directly cause an increase in A42 secretion, and in rare mutations of 

SORL1 increased both A40 and A42 secretion (Vardarajan et al., 2015).  In 

addition, SORL1 rare missense and loss of function variants have also been 

identified as risk factors for LOAD in sporadic Alzheimer’s disease cases (Alvarez-

Mora et al., 2022; Barthelson et al., 2020).  Meta-analyses further confirm that 

multiple single nucleotide polymorphisms show a significant association with 

sporadic Alzheimer’s disease, therefore concluding the SORL1 gene may increase 

sporadic Alzheimer’s disease risk (Jin et al., 2013).  It can be confirmed that all 
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mutations within the SORL1 gene reduce the binding affinity between SorL1 and 

APP, which was also shown to increase the risk of Alzheimer’s disease (Alvarez-

Mora et al., 2022; Cuccaro et al., 2016).   

 

Changes or loss of SorL1 protein expression and function has been shown to 

cause Alzheimer’s disease, whether directly or indirectly, and therefore supports 

research showing a mutation in the SORL1 gene results in a higher chance of 

Alzheimer’s disease being a primary and pathogenic event (Rogaeva et al., 2007; 

Raghavan et al., 2018).  A study showed SorL1 knockout mice led to an increase 

in A secretion, similar to that seen in Alzheimer’s disease, and so suggested that 

SorL1 is an important factor in the progression of Alzheimer’s disease (Andersen 

et al., 2005).  Whilst another study used the CRISPR-Cas9 system to knockout 

SorL1 from human induced pluripotent stem cells (hiPSCs) which displayed 

neurones showing early endosome enlargement, characteristic to Alzheimer’s 

disease cytopathology (Knupp et al., 2020).   

 

  SorL1 and Cancer 

 

Further to the role in Alzheimer’s disease, SorL1 has also been implicated in 

various cancers.  SorL1 is highly expressed in breast cancer cells of HER2 breast 

cancer (Pietilä et al., 2019).  HER2 breast cancer accounts for 15-20% of all breast 

cancers (Tapia et al., 2023).  SorL1 was found to increase ‘oncogenic likeness’ of 

HER2 in the breast cancer cell (Pietilä et al., 2019).  Increased SorL1 expression 

has been found in cancers of the pancreas and bile duct as patient’s bile samples 

showed significant increase in SorL1 and SorL1 levels were especially elevated 

during the peak of proliferation (Terai et al., 2016).  Increased SorL1 was also 

found in serum of Non-Hodgkin’s lymphoma and increased expression was found 

on the cell membrane of leukemic cells in acute leukaemia patients (Fujimura et 

al., 2014; Sakai et al., 2012).   

 

The overarching relationship between SorL1, cancer and Alzheimer’s disease is 

increased SorL1 expression is seen in cancer whilst in Alzheimer’s disease, SorL1 

levels are reduced.  Even though SorL1 expression has been explored in 
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peripheral cancers and is known to have a key function within the CNS, SorL1 has 

never been explored in glioma brain tumours. 

 

 Amyloid Precursor Protein 

 

The amyloid precursor protein (APP) is a single membrane protein with a long N-

terminal, an A domain and short cytoplasmic tail encoded by a single gene 

located on chromosome 21 and is 19 exons long (Wasco et al., 1993; Gustaw-

Rothenberg et al., 2010; Chasseigneaux and Allinquant, 2012).  APP is most 

commonly known as located in the brain within neural cells, astrocytes and 

neurones, however, is produced cellularly throughout the body, including 

epidermal cells of the skin and columnar epithelial cells of the intestines (Herzog 

et al., 2004; Puig et al., 2012; Puig and Combs, 2013).  APP is also present at the 

early stages of CNS development, aiding with growth and maturation of cells 

(Dawkins and Small, 2014).  There are also two APP-like proteins (ALP1 and 

ALP2) which are homologues to APP sharing a similar sequence except the A 

domain, but are thought to aid in maturation and metabolism of APP (Wasco et al., 

1993; Zhang et al., 2012).  Similar to APP, ALP2 is found throughout the body, 

whereas ALP1 is only found in the brain (Zhang et al., 2012).   

 

Synthesised APP travels from the endoplasmic reticulum (ER) to the Golgi to the 

extracellular membrane, and in reaching the cell surface is known to assist with 

cell adhesion and aiding with cellular interactions within the CNS (Puig and Combs, 

2013; Zheng and Koo, 2011).  APP can also be cleaved at the cell membrane by 

-secretase, or is internalised by the cell through clathrin-mediated endocytosis 

guided by clathrin adaptor protein 2 (AP2) (Willnow and Andersen, 2013).  If 

internalised, APP is transported to early endosomes, where it can be shuttled to 

the late endosomes to be cleaved by -secretase and -secretase or retrograded 

back to the Golgi (Andrew et al., 2016) (Figure 1.3).  Cleavage through -secretase 

and -secretase produces amyloid beta (A) (Brothers et al., 2018).   
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Figure 1.3 – Trafficking of APP around the cell.   

APP trafficked from the Golgi (TGN) to the cell surface and is either cleaved by -

secretase () or enters the cell through clathrin-mediated endocytosis guided by 

the clathrin adaptor protein 2 (AP2) to early endosomes and are then either 

retrograded back to Golgi or moved to late endosomes and cleaved by -secretase 

() and -secretase () (Willnow and Andersen, 2013).    

 

 Amyloidogenic Pathway vs Non-amyloidogenic Pathway 

 

Amyloid beta (A) is cleaved from the amyloid precursor protein (APP) through the 

amyloidogenic pathway (Awasthi et al., 2016).  Initially APP is cleaved by -site 

amyloid precursor protein cleaving enzyme 1 (BACE1), a -secretase, releasing 

an extracellular soluble APP (sAPP) fragment and producing a membrane-

bound C99 intermediate (Cameron et al., 2012; Andrew et al., 2016).  There is very 

little literature on the function of sAPP, however, it has been found to decrease 
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cell adhesion and the protein contains domains required to promote neurite and 

axonal outgrowth (Chasseigneaux and Allinquant, 2012; Hesse et al., 2018).  

However, sAPP fragment has very little neuroprotective characteristics and has 

also been linked to neurodegenerative processes (Copanaki et al., 2010; Nikolaev 

et al., 2009).  A presenilin containing a multi-subunit complex encompassing -

secretase then cleaves C99 within the transmembrane region extracellularly 

releasing A and the APP intracellular domain (AIDC) (Cameron et al., 2012; 

Andrew et al., 2016) (Figure 1.4).  Cleavage by -secretase of APP usually occurs 

at the -cleavage site producing A with protein lengths between 39 and 43 amino 

acids, with the most abundant species being A40 (Andrew et al., 2016; Murphy 

and LeVine, 2010).   

 

The alternative pathway, namely the non-amyloidogenic pathway, occurs when the 

initial cleavage point of APP is within the A domain and thus an A peptide is not 

produced (Chasseigneaux and Allinquant, 2012; Lichtenthaler, 2012; Vincent and 

Govitrapong, 2011).  Instead of BACE1 initially cleaving APP, its cleaved by -

secretase through the metalloprotease A Disintegrin and Metalloprotease 

(ADAM10), releasing soluble APP (sAPP) and an alternative C-terminal APP 

fragment (CTF) (Andrew et al., 2016).  Soluble APP, in comparison to sAPP 

was found to be neuroprotective and contains domains crucial for promoting 

neuronal axon and dendrite growth (Chasseigneaux and Allinquant, 2012; 

Copanaki et al., 2010).  Due to the known neuroprotective effects against 

neurodegenerative disorders, it was considered as possible treatment and 

prevention of Alzheimer’s disease, however, sAPP was then found to increase 

proliferation of some cells leading to cancer of the colon and pancreas (Meng et 

al., 2001; Hansel et al., 2003). Cleavage by -secretase then occurs as it does with 

the amyloidogenic pathway releasing a truncated form of A (P3) and AICD 

(Andrew et al., 2016) (Figure 1.4).  Depending upon whether -secretase or -

secretase creates the initial cleavage, the function of AICD differs, even though 

the two pathways cleave the same peptide sequence (Andrew et al., 2016).  When 

AICD is produced through -secretase cleavage, it is transported to the nucleus 

where its role is as a nuclear transcription factor and regulates the expression of 
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various genes including neprilysin, an A degrading peptide.  Whereas, when initial 

cleavage is -secretase, AICD is rapidly degraded by the insulin-degrading 

enzyme, therefore has no function (Belyaev et al., 2010; Andrew et al., 2016). 

 

 

 

Figure 1.4 – Cleavage of APP through amyloidogenic and non-amyloidogenic 

pathways.   

Amyloidogenic pathway cleaves APP initially with -secretase and then -

secretase producing sAPP, A and AICD (Left).  Non-amyloidogenic pathway 

cleaves APP initially with -secretase followed by -secretase producing sAPP, 

truncated form of A (P3) and AICD (Right). 

 

 Amyloid Cascade Hypothesis 

 

The amyloid cascade hypothesis was first hypothesised in 1992 whereby the 

accumulation of A was the central event in the pathogenesis of Alzheimer’s 

disease (Hardy and Higgins, 1992).  The hypothesis suggests that extreme 

accumulation of A which deposits intracellularly and extracellularly, initiates a 

cascade causing the pathological occurrence of Alzheimer’s disease (Awasthi et 

al., 2016; Luo et al., 2016).  Aggregated A deposits initiate a cascade triggering 
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process causing accumulation of hyperphosphorylated tau, which further leads to 

neurofibrillary tangles, causing synaptic degeneration, neuronal death and 

neurodegeneration (Jarosz-Griffiths et al., 2016; Awasthi et al., 2016).  Supporting 

this hypothesis is the data surrounding familial Alzheimer’s disease due to 

inheriting genetically mutated APP causing an overproduction of A (Zhou and 

Wang, 2011; Musiek and Holtzman, 2015).   

 

When looking at the genetic form, familial Alzheimer’s disease, which displayed a 

strong correlation with inherited mutations in the APP gene causing an 

overproduction of A42 (Zhou and Wang, 2011; Musiek and Holtzman, 2015).  

Further genetic association has been observed in sporadic Alzheimer’s disease, 

as the apolipoprotein E (APOE) gene has a variant 4 that significantly increases 

A plaques and deposits (O’Brien and Wong, 2011). 

 

Patients with Down‘s Syndrome also have a higher risk of developing Alzheimer’s 

disease and do at a much earlier age between 30 and 50 (Gustaw-Rothenberg et 

al., 2010; Sharma and Singh, 2016).  This is due to the triplication of chromosome 

21 where the APP gene is located.  Therefore an overexpression of the gene 

causes an overproduction of APP and excess cleavage of A, supporting the 

amyloid cascade hypothesis assuming A is the causative agent for Alzheimer’s 

disease (Gustaw-Rothenberg et al., 2010; Sharma and Singh, 2016; Musiek and 

Holtzman, 2015).   

 

The amyloid cascade hypothesis is debated however because of research into the 

unclear and highly complex sporadic Alzheimer’s disease (Zhou and Wang, 2011; 

Musiek and Holtzman, 2015).  Even though sporadic Alzheimer’s disease cases 

present with A plaques, it cannot be concluded that both familial and sporadic 

Alzheimer’s disease share the same pathology trigger (Morris et al., 2014; 

Ricciarelli and Fedele, 2017).   

 

There is further controversy to the amyloid cascade hypothesis due to results of 

clinical trials.  Clinical trials are investigating pharmaceutical treatments for early 

stage Alzheimer’s disease assuming the amyloid cascade hypothesis, clearing A 
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plaques using A monoclonal antibodies, for example solanezumab and 

gantenerumab (Youn et al., 2015; Selkoe and Hardy, 2016; Ricciarelli and Fedele, 

2017).  Results of these clinical trials are however conflicting.  There is suggestion 

the drugs slow cognitive decline therefore supporting A as a possible causative 

agent for Alzheimer’s disease, however, other clinical trials found that even though 

there was a reduction in A levels in the brain, either cognitive function was not 

measured or patients did not show significant slowing in cognitive decline so 

consequentially these results do not support the hypothesis (Doody et al., 2014; 

Selkoe and Hardy, 2016; Hampel et al., 2021).   

 

 Amyloid Beta 

 

Amyloid beta (A) is a peptide derived from APP ranging in length from 39 to 43 

amino acids (Figure 1.5A) (Brothers et al., 2018; Cameron et al., 2012).  The most 

abundant species accounting for 80-90% of A peptide is A40, followed by A42 

accounting for 5-10% of A, however is more aggregate prone and more 

commonly found in Alzheimer’s disease (Murphy and LeVine, 2010).   

 

A40 is expressed by many cell types both within the CNS and the rest of the body 

and has a relatively benign role in normal cell metabolism (Awasthi et al., 2016).  

Both A40 and A42 can be found within neurones of the brain as well as 

extracellularly.  Even though A40 can aggregate, it is known that A42 has a 

much higher tendency to aggregate and oligomerise due to the protein being more 

hydrophobic, leading to neurotoxicity within the brain (Figure 1.5E) (Sandebring et 

al., 2013).  When oligomerisation occurs of A42, plaques begin to form, which is 

the pathological characteristic of Alzheimer’s disease (Awasthi et al., 2016; 

Portelius et al., 2011).   
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Figure 1.5 – General structures of A monomer, fibril and oligomers.   

Amino acid sequence of A42 peptide (A).  Proposed conversion pathway for A 

from monomer to oligomers, including dimers through to dodecamers (creating a 

paranucleus), to protofibrils and fibrils (E) (Taken from Chen et al., 2017).  

 

Even though the majority of research focuses on the accumulation of A and its 

neurodegenerative effects characteristic to Alzheimer’s disease, this protein has 

also been shown to have beneficial roles in the brain (Brothers et al., 2018).  As 

A is a highly conserved protein between species, this too suggests it has an 

important and beneficial role (Guo et al., 2012; Tharp and Sarkar, 2013).  Some of 

these beneficial roles include sealing leaks in the blood brain barrier, regulating 

synaptic function and A having antimicrobial properties (Gosztyla et al., 2018; 

Puzzo and Arancio, 2013; Atwood et al., 2003; Brothers et al., 2018).   

 

 Amyloid Beta Sealing Leaks in the Blood Brain Barrier 

 

Studies have suggested that when damage occurs to the blood brain barrier, 

soluble A will bind to pro-inflammatory and neuroactive compounds from the 

blood essentially creating a ‘scab’ or insoluble mass plugging the leaky blood brain 

barrier and preventing the spread of toxic components that would cause damage 

to the brain (Bishop and Robinson, 2002; Atwood et al., 2003; Brothers et al., 

2018).  This supports a possible causal link suggested by one study between a 

leaky blood brain barrier and A deposition (Stone, 2008).  The blood brain barrier 
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within the hippocampal area of the brain has been shown to breakdown and 

become more permeable with age, therefore, suggesting accumulation of A 

deposits due to leaky blood brain barrier contributes to early stages of Alzheimer’s 

disease (Brothers et al., 2018; Montagne et al., 2015).  Also supporting the 

hypothesis that one of the roles of soluble A is to seal leaks in the blood brain 

barrier is clinical trials treating Alzheimer’s disease.  Studies evaluating clinical 

trials found the most common side effect to removal of soluble A has been brain 

oedema and microhaemorrhages due to removing A from plugging the permeable 

sites of the blood brain barrier (DiFrancesco et al., 2015; Lannfelt et al., 2014).   

 

 Amyloid Beta Regulating Synaptic Function 

 

A has another neurological role by regulating synaptic function in the 

hippocampus to aid with memory and plasticity of the brain (Brothers et al., 2018; 

Puzzo and Arancio, 2013).  A is present in neurones from infancy and increases 

between the ages of 4 and 8 years old, and during this time in the brain’s 

development there is an increase in brain plasticity, and approximately half of all 

neurones are ‘A-immunopositive’ (Puzzo et al., 2015).  It can therefore be 

considered that A is important in regulating synaptic function.  A has also been 

suggested as the trigger for a negative feedback loop to prevent synaptic 

hyperactivity.  Neuronal activity stimulates an increase in A secretion which then 

decreases excitatory synaptic activity preventing neuronal hyperactivity 

(Kamenetz et al., 2003). Concentrations of A in a healthy adult brain are in the 

picomolar range which in this range enhances synaptic memory and plasticity, 

however, when there is an accumulation of the protein, as is the case in 

Alzheimer’s disease, it causes synaptic failure (Puzzo et al., 2008, Puzzo et al., 

2012).  In vivo experiments have also supported A regulating synaptic function, 

as neurones in the hippocampus of mice showed enhanced plasticity and 

enhanced memory within minutes of addition of A42, however, longer exposure 

resulted in reduced plasticity and impaired memory of the mice also consistent with 

Alzheimer’s disease (Koppensteiner et al., 2016).   
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 Amyloid Beta Having Antimicrobial Properties 

 

Antimicrobial activity was one of the first Aβ functions to be suggested, acting as a 

protective mechanism, known as the ‘bioflocculant hypothesis’ (Bishop and 

Robinson, 2002).  The bioflocculant hypothesis is one such method of Aβ acting in 

an antimicrobial fashion, proceeding as a neuroprotective web intercepting and 

binding together pathogens, but also any toxic proteins or ions, which can then be 

later phagocytosed by glial cells (Bishop and Robinson, 2002).  Studies have 

shown increased A expression in presence of pathogens and following 

phagocytosis (Bitting et al., 1996; Spitzer et al., 2010; Gosztyla et al., 2018).  This 

hypothesis also has a theory to how A plaques build up in the brain, characteristic 

of Alzheimer’s disease, as the rate at which A deposits bind to pathogens or 

toxins exceed the clearance rate by phagocytosis, these deposits will turn into 

plaques (Robinson and Bishop, 2002).  Another method that has been suggested, 

is A has microbicidal properties itself, and so can directly kill pathogens as an 

antimicrobial peptide (Brothers et al., 2018).  Antimicrobial activity has been shown 

by Aβ as a result to at least eleven known viruses, bacteria and fungus (Gosztyla et 

al., 2018).  A has capacity to functionally form fibrils to directly disrupt cellular 

membranes of pathogens and therefore killing these microbes, or aggregate in 

order to immobilise them (Brothers et al., 2018; Kagan et al., 2012).   

 

  Amyloid Beta and Cancer 

 

A has also been suggested to supress tumour growth (Brothers et al., 2018), 

supporting a possible protective mechanism involved in the inverse relationship 

between Alzheimer’s disease and cancer; Section 1.1.2.    

 

In vitro cancer cells were cultured with medium containing high levels of A which 

significantly inhibited proliferation rates in glioblastoma cells, breast cancer cells, 

adenocarcinoma cells and melanoma cells (Zhao et al., 2009).  In vivo, A was 

found to supress glioma tumours when directly injected into glioblastoma cells in 

xenograft mouse models in one study, and another implanted glioma cells in an 

Alzheimer’s disease transgenic mouse model whereby A is overexpressed 
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resulting in a slower proliferation and migration of the tumour compared to controls 

(Paris et al., 2004; Paris et al., 2010).  Similar results were observed when acute 

promyelocytic leukaemia NB4 cells, lung cancer cell line A549 and breast cancer 

MCF-7 cells were all treated with amyloid, and cancer cell growth was inhibited 

(Pavliukeviciene et al., 2019).  Not only did the amyloid inhibit cell proliferation, it 

was observed that there was an accumulation of amyloid surrounding all cancer 

cell types, and over time, extracellular amyloid aggregated into the cell membrane 

and was even seen within the nucleus (Pavliukeviciene et al., 2019). 

 

Accumulation of amyloid has been observed in other cancers.  In a mouse 

xenograft model of human inflammatory breast cancer, A was observed within 

and surrounding the breast cancer cells, with a higher concentration present near 

blood vessels (Zayas‐Santiago et al., 2021).  This may suggest systemic A from 

the blood vessels forming aggregated amyloid with other amyloidogenic peptides 

already in and around the tumour (Zayas‐Santiago et al., 2021).  Furthermore, an 

increase in A levels in plasma has been reported in a multitude of cancers 

including oesophageal, colorectal, hepatic, lung, glioma, adenocarcinoma and 

melanoma (Jin et al., 2017; Kleffman et al., 2022; Munir et al., 2021; Zayas‐

Santiago et al., 2021).  In addition to an increase in A levels in melanoma, it has 

been reported that melanoma promotes brain metastasis and supresses 

neuroinflammation through secreting A (Kleffman et al., 2022).  Melanoma has 

the highest rate of brain metastasis amongst all common cancer types, and 

possible reasoning for this is melanoma cells have been found to cleave APP to 

produce and secrete A themselves which they require for survival and growth in 

the brain (Kleffman et al., 2022).  Secreted A from melanoma cells enable the 

cancer to thrive within the brain as it triggers nearby astrocytes to become pro-

metastatic and anti-inflammatory, as well as promoting anti-inflammatory microglial 

polarisation preventing phagocytosis of melanoma cells (Kleffman et al., 2022).   
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 Cancer 

 

Originally proposed in the year 2000, there are six core hallmarks of cancer that 

cells acquire as they become a malignant tumour (Hanahan and Weinberg, 2011).  

They include evading growth suppressors, enabling replicative immortality, 

activating invasion and metastasis, inducing or accessing vasculature, resisting 

cell death, and sustaining proliferative signalling (Hanahan, 2022).  A further two 

hallmarks were then suggested as emerging hallmarks, namely avoiding immune 

destruction, and deregulating cellular metabolism, however they are now 

considered core hallmarks (Hanahan and Weinberg, 2011; Hanahan, 2022).  A 

further two enabling characteristics are also linked to the eight core hallmarks of 

cancer, namely tumour-promoting inflammation and genome instability and 

mutation (Hanahan, 2022) (Figure 1.6).   

 

 

 

 

 

 



 
 

 44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 – Hallmarks of cancer.   

Includes the original 6 core hallmarks, 2 emerging hallmarks and 2 enabling 

characteristics.  They include evading growth suppressors, avoiding immune 

destruction, enabling replicative immortality, tumour-promoting inflammation, 

activating invasion and metastasis, inducing or accessing vasculature, genome 

and instability mutation, resisting cell death, deregulating cellular metabolism and 

sustaining proliferative signalling (Hanahan, 2022). 

 

GLOBOCAN 2020 estimated 18.1 million new cancer cases globally and cancer 

was the cause of death for 9.9 million patients that year (Sung et al., 2021).  

GLOBOCAN 2020 has also predicted the number of new cancer cases worldwide 

and projected incidence of new cancer cases are expected to increase by nearly 

50% by 2040 (Sung et al., 2021).  Due to better sanitation, improvements in 

treatments and an aging and increasing worldwide population, there is a shift from 

communicable diseases to non-communicable diseases, and less premature 

mortality (GBD 2015 Mortality and Causes of Death Collaborators, 2016; Catalá-

López et al., 2014).  Globally, cancer is the second leading cause of death and 

only beaten by cardiovascular diseases (Naghavi et al., 2017).   
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 Glioma Brain Tumours 

 

Glioma brain tumours originate from non-neuronal glial cells and are the most 

common primary tumour accounting for 81% of all malignant brain tumours 

(Ostrom et al., 2014).  Approximately two thirds of primary gliomas develop in the 

brain, whilst the remainder occur within the rest of the CNS (Davis, 2016).   

 

Glioma tumours were graded I-IV, using roman numerals, based upon their 

malignancy by the World Health Organisation (WHO) (Louis et al., 2007).  The 

WHO updated the classification of tumours in 2016 and then again in 2021 

integrating histological and molecular properties of biopsies and constantly striving 

to aid the lives of patients (Louis et al., 2016; Louis et al., 2021).  The new 

classification is moving more towards molecular diagnosis and genetic change as 

there has been a shift to ‘within-tumour-type’ grading (Louis et al., 2021).   

 

The new classification of glioma has involved dividing them into 6 groups.  The first 

covers the majority of primary brain tumours in adults and is labelled ‘Adult-type 

diffuse glioma’.  The second group is ‘Paediatric-type diffuse low-grade glioma’ 

and third is ‘Paediatric-type diffuse high-grade glioma’.  The fourth group is 

‘Circumscribed astrocytic glioma’ and so have more of a clear boundary between 

tumour and normal brain tissue.  The fifth group is ‘Glioneuronal and neuronal 

tumours’ where the tumour has neuronal differentiation, and finally 

‘Ependymomas’ which are their own separate tumour classification (Louis et al., 

2021).   

 

The 2021 classification system has encountered a few general changes from the 

WHO 2016 classification system. For the first time, the 2021 classification 

separated adult and paediatric type gliomas and for all groups except 

ependymomas, uses molecular diagnostics and histological results to give an IDH 

status before the WHO grade (Park et al., 2023).  There has been an increase in 

complexity of molecular diagnostics of IDH-mutant and IDH-wildtype diffuse 

gliomas, which using the flowchart, reveals a tumour classification and grade 

(Figure 1.7).   
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Figure 1.7 – Flowchart to classify glioma tumours on histological and 

molecular features.   

Histology of biopsy is investigated first and then molecular testing determines IDH 

status and any other genetic features creating an integrated diagnosis (Park et al., 

2023). 

 

 Glioblastoma Brain Tumours 

 

Glioblastoma is a stage IV glioma tumour and is the most malignant primary brain 

tumour in adults accounting for 45% of glioma tumours (Thakkar et al., 2014; 

Ostrom et al., 2014).  Furthermore, glioblastoma tumours are characteristically 

highly invasive and aggressive and have the worst prognosis out of all glioma 

tumours with survival following diagnosis rarely reaching 2 years (Culicchia et al., 

2008; Sánchez-Valle et al., 2017; Woehrer et al., 2014).  Like Alzheimer’s disease, 

glioblastoma tumours are predominantly found within the elderly population with 

an average occurrence between 75 and 84 years of age (Ostrom et al., 2014).   

 

1.3.1.1.1  Clinical Presentation of Glioblastomas 

 

Depending on the location and size of the tumour, glioblastoma can present with 

a numerous set of symptoms (Kanderi and Gupta, 2023).  Most often patients 

present with headaches, focal deficits and progressive neurological decline due to 

increased intracranial pressure (Alifieris and Trafalis, 2015).  Seizures are also a 
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presenting symptom in roughly 25% of patients, which increases to 50% of patients 

in the later stages of glioblastoma diagnosis (Perry et al., 2006; Schiff et al., 2015).   

 

Glioblastoma is typically diagnosed through imaging using computed tomography 

(CT) or magnetic resonance imaging (MRI) scans (Wirsching et al., 2016).  For 

glioblastoma to be diagnosed, presence of necrosis is required for the grade IV 

WHO classification, which is shown by a higher density centre within the mass of 

tumour cells on an MRI scan with contrast (Davis, 2016).   

 

1.3.1.1.2  Risk Factors of Glioblastoma 

 

There are known risk factors to increase likelihood of development of glioblastoma 

including exposure to ionising radiation (Alifieris and Trafalis, 2015),  However, 

radiation induced glioblastoma is usually seen years later as a result of intense 

radiation treatment a patient received for another tumour or medical condition as 

associations with environmental exposures (Johnson et al., 2015).  Other 

environmental factors including smoking, pesticides and petroleum refining have 

been loosely connected as a risk factor to glioblastoma (Davis, 2016). 

 

1.3.1.1.3  Current Treatments of Glioblastoma 

 

The initial step in the current therapy approach to a glioblastoma is maximal safe 

surgical resection of the tumour (Johnson et al., 2015).  This is followed by 

radiotherapy and chemotherapy, most commonly temozolomide (Davis, 2016).  

There has not been any new pharmaceutical treatment for glioblastoma for 30 

years because unlike treatments for other cancers, the drugs to treat glioblastoma 

have to cross the blood brain barrier (O’Reilly et al., 1993; Arora and 

Somasundaram, 2019).  Treatment varies for glioblastoma due to MGMT status of 

the tumour, as MGMT is responsible to promote DNA repair (Gerson, 2004; 

Annavarapu et al., 2021; Szylberg et al., 2022).  If the tumour has a methylated 

MGMT status, the gene is silenced, impairing DNA repair of the cell and is more 

sensitive to temozolomide chemotherapy, whereas if the MGMT status is 
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unmethylated, temozolomide is not recommended and radiotherapy is given alone 

(Kanderi and Gupta, 2023).   

 

Although a treatment called tumour treating fields (TTF) has been found to improve 

survival of patients (Toms et al., 2019).  TTF is a non-invasive approach to treating 

glioblastoma which involves electrodes attached to a cap that deliver electric fields 

through the brain at an optimal frequency of 200 kHz (Chaudhry et al., 2015; 

Dorsey et al., 2020; Kirson et al., 2004).  These electric signals target glioblastoma 

cells only, interrupting the metaphase of mitosis, causing abnormal spindle 

formation and resulting in cell death (Rominiyi et al., 2021).  However, due to the 

cost of the treatment, it is not currently provided on NHS, and can only be accessed 

privately or through clinical trial (McCabe et al., 2008; Rominiyi et al., 2021). 

 

 Comorbidity Between Glioma and Alzheimer’s Disease 

 

Glioma tumours, in particular glioblastoma, and Alzheimer’s disease become more 

prevalent with age.  However, it is rare that both diseases overlap within the same 

individual despite both diseases being negative hallmarks of aging, supporting the 

inverse relationship between Alzheimer’s disease and cancer; Section 1.1.2 

(Behrens et al., 2009; Nelson, 2002).  There is very limited data on the comorbidity 

between glioma as a specific cancer and Alzheimer’s disease even though many 

epidemiological and longitudinal studies investigate the relationship between 

Alzheimer’s disease and cancer in general; Section 1.1.2.  Meta-analysis 

concluded a strong inverse comorbidity between Alzheimer’s disease and cancer, 

however, unfortunately insufficient numbers in the meta-analysis precluded 

differentiation between protection from specific cancers, so it is unknown whether 

glioma was more or less protective than other cancers; Section 1.1.2 (Catalá-

López et al., 2014; Roe et al., 2010; Driver et al., 2012; Roe et al., 2005).  However, 

a study has compared the risk of Alzheimer’s disease in patients with brain 

tumours, gliomas or glioblastomas and found a significantly lower prevalence of 

both glioblastomas and gliomas in patients who died from Alzheimer’s disease 

compared to those who died from other causes (Xia et al., 2023).  The same was 

true in reverse as those with glioblastoma were found to have a significantly lower 
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risk of Alzheimer’s disease compared to other tumours when controlled for 6 

variables such as age at death, sex and radiation therapy (Xia et al., 2023). 

 

However, there have been reports of a direct link between Alzheimer’s disease 

and glioblastoma based on a transcriptomic meta-analysis that identified 

expressed genes that were similarly deregulated in the same direction between 

Alzheimer’s disease and glioblastoma (Sánchez-Valle et al., 2017).  Such claims 

of a direct link between Alzheimer’s disease and glioma have been made 

previously due to a positive correlation between the incidence of the two diseases 

and questions were raised that there may be a possible common cause, however, 

a direct correlation between the two disease was hypothetical and not supported 

through evidence (Lehrer, 2010).  A population based incidence study found that 

the observed number of Alzheimer’s disease cases in patients with a nervous 

system cancer was higher than expected, however, in comparison, the risk of 

nervous system cancer occurrence for those with Alzheimer’s disease was 

significantly reduced (Musicco et al., 2013).  One case of Alzheimer’s disease was 

diagnosed, however, a further 2 cases that were initially flagged as cognitive 

decline were finally diagnosed as brain tumours (Musicco et al., 2013).  Due to 

glioblastoma being a rare cancer, this study did not investigate the differential risk 

of glioblastoma against Alzheimer’s disease, only brain cancer as a whole, and so 

a conclusion on the comorbidity of glioblastoma and Alzheimer’s disease cannot 

be made based on this study.  The comorbidity status between glioma and 

Alzheimer’s disease remains unclear.  Preclinical experiments have investigated 

the pathological characteristic A in Alzheimer’s disease in glioma brain tumours 

as the next section discusses.   

 

 Interactions Between Glioma and Amyloid Beta 

 

As there is limited data on the comorbidity between Alzheimer’s disease and 

glioma specifically, certain studies have investigated a possible protective link 

between A and glioma tumours.  In vivo Alzheimer’s transgenic mice that 

overexpress A were implanted with GL261 glioma cells and tumour growth was 

found to be significantly inhibited (Paris et al., 2010).  The inhibition of tumour 
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growth was found not to be a direct result of toxicity but due to inhibition of 

angiogenesis (Paris et al., 2010).  A further in vivo study supported this as a 

xenograft mouse model was injected with A directly into a U87MG glioblastoma 

tumour and found to inhibit growth, vascularisation and angiogenesis (Paris et al., 

2004).   

 

Studies in vitro have also displayed similar inhibitory effects.  A was found to 

induce inhibition of angiogenesis without causing direct toxicity to the human brain 

microvascular endothelial cells they were co-cultured with, however, it was 

unknown whether inhibition occurred directly or indirectly (Paris et al., 2010).  

Another study found high levels of exogenous A inhibited proliferation rates of 

glioblastoma cells, breast cancer cells, adenocarcinoma cells and melanoma cells, 

when cultured with cell medium (Zhao et al., 2009).  These studies suggest that 

A has anti-tumour properties that may contribute to the mechanisms supporting 

protective properties Alzheimer’s disease has against cancer, corroborating the 

inverse correlation seen in literature; Section 1.2.2.   

 

Further interaction between A and glioma cells includes when A is produced 

directly from the cells.  Glioma cells cultured in vitro have been shown to generate 

the protein A that co-migrates with synthetic A and antibody (Morato and Mayor, 

1993).  Further studies have shown innate A has been observed naturally 

accumulating in and around glioma tumours and blood vessels close to the tumour 

in xenograft mouse models (Kucheryavykh et al., 2019; Williams, 2019). 

 

Even though interactions between A and glioma tumours, including glioblastoma, 

have been investigated, individual species including A40 and A42, that is more 

commonly associated with Alzheimer’s disease, have not.  Expression or function 

of SorL1 has never been investigated in glioblastoma.  
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 Aims and Objectives 

 

The overarching aim of this thesis was to explore the role that SorL1 has in 

glioblastoma.  The objectives to help determine the role of SorL1 are as follows: 

 

1. Determine whether SorL1 is expressed in glioblastoma cells using 

immunofluorescence and western blotting.  As A40 and A42 production 

is controlled by SorL1 protein, determine A40 and A42 expression levels 

in glioblastoma using immunofluorescence and ELISA. 

 

2. Determine whether SorL1 is secreted into cell medium from glioblastoma 

cells and into serum from glioblastoma tumours in xenograft mouse model 

using western blotting.   

 

3. Construct a knock down in vitro model of SorL1 in glioblastoma cells through 

transient transfection using siRNA encoding plasmids.  Validation of this 

model through immunofluorescence and western blotting.   

 

4. Investigate if knock down of SorL1 model alters A40 and A42 expression 

in glioblastoma cells using immunofluorescence and ELISA. 

 

5. Investigate if knock down of SorL1 model effects glioblastoma cell function 

using MTS assay for proliferation and cell viability studies, and scratch 

assay for migration studies.   
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2 Chapter 2 – Methods 

 

 Bioinformatics 

 

The Cancer Genome Atlas (TCGA) PanCancer Atlas (Hoadley et al., 2018) was 

explored in CBioPortal.  CNS/brain was selected, and Reverse Phase Protein 

Array (RPPA) data was explored for SorL1 in glioblastoma and lower grade glioma.  

 

 Cell Culture  

 
Commercially available immortalised cell lines U87MG and 1321N1 were obtained 

from ECACC, Porton Down, UK and SVGp12 from ATCC, Teddington, UK.  Short 

term patient-derived (PD) cultures PD301 and PD304 cells were kindly donated by 

Professor Tracy Warr (University of Wolverhampton) and normal human 

astrocytes HA-SC1800 (NHA) were purchased from ScienCell Research 

Laboratories, California, US. The general maintenance of the patient derived cells 

were as stated in Brain Tumour North West (BTNW) guidelines. 

 

Table 2.1 – Cell Lines. 

Name of Cell 

Line 

Cancer / Cell 

Derived From 

Immortal / 

Primary Cell 
MGMT Status IDH1 

U87MG Glioblastoma Immortal - - 

1321N1 
Stage II 

Astrocytoma 
Immortal - - 

SVGp12 
Foetal 

Astrocyte 
Immortal - - 

PD301 Glioblastoma Primary Methylated Wildtype 

PD304 Glioblastoma Primary 
Low 

Methylation 
Wildtype 

NHA 
Human 

Astrocyte 
Primary - - 



 
 

 54 

 Media 
 

All media and supplements were purchased from Lonza, UK unless otherwise 

stated.  All other consumables used for cell culture, phosphate buffered saline 

(PBS), industrial methylated spirits (IMS), virkon, and all plastic-ware including 

tissue culture flasks, well plates, serological pipettes and centrifuge tubes were 

purchased from ThermoFisher, UK. 

 

U87MG cells and SVGp12 cells were cultured in Eagle’s Minimum Essential 

Medium (EMEM) supplemented with L-glutamine (2mM), 1% (w/v) non-essential 

amino acids, sodium pyruvate (1mM) and 10% (w/v) foetal bovine serum (FBS). 

 

1321N1 cells were cultured using Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with L-glutamine (2mM) and 10% (w/v) FBS.   

 

PD301 and PD304 cells were cultured in Ham’s F-10 Nutrient Mix (containing L-

glutamine and HEPES) (Fisher Scientific, UK) supplemented with 10% (w/v) FBS. 

 

Normal human astrocytes were grown in AGMTM Astrocyte Growth Medium 

BulletKitTM culture system containing ABMTM Basal medium and AGMTM 

SingleQuotsTM Supplements supplemented with 3% (w/v) human serum male AB 

(Sigma, UK). 

 

The immortalised cell lines and NHA cells were grown in standard T75 filtered cell 

culture flasks at 37C in 5% CO2, and the PD cells were grown in unfiltered T75 

flasks at 37C without CO2.  

 

 Passaging  

 

All cells were grown until 80% confluency before being passaged under aseptic 

conditions in a Class II microbiological safety cabinet.  
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Medium was removed before the flask was washed using PBS pH 7.3 to 7.5, 

detached from the surface using 2-3ml of Trypsin EDTA 0.025% (Lonza, UK) and 

incubated for 4-6 minutes depending on the cell type at 37C either with or without 

5% CO2.  The flask was then lightly tapped to detach the adhered cells from the 

flask which was confirmed by light microscopy.  An equal or larger volume of 

medium was added to neutralise the trypsin and centrifuged at 200xg for 5 minutes 

at room temperature.  The supernatant was removed, and the cell pellet was 

resuspended in medium before being split into an appropriate number of flasks.  

For the immortalised cell lines, 1 flask was split into between 4 and 8 flasks, whilst 

the human primary cells were split between 2 and 3 flasks. 

 

 Cryopreserving 

 

For long term storage, cells were kept in liquid nitrogen dewars (-190C).  Freezing 

down cells occurred following the same protocol as passaging once cells were 

80% confluent.  Cells were trypsinised, neutralised and centrifuged at 200xg for 5 

minutes; Section 2.2.2.  For immortalised cell lines and PD cells, the pellet was 

resuspended in respective medium supplemented with 10% (w/v) DMSO. NHA 

cells were resuspended in human serum containing 10% (w/v) DMSO.  Cell 

suspensions were aliquoted into cryovials and placed into a Nalgene Mr. Frosty 

freezing chamber filled with isopropanol and placed into a -80C freezer for a 

minimum of 24 hours allowing the cells to freeze slowly.  Cryovials were then 

transferred to liquid nitrogen dewars.   

 

In contrast to the slow freezing process, cells were defrosted rapidly by placing 

cryovials in a water bath at 37C until fully defrosted and the cell suspension was 

immediately added to media and mixed.  This was then placed in the appropriate 

T75 flask and left to incubate for 24 hours at 37C either with or without 5% CO2.  

The following day, the cells had adhered to the flask and the medium replaced to 

remove the cryopreservatives.   
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 Cell Counting  

 

Cell counts were performed following trypsinisation and resuspension of the cell 

pellet following the passaging protocol; Section 2.2.2.  A total of 200l of cell 

suspension was collected.  Equal volume of Trypan blue was added and the cells 

counted using a haemocytometer. A coverslip was placed over the 

haemocytometer chamber, ensuring Newton’s rings were visible. Then 10l of 1:1 

suspension was added to the edge of the haemocytometer and through capillary 

action was sucked under the coverslip.  Under the microscope a cell count was 

taken by counting the number of viable cells in the 4 outer corner quadrants of the 

grid (Figure 2.1).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 – Haemocytometer grid. 

Displays Haemocytometer grid, arrows display the outer 4 quadrants that are 

counted. Haemocytometer from abcam (Cambridge, UK); 

https://www.abcam.com. 

 

An average number of cells counted was calculated and corrected for Trypan blue 

dilution. The number of cells per ml was calculated by multiplying by 104.   
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 Growth Curves 

 

Growth curves for all cell types were to determine normal growth characteristics 

and how many cells to seed for future experiments.  A total of 2000 cells were 

seeded into each well of a 24 well plate at a concentration of 2000 cells per ml.  

Wells were counted in triplicate daily to get biological replication over 10 days 

following seeding to determine division rates.  This was also repeated in triplicate 

with 3 different passages. The mean was calculated, and growth curve produced. 

 

 Immunocytochemistry 

 

 Seeding Cells 

 

Cells were seeded on sterilised 13mm diameter No. 1.5 coverslips (Scientific 

Laboratory Supplies Ltd) in 24 well plates.  Due to the cells being different sizes, 

they were seeded at different cell densities in their respective media.  PD301, 

PD304, SVGp12 and NHA cells were seeded at 20,000 cells per coverslip.  The 

smaller 1321N1 cells were seeded at 40,000 cells per coverslip and U87MG cells 

were seeded at 50,000 cells as they did not adhere to the coverslips as well as the 

other cell lines and were liable to be washed off during fixation.  Cells were seeded 

at this density to ensure after 24 hours they were not over 80% confluent.  All cells 

were incubated at 37C either with or without 5% CO2 overnight. 

 

 Fixation 

 

Cells were fixed 24 hours after being seeded on coverslips.  The media was 

removed from the wells and the coverslips gently washed with PBS once to 

minimise cells being washed from the coverslips. The PBS was removed, and 4% 

(v/v) formaldehyde (ThermoFisher, UK) diluted in PBS was added for 8 minutes.  

This was removed and the cells were washed twice with PBS.  The cells were then 

quenched of acetates with 0.1M glycine (ThermoFisher, UK) for 10 minutes.  This 

was removed and cells washed twice more in PBS.  Cells were permeabilised in 
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0.1% (v/v) Triton X-100 (ThermoFisher, UK) diluted in PBS, for no more than 4 

minutes and washed three times in PBS.   

 

 Staining 

 

All antibodies were obtained from Abcam, Cambridge, U.K. except SorL1, which 

was acquired from BD Biosciences, San Jose, California, U.S. 

 

Table 2.2 – Primary antibodies used for immunocytochemistry. 

Anti- Species Isotype Clone 
Concentration/

dilution 

Catalogue 

Number 

Aβ40 Rabbit IgG Polyclonal 1:100 AB12265 

Aβ42 Rabbit IgG Polyclonal 1:100 AB10148 

SorL1 Mouse IgG Monoclonal 1:100 612633 

Aβ40 Rabbit IgG 
Recombinant 

monoclonal 
1:100 AB254345 

Aβ42 Rabbit IgG 
Recombinant 

monoclonal 
1:100 AB201061 
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Table 2.3 – Secondary antibodies used for immunocytochemistry. 

Anti- Species Isotype Conjugate 
Concentration/

dilution 

Catalogue 

Number 

Rabbit Goat IgG 
Alexa Fluor 

488 
1:500 AB150077 

Rabbit Goat IgG 
Alexa Fluor 

555 
1:500 A32732 

Mouse Goat IgG 
Alexa Fluor 

555 
1:500 A32727 

Rabbit Goat IgG 
Alexa Fluor 

647 
1:500 AB150083 

Mouse Goat IgG 
Alexa Fluor 

647 
1:500 AB150115 

 

Fixed cells were blocked with 1% bovine serum albumin (BSA) diluted in PBS for 

1 hour at room temperature or overnight at 4C to prevent non-specific staining.  

Primary antibodies (Table 2.2) were diluted in 1% BSA, added to the coverslips 

and incubated overnight at 4C.  Coverslips were washed 3 times with PBS before 

being incubated with a mixed solution of BSA, matched secondary antibody (Table 

2.3) and 0.1µg/ml 4’,6-diamidino-2-phenylindole (DAPI) in the dark for 30-60 

minutes at room temperature.  Coverslips were washed a further 3 times with PBS, 

mounted onto slides with Thermofisher ProLong diamond and left to cure for 24 

hours before being sealed with nail varnish.   

 

 Fluorescent Microscopy  

 

 Deconvolution Microscopy 

 

Initial validation of antibodies, determining expression of proteins in cells and 

transfection efficiency calculations were conducted using a Zeiss Cell Observer 

Axio Z1 system, equipped with a 25% intensity colibri LED light source and DAPI, 

GFP and dsRED filter sets (Zeiss, Cambridge).  All images were taken using the 
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same exposure time (DAPI 120ms, GFP 400ms, dsRED 600ms).  Expression of 

Aβ40, Aβ42 and SorL1 were visualised at x40 objective using ZEN pro software 

and AxioCam (Carl Zeiss, Cambridge, UK). At least 10 images were collected at 

the same time and under identical conditions and replicated in triplicate.  

 

 Confocal Microscopy 

 

Images for validating antibodies and determining expression of SorL1, Aβ40 and 

Aβ42 were collected on a Leica TCS SP5 confocal microscope (Leica Biosystems, 

Newcastle, UK) using x20 objective.  DAPI was detected using 405nm UV laser 

(15% power, gain 715), GFP was detected using 476nm and 488nm light lasers 

(15% power, gain 700) and Alexa Fluor 647 was detected using 633nm light laser 

(20% power, gain 700).  Confocal settings for image acquisition remained identical 

whereby images were taken in 1024 x 1024 format and bidirectional scan for 

repeats in triplicate using Leica LAS AF software.   

 

 Image J Analysis 

 

Primary cell images were quantified to compare A40, A42 and SorL1 protein 

expression between PD301, PD304 and NHA cells.  Images were analysed using 

Image J Software.  The free form tool was used to draw around each cell being 

analysed and the area, minimum and maximum grey values and mean grey value 

recorded, as well as background staining.  The following formula was used to 

calculate the corrected total cell fluorescence (CTCF): 

 

CTCF = Integrated Density – (Area of selected cell x Mean fluorescence of 

background). 

 

 Statistical Analysis 

 

Statistical analysis on the immunocytochemistry images was performed using 

Prism (GraphPad Software, San Diago, USA).  The data was deemed normally 

distributed and ANOVA (parametric data) was used to determine significance.   
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Comparisons of intensity of staining between the cell types was done by a Tukey’s 

multiple comparisons test.  A P-value of ≤ 0.05 was deemed significant. 

 

 Glioblastoma orthotopic xenograft in mice  

 

All in vivo work was undertaken under Home Office Project Licence PPL70/7938 

and authorised by University of Central Lancashire Animal Welfare and Ethical 

Review Board.   

 

Mice (Balb/C, approximately 20-25g) were purchased from Charles River, UK and 

housed in groups with enrichment and ad libitum access to standard rodent food 

and water until use.   

 

Mice were anaesthetised (1:1 isoflurane:nitrous oxide) and transferred to a 

stereotaxic frame where the skull was immobilised by ear bars and anaesthetic 

delivered via nose cone.  The mouse was kept warm by heating lamp. The skull 

was shaved, sterilised (povidone iodine) and an incision made such that landmark 

bregma was clearly visible.  The skull was thinned 1 mm lateral and 1 mm rostral 

to bregma with a dental drill such that a needle could easily pass through. A 10 µl 

microsyringe (Hamilton, USA) was held in a stereotaxic manipulator and the tip of 

the needle slowly advanced vertically through the skull 4 mm and retracted 1 mm 

to create a pocket.  A total of 40,000 U87-MG cells in 2 µl PBS or 2 µl PBS were 

introduced over 5 minutes by a microinjection syringe pump (World Precision 

Instruments, UK).  The needle was retracted slowly (1 mm / minute) to prevent the 

aspirant being drawn into the needle channel.  The hole was closed with bone wax 

and the skin stapled.  A bolus of warm saline (10 µl/g) and Metacam (20 µl) was 

given by subcutaneous injection and the animal allowed to recover in a warmed 

recovery chamber with wet mash.  Once fully recovered, the animal was returned 

to home cage. Mice were culled by cervical dislocation at 30 days or if clinical 

scores deteriorated.   

 

At weekly intervals, a tail vein blood sample was collected.  Mice were briefly held 

in a Broome style restrainer such that the tail was accessible and could be warmed 
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in warm water. Skin was sterilised with an alcohol wipe and a 25G needle inserted 

into the lateral tail vein.  Approximately 50-100 µl of blood was routinely collected 

and decanted into sterile centrifuge tubes, allowed to clot at room temperature for 

approximately 15 minutes. Tubes were spun at 10,000xg for 10 minutes in a 

refrigerated centrifuge to pellet the blood clot.  Serum was removed and stored at 

-80°C until use.   

 

On the day of culling, a terminal blood sample was taken by cardiac puncture 

immediately after euthanasia. Serum was prepared as for tail vein.  Serum 

samples were used in western blotting experiments following the determination of 

protein concentration using a PierceTM BCA Protein Assay Kit (ThermoFisher 

Scientific, UK). 

 

 Western Blotting 

 

 Cell Lysate Preparation 

 

Confluent flasks of cells were washed with PBS, trypsinised, neutralised and 

centrifuged at 200xg for 5 minutes.  The supernatant was removed, and the pellet 

was resuspended in 1ml of cold PBS and subsequently kept cold on crushed ice.  

The cell suspension was transferred to a 1.5ml Eppendorf tube and spun down 

again at 14,000xg for 5 minutes in a pre-cooled (4C) centrifuge.  PBS was 

removed and depending on the size of the cell pellet, it was resuspended in 150µl-

200µl of cold RIPA buffer supplemented with HaltTM Protease and Phosphatase 

Inhibitor Cocktail EDTA-free.  Alternatively a confluent flask of cells was washed 

with PBS and 150µl-200µl of cold RIPA buffer with supplements was added and 

cells were scraped and collected.  The cell suspension was kept on crushed ice 

for 30 minutes whilst vortexing every 5 minutes.  It was spun again for 20 minutes 

at 16,000xg at 4C.  Aliquots (50µl) of the lysed supernatant were stored at -20C 

until use.  PierceTM BCA Protein Assay Kit (ThermoFisher Scientific, UK) was used 

as per manufacturer’s instructions using the cell lysates to determine the protein 

concentration.  
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 Cell Medium Collection 

 

PD301, PD304 and NHA cells were seeded in a 24 well plate.  Seeding 40,000 

cells per well in 4 wells per cell type.  Cells were left to adhere to the well plate, 

incubating for 24 hours at 37C either with or without 5% CO2 depending if the cells 

required it.  Medium was then exchanged to serum free medium, without FBS for 

F10 or without human serum for ABM.  Only 200l of serum free medium was 

added to each well to ensure the cells were covered.  Once again, the cells were 

left to incubate overnight at 37C either with or without CO2.  This media was then 

collected and stored in an Eppendorf at -20C until ready to use.  Although the 

same number of cells were originally seeded, a BCA protein assay was carried out 

as per manufacturer’s instructions to determine the protein content.   

 

 SDS-PAGE Gels 

 

All western blot equipment was obtained from Biorad, Watford, UK.  All buffers 

were made using distilled water (dH2O) plus additional components.   
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Table 2.4 – Components to make up x2 gels. 

Components Supplier 10% Gel Stacking Gel 

Distilled Water (dH2O)  5.9ml 2.7ml 

30% Acrylamide Mix Sigma, UK 5ml 670l 

1.5M Tris (pH 8.8) 
ThermoFisher, 

UK 
3.8ml  

1.0M Tris (pH6.8) 
ThermoFisher, 

UK 
 500l 

10% sodium dodecyl 

sulphate (SDS) 

ThermoFisher, 

UK 
150l 40l 

10% ammonium 

peroxodisulphate (APS) 

ThermoFisher, 

UK 
150l 40l 

Tetramethylethylenediamine 

(TEMED) 
Biorad, UK 6l 4l 

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gels 

were originally bought from Biorad, Watford, UK before being made. Two glass 

plates, one shorter than the other, were placed in a holder on a sponge and tested 

for leaks.  The 10% gel was then made adding dH2O, 30% acrylamide mix, 1.5M 

Tris (pH 8.8), 10% SDS, 10% APS and TEMED (Table 2.4).  APS and TEMED 

were added to catalyse polymerisation of the gel and the mixture poured into the 

mould. Isopropanol was added on top to prevent drying out.  Once the gel set, the 

isopropanol was removed and gel was washed with dH2O. Stacking gel was 

prepared (Table 2.4), poured on top of resolving gel and a 10 well comb was 

inserted.  This was then left to polymerise for 30 minutes at room temperature.  

The comb was gently removed, and the wells left behind were washed thoroughly 

with dH2O.   
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 Western Buffers 

 

All buffers were made up using dH2O and all laboratory reagents to make buffers 

were purchased from ThermoFisher Scientific, UK. 

 

RIPA Buffer was used as the lysis buffer and composed 50mM Tris pH 8.0, 150mM 

sodium chloride (NaCl), 0.5% (w/v) sodium deoxycholate and 1% (v/v) Triton X100.  

HaltTM Protease and Phosphatase Inhibitor Cocktail EDTA-free was added before 

use.   

 

Laemmli Buffer 2X was used as the loading buffer and composed 0.125M Tris-

HCl, 4% (v/v) SDS, 20% (v/v) glycerol and 0.004% (w/v) bromophenol blue.  The 

pH was adjusted to 6.8.  Prior to use, 10% (v/v) beta-mercaptoethanol was added. 

 

A 10X running buffer stock (pH 8.3) was made and stored at room temperature; 

25mM Tris was added to 190mM glycine and 0.1% (v/v) SDS.  A X1 working 

concentration was made on the day of experiment. 

 

A 10X transfer buffer stock (pH 8.3) was also made and stored at room 

temperature.  This was made the same way with 25mM Tris and 190mM glycine, 

however SDS was excluded.  For the X1 working concentration, 20% (v/v) 

methanol was also added and made on the day of experiment.  

 

A X10 TBS buffer was made through mixing 20mM Tris and 150mM NaCl and 

adjusting the pH to 7.6.  A working wash buffer TBST was made using 10% (v/v) 

TBS X10 and 0.01% (v/v) Tween. 

 

Blocking Solution was made using 7% (w/v) Marvel™ dried skimmed milk 

dissolved in TBST. 

 

A mild stripping buffer to remove protein from the membrane was produced by 

adding 1.5% (w/v) glycine, 0.1% (v/v) SDS and 1% (v/v) Tween together and 

adjusting the pH to 2.2.   
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 SDS-PAGE Gel Electrophoresis and Transfer 

 

All western blot equipment was obtained from Biorad, Watford, UK. 

 

A total of 10µg of protein from each cell lysate was mixed with equal volume of 2x 

Laemmli loading buffer (1:1, v/v). For medium, 10µg of protein was also collected, 

using BCA protein assay results, however, as no endogenous loading control was 

detectable in medium, 500ng recombinant human -actin protein His-tag 

(AB240844) (Abcam, Cambridge, UK) was added before mixing with equal volume 

of Laemmli buffer.  For mouse serum, 7.5µg of protein was mixed with equal 

volume of 2x Laemmli buffer.  Lysates and medium were heated to 95C for 5 

minutes and centrifuged at 16,000xg for 5 minutes at room temperature prior to 

loading the gels, whilst mouse serum was only centrifuged prior to loading.  Gels 

were placed in a tank with X1 running buffer before lysate, medium or serum were 

loaded into wells alongside PageRulerTM plus prestained protein ladder (10 to 250 

kDa (ThermoFisher Scientific).  Gels were run at 50V for 10 minutes to allow the 

proteins to pass through the stacking gel before increasing voltage to run at 100V 

for approximately 90 minutes.  

 

Following electrophoresis, gels were transferred onto Amersham Protran 0.45m 

nitrocellulose blotting membrane (Sigma, UK).  The tank was filled with X1 transfer 

buffer and an ice block was added to prevent overheating.  Protein transfer from 

gel to nitrocellulose membrane was achieved by running the tank at 300mA for 80 

minutes. 

 

 Staining 

 

All antibodies were obtained from Abcam, Cambridge, U.K.  

 

 

 

 

 



 
 

 67 

Table 2.5 – Primary antibodies used for western blotting.  

Anti- Species Isotype Clone 
Concentration/

dilution 

Catalogue 

Number 

SorL1 Rabbit IgG 

Recombinant 

monoclonal 
1:1000 AB190684 

β-Actin Mouse IgG1 Monoclonal 1:5000 AB6276 

6X His-tag Rabbit IgG 
Recombinant 

polyclonal 
1:1000 AB9108 

Transferrin Rabbit IgG Monoclonal 1:1000 AB277635 

 

The SorL1 antibody (Table 2.5) was used for detecting SorL1 in lysates and 

secreted SorL1 in cell medium and mouse serum.  It was able to be used for 

secreted SorL1 as the SorL1 antibody was an approximate 150kDa fragment 

antibody raised against the immunogen that corresponded with an internal portion 

of the SorL1 protein.  As soluble SorL1 is known to be approximately 240 kDa in 

molecular weight losing 10kDa from its C-terminus (Motoi et al., 1999), the 

antibody was still compatible with soluble SorL1. 

 

Table 2.6 – Secondary HRP antibodies used for Western blotting. 

Anti- Species Isotype Conjugate 
Concentration/ 

dilution 

Catalogue 

Number 

Mouse Rabbit IgG HRP 1:5000 AB6728 

Rabbit Goat IgG HRP 1:5000 AB6721 

 

Following the transfer onto nitrocellulose, membranes were cut to size and non-

specific binding blocked in 7% milk in TBST on a rocker for 60 minutes at room 

temperature or 4C overnight.  Blocking solution was removed and the membrane 

washed 3 times with TBST before primary antibodies were added.  Antibodies were 
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diluted in TBST (Table 2.5). Incubation for β-actin primary antibody was 60 minutes 

at room temperature, while the rest of the primary antibodies were incubated at 

4C overnight. Following incubation, the nitrocellulose membrane was washed 

three times for 15 minutes with TBST.  The matched HRP (horseradish peroxidase) 

secondary antibodies diluted in TBST was then applied and incubated at room 

temperature for 60 minutes (Table 2.6).  Following secondary antibody incubation, 

the nitrocellulose membrane was washed three times (twice for 10 minutes, and a 

further time for 60 minutes) with TBST. 

 

 Imaging 

 

SuperSignal West Pico PLUS (Fisher, Loughborough, UK) was added to each 

cellulose membrane for 5 minutes before imaging.  The membranes were imaged 

using Biorad ChemiDoc XRS+, equipped with Image LabTM software.  Final images 

were exported as TIFF for analysis.   

 

Following imaging, membranes were washed again in TBST, and underwent the 

stripping protocol.  A mild stripping buffer was added twice for 5-10 minutes.  

Membranes were then washed twice for 10 minutes in PBS and washed twice for 

5 minutes in TBST.  Membranes were blocked once again in 7% milk and re-

probed for β-actin.   

 

 Image Analysis 

 

Images were compared and quantified using Image J. The thickest band on the 

western blot image was selected as a region of interest and this same frame was 

used over all bands of interest so standardised.  The same sized frame of region 

of interest was also taken below each band to account for the background.  The 

same was done for the loading control western blot images and a note of all grey 

mean values were noted down.  Once all protein of interest data and backgrounds 

with loading control data and backgrounds was collected, a calculation was 

conducted.  All grey mean values recorded by Image J were subtracted from 255.  

The inverted background value was deducted from the inverted protein of interest 
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value to determine the net value.  A ratio was then calculated of the net protein of 

interest value over the net loading control to determine the final relative 

quantification value and a bar chart was constructed to compare.   

 

 Statistical Analysis 

 

Statistical analysis on the western blot images was performed using Prism 

(GraphPad Software, San Diago, USA).  The data was deemed normally 

distributed and ANOVA (parametric data) was used to determine significance.  

Comparisons of intensity of the bands between the cell types was done by a 

Tukey’s multiple comparisons test.  A P-value of ≤ 0.05 was deemed significant. 

 

 ELISA 

 

Enzyme-linked immunosorbent assays (ELISA) were used to determine levels of 

A40 and A42 protein in PD301, PD304 and NHA cell lysates.  Cells began with 

the lysing process; Section 2.6.1.  Three passages of each cell type were lysed 

and each lysate was assayed in triplicate.  A total of 45g of protein was assayed 

per well in both A40 and A42 ELISA kits.  Amyloid beta 42 Human ELISA Kit 

Ultrasensitive and Amyloid beta 40 Human ELISA Kit were used as per 

manufacturer’s instructions (ThermoFisher Scientific, UK).  Data was quantified 

against standard curves that ranged from 7.81 to 5,000 pg/ml for A40 and 1.56 to 

1,000 pg/ml for A42.  Data was expressed as picograms of protein (either A40 

or A42) per mg of total protein.   

 

 Transient Transfections 

 

To determine influence of SorL1 on cell function, PD301 and PD304 cells were 

transiently transfected with siRNA to knock down SorL1 protein prior to functional 

studies. 
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 Plasmids 

 

Short interfering ribonucleic acid (siRNA’s) were purchased from Applied Biological 

Materials Inc (abm) (Richmond, BC. Canada). SORL1-set siRNA/shRNA/RNAi 

Lentivector (Human) with 4 individual targets were purchased to knock down SorL1 

(siRNA target A, siRNA target B, siRNA target C and siRNA target D) rather than 

pooled to determine if any were better than others, along with a Scrambled siRNA 

GFP Lentivector as a control (Table 2.7). 

 

Table 2.7 – Plasmids  

Vector 

Name 

Vector 

Type 

Bacterial 

Selection 

Mammalian 

Selection 
Gene Function 

piLenti-

siRNA-

GFP 

Lentiviral 

siRNA 

vector 

Kanamycin Puromycin SorL1 

Knock 

down of 

SorL1 

protein 

piLenti-

siRNA-

GFP-

Scrambled 

Lentiviral 

siRNA 

vector 

Kanamycin Puromycin Scrambled 

Knock 

down 

control 

 

 

Both piLenti-siRNA-GFP for SorL1 and piLenti-siRNA-GFP-Scrambled for knock 

down control had the same sequencing primers in the U6 promoter region: 

 

5’--TACGTCCAAGGTCGGGCAGGAAGA--3’ 

 

The vector maps are shown for both piLenti-siRNA-GFP for SorL1 knock down and 

piLenti-siRNA-GFP-Scrambled for knock down control (Figure 2.2).  
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Figure 2.2 – pLenti-siRNA-GFP vector maps.  

piLenti-siRNA-GFP vector map (A) and piLenti-siRNA-GFP-Scrambled vector map 

(B). Vector maps from Applied Biological Materials Inc (abm) (Richmond, BC. 

Canada); https://www.abmgood.com. 

 

 Bacterial Reagents 

 

When making bacterial reagents, aseptic technique was adhered to. 

 

LB Broth was made through dissolving Miller LB Broth powder (ThermoFisher 

Scientific, UK) in dH2O.  The concentration was 20g/L and was autoclaved to 

sterilise.  This was stored until use and if antibiotics were needed, they were added 

on the day of use.   

 

LB Agar was produced at a concentration of 32g/L by adding LB agar powder 

(ThermoFisher Scientific, UK) to dH2O.  This was autoclaved to sterilise.  When 

ready to use, agar was melted by microwaving and once hand-hot, antibiotics were 

added.  Approximately 25ml of agar was poured into 10cm petri dishes and left to 

set.    

 

Kanamycin sulphate powder (ThermoFisher Scientific, UK) was dissolved in sterile 

dH2O to make 100x stock solution (10mg/ml).  This was further filter sterilised.  

Kanamycin was added to LB broth and LB agar at a working concentration of 

100g/ml to make a x1 solution.   

A B 
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 Bacterial Transformation 

 

When conducting bacterial work, aseptic technique was abided by at all times 

either around a flame or in a Class II microbiological safety cabinet.   

 

Five vials of competent dH5 E.coli cells were taken from -80C freezer due to 

having one scrambled siRNA and four siRNA targets to knock down SorL1.  Each 

bacteria vial was split in half and 1l of an siRNA and 1l of sterile water was added 

into each half, so each vial of bacteria had its own control.  The 10 Eppendorf’s 

were placed on crushed ice for 1 hour, before being heat shocked for 2 minutes at 

42C.  They were then placed back on crushed ice for 2 minutes and approximately 

800l of LB broth was added to each Eppendorf. Tubes were placed into the 

Thermo Scientific MaxQTM 8000 shaking incubator at 180rpm for 1 hour at 30C.   

 

Following incubation, tubes were centrifuged at 13,000rpm for 30 seconds in the 

Eppendorf centrifuge 5424 (Eppendorf, UK).  The majority of the supernatant was 

removed leaving enough to resuspend the pellet of bacteria.  Ten agar plates were 

made up containing 1x kanamycin for each siRNA and control, as the siRNA all 

contain bacterial selection for kanamycin.  Each Eppendorf of bacteria either 

containing one of the siRNA’s or its control was added to an agar plate with sterile 

balls to spread the bacteria evenly over the agar surface.  Agar plates were then 

incubated overnight at 37C.   

 

The following day, small colonies of E.coli bacteria were present on the siRNA 

targets for SorL1 knock down and scrambled siRNA, whereas the control plates 

were clean suggesting no contamination.  One or two colonies were collected from 

each agar plate containing one of the siRNAs and they were placed in 100ml of LB 

broth containing 1x kanamycin. Each conical flask was placed in the Thermo 

Scientific MaxQTM 8000 shaking incubator at 180rpm at 30C overnight. 
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 Plasmid Purification 

 

A Maxi prep kit (Qiagen, Crawley, UK) was carried out the following day to purify 

the siRNA plasmids.  The bacterial cultures were harvested by centrifuging at 

6000xg for 15 minutes in a precooled centrifuge at 4C.  Pellets of each siRNA 

were collected after following manufacturer’s instructions of Maxi Prep and 

dissolved in 50l of TE buffer (pH 8.0).  Vials of the purified plasmids of siRNA 

targets A, B, C and D to knock down SorL1 and scrambled siRNA were stored at 

-20C until they were needed.   

 

 NanoDrop 

 

Concentrations of these siRNAs needed to be determined.  This was done using 

the NanoDropTM 2000/2000c Spectrophotometer (Thermo Scientific, UK).  A blank 

was measured first using TE buffer (pH 8.0) as this was used to dissolve the 

purified siRNA, followed by the individual siRNAs. A note was made of the 

individual siRNA concentrations, typically between 1,000-3,000ng/l and their 

260/280 ratios as a ratio of approximately 1.8 is considered to be pure for DNA 

and RNA.   

 

 Transfections 

 

PD301 and PD304 cells were seeded on 13mm diameter No. 1.5 sterile coverslips 

(Scientific Laboratory supplies Ltd) in 24 well plates.  Cells were seeded at a 

density of 20,000 cells per coverslip and were incubated for 24 hours at 37C 

without CO2.  The following day, the medium was exchanged prior to transfection 

to serum free medium.  Transfection was achieved using InvitrogenTM 

LipofectamineTM 3000 Transfection Reagent (Invitrogen, UK) and OptiMEM 

Reduced Serum Medium (ThermoFisher Scientific, UK). Optimal transfection 

conditions were found through adding different ratios and concentrations of 

Lipofectamine 3000, P3000 (both from the Lipofectamine Transfection kit) and the 

siRNAs.  As well as the transfection conditions (knock down SorL1 and scrambled), 
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Lipofectamine only and non-transfected conditions were used as controls.  Cells 

were incubated for 72 hours at 37C without CO2. Following incubation, medium 

was exchanged.  Medium for non-transfected and Lipofectamine only cells was 

exchanged with fresh medium containing serum, whilst medium for the transfected 

cells was exchanged with fresh medium containing serum supplemented with 

5g/ml puromycin following results from the puromycin kill curve.   

 

 Puromycin Kill Curve 

 

PD301 and PD304 cells were trypsinised, neutralised and centrifuged at 200xg for 

5 minutes.  A cell count was performed to seed 1000 cells per well in a 96 well 

plate.  The 96 well plate was left to incubate for 24 hours at 37C without CO2.  The 

following day, puromycin was added in different concentrations 0g/ml, 1g/ml, 

2g/ml, 3g/ml, 4g/ml and 5g/ml in triplicate.  Medium was also added to wells 

containing no cells to use later as a control.  The plate was then left to incubate for 

72 hours at 37C without CO2. 

 

Following the incubation for 3 days, a viability assay was performed using 

resazurin (ThermoFisher, UK).  There was 200l of medium per well, and so 20l 

of resazurin was added to each well as per manufacturer’s instructions.  The plate 

was then incubated again for 4 hours at 37C.  Fluorescence was then read at 

535nm on Tecan Genios Pro plate reader (Tecan, UK).  This experiment was 

carried out in triplicate. 

 

The mean values were calculated and corrected using the media only average.  

Percentage viability was then calculated and the puromycin kill curve was 

produced. 
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 Knock Down of SorL1 

 

 Staining 

 

Cells seeded on coverslips were fixed (Section 2.3.2) following the transfection 

protocol; Section 2.8.6.  Cells were stained using DAPI.  The transfected cells 

contained Green Fluorescent Protein (GFP) and so DAPI staining the nuclei 

allowed a comparison to determine transfection success during the optimisation 

process.  Comparisons were made through randomly taking 10 images of each 

condition. 

 

Staining all conditions with SorL1 and using fluorescent microscopy allowed 

comparison and proved knock down. 

 

 Western blotting 

 

Further to using staining as proof of knock down, the western blotting technique 

was also used.  All PD301 and PD304 cells were trypsinised and transferred to 

T25 flasks.  Once at 80% confluency, cells were lysed and a western blot was 

carried out to prove knock down; Section 2.6. 

 

  Functional Studies 

 

In the functional studies, non-transfected cells, Lipofectamine only cells, SorL1 

siRNA transfected cells, and scrambled siRNA transfected cells were all 

compared.  This was done for both PD301 and PD304 cells.   

 
 MTS Assay 

 

A total of 100µl of cell suspension was seeded at an optimal cell density of 5000 

cells per well in a 96 well plate.  This was enough to have a substantial seeding 

density whilst not wanting them to be overconfluent by the end of the 72 hour 

experiment. All cells were seeded in biological triplicate on three 96 well plates, 
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one for each time point: 24, 48 and 72 hours, as well as having wells containing 

just F10 medium.  Well plates were incubated at 37C until each time point needed 

for experiment.   

 

CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) (Promega, 

UK) was used and taken out the freezer the morning of each time point of the 

experiment. Due to the MTS solution being light sensitive, the defrosting of the 

MTS bottle and the experiment was carried out in dark conditions, as much as 

possible.  At the selected time point, at 24, 48 and 72 hours, the well plate was 

taken out of the incubator and 20µl of the MTS solution was added to each well 

containing cells as well as the medium only wells as per manufacturer’s 

instructions.  This was completed 2 hours prior to measurement which aligned with 

0hr at the point the cells were seeded.  Manufacturer’s instructions suggested 

reading the plate anytime from 1 to 4 hours after addition of MTS solution.  When 

the MTS solution was added to the wells, the plate was placed back in the 

incubator in the dark at 37ºC for 2 hours.  The plate was then carried to the Tecan 

Genios Pro (Tecan, U.K.) and the plate was read at 485nm.  This experiment was 

carried out over four replicates. 

 

 Statistical Analysis 

 

The absorbances were collected at each time point and the mean values were 

calculated and corrected using the media only average.  A graph was produced to 

display rate of proliferation.  The mean values were also used to determine cell 

viability of PD301 and PD304 cell conditions, against the non-transfected cells as 

they did not have any differentiating factors and regarded as having a cell viability 

of 100%.   

 

Statistical analysis on proliferation and cell viability data was performed using 

Prism (GraphPad Software, San Diago, USA).  The data was deemed normally 

distributed and ANOVA (parametric data) was used to determine significance.  

Comparisons between the cell types was done by a Tukey’s multiple comparisons 

test.  A P-value of ≤ 0.05 was deemed significant. 
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 Scratch Assay 

 

Following optimisation of PD301 and PD304 cells, the optimal seeding density for 

this protocol was 30,000 cells per well in a 12 well plate.  All cells were seeded in 

biological triplicate on a 12 well plate for all conditions within PD301 cells and 

PD304 cells.  Cells were seeded and incubated for 24 hours for cells to adhere 

and cover the base of the well at an 80% confluency.  Following 24 hours the 

medium was removed and the wells were washed with PBS.  New PBS was added 

and a scratch was performed through the centre of each well using a sterilised 

pipette tip.  The PBS was then removed which also removed any dead or detached 

cells.  Serum free medium was added to each well so migration was being 

measured as opposed to proliferation.  Scratches were visualised with x4 objective 

on a Motic AE2000 light microscope (Motic, Barcelona, Spain) and images were 

taken straight away at 0 hours, and then further images were taken at 12 hour 

intervals until 72 hours with MShot Image Analysis System.  Migration of cells were 

compared between each condition.   

 

 Statistical Analysis 

 

Images taken on the microscope were analysed using Image J Software with 

Wound Healing Assay plug-in.  The plug-in determined the area and widths of 

scratches which were then used to determine percentage wound closure over time 

and rate of cell migration.  The percentage wound closure was calculated by the 

area of a scratch at different time points subtracted from the area of the original 

scratch (0 hr) divided by the area of the original scratch (0 hr) and multiplied by 

100.  The calculation for percentage wound closure was as follows: 

 

(Initial wound area – Wound area after ‘n’ hours of initial scratch)     x  100 

Initial wound area 

 

The rate of cell migration used the widths of the scratches and was calculated by 

the width of a scratch at any time point subtracted from the original scratch (0 hr) 
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divided by the number of hours between the two scratches.  The calculation for the 

rate of cell migration was as follows: 

 

Average of initial wound width – Average wound width after ‘n’ hours 

Time span between scratches (‘n’ hours) 

 

Statistical analysis on the percentage wound closure and rate of cell migration 

images was performed using Prism (GraphPad Software, San Diago, USA).  The 

data was deemed normally distributed and ANOVA (parametric data) was used to 

determine significance.  Comparisons between the cell types was done by a 

Tukey’s multiple comparisons test.  A P-value of ≤ 0.05 was deemed significant. 
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3 Chapter 3 – Expression of SorL1, A40 and 

A42 in Glioblastoma Cells  

 

 Background 

 

A reduction of SorL1 protein expression has been found to cause increased risk of  

Alzheimer’s disease (Andersen et al., 2005).  One function of SorL1 involves 

returning APP to the Golgi from the endosomes, thus preventing A production 

(Willnow and Andersen, 2013; Schmidt et al., 2017).  When a reduction of SorL1 

occurs, such as in Alzheimer’s disease, shuttling of APP is decreased, allowing 

more cleavage of A40 and A42 to occur (Schmidt et al., 2017).   

 

In this chapter, a range of methods including immunocytochemistry, western 

blotting, and ELISA were used to determine expression of SorL1, A40 and A42 

in both immortalised cell lines and primary patient derived cells.   

 

 A Expression 

 

Given the role of APP in familial Alzheimer’s disease and the increase of Aβ 

plaques in the brains of individuals with Alzheimer’s disease, a great deal of 

research has been performed on the dynamics of Aβ expression.  A40 is the most 

abundant form, approximately making up 80-90% of A,  followed by A42 

accounting for between 5 and 10% of Aβ, which is the more aggregate prone 

species of Aβ that increases in production within the Alzheimer’s disease brain 

(Murphy and LeVine, 2010).  These two species of Aβ are being investigated in 

this chapter, Aβ40 and Aβ42.   

 

Even though Aβ is most commonly associated with Alzheimer’s disease, Aβ 

expression has been investigated in various forms of cancer.  The precursor to Aβ 

peptide, APP, has been shown to accumulate and have increased expression in 

pancreatic and breast cancer tumours (Hansel et al., 2003; Tsang et al., 2018).  
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An increase in Aβ levels have also been shown in certain cancers as plasma Aβ40 

and Aβ42 peptide levels were increased in oesophageal cancer, colorectal cancer, 

hepatic cancer and lung cancer when compared to matched controls (Jin et al., 

2016).  In addition to increased plasma Aβ levels in numerous cancers, expression 

of Aβ in and around cancerous tumours has been shown in glioma (Zayas‐

Santiago et al., 2020).  Aβ expression has been explored in xenograft mouse 

models implanted with glioma cells.  Immunostaining of brain slices showed that 

Aβ peptide was present in glioma tumours and blood vessels supplying the tumour, 

and also large amounts of Aβ peptide was also found surrounding nearby ruptured 

blood vessels (Kucheryavykh et al., 2019; Williams, 2019). A later study showed 

increased expression of Aβ in adult glioma, and specifically in cells around blood 

vessels and in perivascular spaces. However, they could not determine whether 

the Aβ expression was due to a protective mechanism against the tumour or 

whether the Aβ peptide was produced by the glioma cells themselves (Zayas‐

Santiago et al., 2020). The isoform of Aβ expressed was also not determined. 

 

 SorL1 Expression 

 

SorL1 expression was originally investigated in Alzheimer’s disease where it 

controls how APP is processed and the relative levels of A isoforms; Section  

1.2.6.1 (Andersen et al., 2005).  Multiple studies have demonstrated a direct link 

between SorL1 and Alzheimer’s disease with  reduced SorL1 expression in mouse 

models initiating the characteristic pathology of increased brain Aβ, to levels 

similarly seen in Alzheimer’s disease patients (Andersen et al., 2005; Dodson et 

al., 2008; Rohe et al., 2008).  Moreover, SorL1 overexpression resulted in 

decreased Aβ concentration within the brain (Caglayan et al., 2014).    

 

In addition to Alzheimer’s disease, SorL1 has also been implicated in various 

cancers.  Whilst in Alzheimer’s disease, SorL1 expression is reduced, in cancer, 

the opposite is seen.  An increase of SorL1 expression was found in HER2 breast 

cancer, with SorL1 aiding in regulating expression of HER2, giving the protein an 

oncogenic likeness (Pietilä et al., 2019).  Following the trend of an increase in 

SorL1, expression was found in cancers of the pancreas and bile duct as patients’ 
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bile samples showed a significant increase in SorL1, and SorL1 levels were 

especially elevated during the peak of proliferation (Terai et al., 2016).  An increase 

of expression of SorL1 was also found in the cell membrane of leukemic cells in 

acute leukaemia patients, and an increase of SorL1 was found in the serum of non-

Hodgkin’s lymphoma (Fujimura et al., 2014; Sakai et al., 2012).  Even though 

SorL1 expression has been explored in peripheral cancers and is even known to 

have a key function within the CNS, SorL1 expression has not yet been explored 

in glioma brain tumours.    

 

To address whether Aβ and SorL1 expression is altered in glioma, the work in this 

chapter will determine expression of Aβ40, Aβ42 and SorL1 in glioma cell lines 

and PD cells through immunocytochemistry, western blotting and ELISA.   

 

 Results – Expression 

 

 Characterising Glioblastoma Cell Growth  

 

Cells were seeded on a 24 well plate with an initial cell seeding density of 2000 

cells per well and counted daily to determine growth characteristics and inform 

optimal cell seeding density; Section 2.2.5.  U87MG cells, the glioblastoma stage 

IV cell line, entered exponential phase on day 4 until day 9 when the cell growth 

started to plateau (Figure 3.1A).  Stage II astrocytoma cell line 1321N1 entered the 

exponential stage at day 3, however, after 10 days, there was not any sign of 

growth plateauing (Figure 3.1B). In comparison the control foetal astrocytes 

SVGp12 cell line showed exponential growth between day 6 and day 9, and 

plateau began at day 10 (Figure 3.1C).  The 1321N1 cell line showed very robust 

growth and proliferation compared to U87MG and SVGp12 cells (Figure 3.1D). 

The doubling time for 1321N1, U87MG and SVGp12 cells was determined to be 

28.0, 30.9 and 39.4 hours respectively. 

 

Characterising cell growth also allowed optimal seeding densities to be 

determined. It was noted that for that for U87MG and SVGp12 cells between 

10,000 and 25,000 cells needed to be seeded while 1321N1 cells required 
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between 25,000 and 75,000 cells be seeded. These densities resulted in 70-80% 

confluency 24 hours after seeding.  
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Figure 3.1 – Growth analysis for human cell lines.   

10 day growth curves for U87MG cells (A), 1321N1 cells (B), SVGp12 cells (C) and overlaid U87MG, 1321N1 and SVGp12 cells (D).
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Understanding the growth characteristics of cells allowed later experiments to be 

timed so that cells reached confluency together or understand how many cells to 

seed for immunocytochemistry studies.  

 

Growth curves were also determined for the primary PD301 cells, PD304 cells and 

NHA cells; Section 2.2.5.  PD301 cells began the exponential growth at day 4 and 

a plateau phase was not observed (Figure 3.2A).  The same growth pattern was 

observed in PD304 cells, entering the exponential stage at day 5 with subsequent 

continuous growth without plateauing (Figure 3.2B). In contrast, NHA cells took 

longer to reach exponential stage (day 6) and started to plateau around day 9 and 

day 10 (Figure 3.2C).  NHA cell growth was less robust at day 10 with lower cell 

densities reached.    

 

The growth of PD301 cells and PD304 cells were similar with doubling times of 

42.1 hours and 40.9 hours respectively. In contrast, NHA cells had the slowest 

doubling time at exponential growth of 53.8 hours, and the lowest cell number at 

day 10 (Figure 3.2).   

 

For PD301 and PD304 cells, the optimal seeding density was determined to be 

between 15,000 and 30,000 cells, whilst for NHA cells, it was between 10,000 and 

20,000 cells.  These seeding densities allowed for 70-80% confluency 24 hours 

after seeding.   
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Figure 3.2 – Growth analysis for primary cells.   

10 day growth curves for PD301 cells (A), PD304 cells (B), NHA cells (C) and overlaid PD301, PD304 and NHA cells (D).
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 Expression of Aβ40, Aβ42 and SorL1 in Immortalised Cell Lines 

 

The initial experiment was to characterise and validate Aβ40, Aβ42 and SorL1 

antibodies and confirm expression by immunocytochemical staining of fixed 

immortalised human cell lines U87MG, 1321N1 cells and SVGp12 cells. Cells were 

incubated with primary antibodies for Aβ40, Aβ42 or SorL1, and secondary 

antibody conjugated to AlexaFluor 555 or 488 after being fixed; Section 2.3.  

 

 Immunocytochemical Expression of A40 in Cell Lines 

 

Immunolabelling of Aβ40 was seen in all immortalised cell lines.  Fluorescent signal 

in U87MG cells was distributed uniformly throughout the cytoplasm and nucleus, 

while 1321N1 cells showed almost exclusively nuclear fluorescence. SVGp12 cells 

had both cytoplasmic labelling with a stronger signal seen in the nucleus.  See 

Figures 3.3, 3.4 and 3.5 for representative images. When primary antibody for 

Aβ40 was omitted, no fluorescence was seen (e.g. Figure 3.3).  
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Figure 3.3 – Aβ40 expression in U87MG cells.  

Cells stained with Aβ40 antibody and subsequently Alexa Fluor 555 secondary 

antibody and DAPI (right).  Alexa Fluor 555 secondary antibody and DAPI used as 

a control (Left). N=2. Magnification = x40. Scale bar = 20µm. 
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Figure 3.4 – Aβ40 expression in 1321N1 cells.  

Cells stained with Aβ40 antibody and subsequently Alexa Fluor 555 secondary 

antibody and DAPI (right).  Alexa Fluor 555 secondary antibody and DAPI used as 

a control (Left). N=2. Magnification = x40. Scale bar = 20µm. 
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Figure 3.5 – Aβ40 expression in SVGp12 cells.  

Cells stained with Aβ40 antibody and subsequently Alexa Fluor 555 secondary 

antibody and DAPI (right).  Alexa Fluor 555 secondary antibody and DAPI used as 

a control (Left). N=2. Magnification = x40. Scale bar = 20µm. 
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 Immunocytochemical Expression of A42 in Cell Lines  

 

Fluorescent immunolabelling of A42 was seen in all immortalised cell lines. 

Fluorescent signal in U87MG cells was distributed throughout the cytoplasm with 

greatest intensity at the nucleus. This is in direct contrast to A40 staining in 

U87MG cells that was not as evident in the nucleus. Similar to the distribution of 

Aβ40 in 1321N1 cells, Aβ42 fluorescence was almost exclusively seen in the 

nucleus. SVGp12 cells had both cytoplasmic labelling with a clearly demarcated 

stronger signal seen in the nucleus.  See Figures 3.6, 3.7 and 3.8 for representative 

images. When primary antibody for A42 was omitted, no fluorescence was seen 

(e.g. Figure 3.6).  
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Figure 3.6 – Aβ42 expression in U87MG cells.  

Cells stained with Aβ42 antibody and subsequently Alexa Fluor 488 secondary 

antibody and DAPI (right).  Alexa Fluor 488 secondary antibody and DAPI used as 

a control (Left). N=2. Magnification = x40. Scale bar = 20µm. 
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Figure 3.7 – Aβ42 expression in 1321N1 cells.  

Cells stained with Aβ42 antibody and subsequently Alexa Fluor 488 secondary 

antibody and DAPI (right).  Alexa Fluor 488 secondary antibody and DAPI used as 

a control (Left). N=2. Magnification = x40. Scale bar = 20µm. 
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Figure 3.8 – Aβ42 expression in SVGp12 cells.  

Cells stained with Aβ42 antibody and subsequently Alexa Fluor 488 secondary 

antibody and DAPI (right).  Alexa Fluor 488 secondary antibody and DAPI used as 

a control (Left). N=2. Magnification = x40. Scale bar = 20µm. 
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 Immunocytochemical Expression of SorL1 in Cell Lines  

 

A markedly similar distribution of fluorescent signal for SorL1 was seen in the three 

immortalised cell lines U87MG, 1321N1 and SVGp12. Fluorescence was seen 

throughout the cytoplasm with prominent strong signal over the nucleus. There 

was noticeable variation in the level of signal in the U87MG and 1321N1 cells, with 

some cells having intensely labelled nuclei (Figures 3.9 and 3.10). The level of 

SorL1 fluorescence in the SVGp12 cells was noticeably less than in U87MG or 

1321N1 cells, but the cytoplasmic distribution with nuclear enrichment was still 

evident (Figure 3.11). When primary antibody for SorL1 was omitted, no 

fluorescence was seen (e.g. Figure 3.9).  
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Figure 3.9 – SorL1 expression in U87MG cells.  

Cells stained with SorL1 antibody and subsequently Alexa Fluor 555 secondary 

antibody and DAPI (right).  Alexa Fluor 555 secondary antibody and DAPI used as 

a control (Left). N=2. Magnification = x40. Scale bar = 20µm. 

 

 

 



 
 

 97 

  

 

 

 

 

 

 

 

Figure 3.10 – SorL1 expression in 1321N1 cells.  

Cells stained with SorL1 antibody and subsequently Alexa Fluor 555 secondary 

antibody and DAPI (right).  Alexa Fluor 555 secondary antibody and DAPI used as 

a control (Left). N=2. Magnification = x40. Scale bar = 20µm. 
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Figure 3.11 – SorL1 expression in SVGp12 cells.  

Cells stained with SorL1 antibody and subsequently Alexa Fluor 555 secondary 

antibody and DAPI (right).  Alexa Fluor 555 secondary antibody and DAPI used as 

a control (Left). N=2. Magnification = x40. Scale bar = 20µm. 
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  Quantification of SorL1 Protein in Cell Lines  

 

Western blotting was used to quantify SorL1 expression in lysates from U87MG, 

1321N1 and SVGp12 cell lines.  Three passages of each cell type underwent the 

western blotting protocol and probed for SorL1 and -actin as loading control; 

Section 2.5.  A band corresponding to SorL1 was seen around 250 kDa, consistent 

with the known molecular weight of SorL1 (Motoi et al., 1999) (Figure 3.12).  

 

Lysates from U87MG cells produced an intense SorL1 band, with less present in 

1321N1 cell lysates and almost absent in SVGp12 cell lysates. Western blotting 

for human immortalised cell line lysates was repeated three times with similar 

relative levels between the same cell type at each repeat.  Full blot for western blot 

is appended; Appendix 1, Figure A1.1. 

 

 

 

 

 

 

 

 

 

Figure 3.12 – SorL1 expression in U87MG, 1321N1 and SVGp12 lysates.   

Western blot of SorL1 at 250 kDa (top) and β-actin at 42 kDa (bottom) in U87MG, 

1321N1 and SVGp12 lysates.  10µg of protein was loaded. (N=3). 

 

Quantification took place to determine significance. Densitometric analysis 

confirmed SorL1 expression relative to β-actin expression was approximately five-

fold higher in U87MG cells than 1321N1 cells and approximately hundred-fold 

higher than SVGp12 cell (p<0.01 Tukey’s test, N=3, Figure 3.13).  There was no 

significant difference in SorL1 expression between 1321N1 cells and SVGp12 
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cells, although a trend towards more SorL1 present in 1321N1 than SVGp12 cells 

could be observed.  This shows SorL1 expression occurs in a grade dependent 

manner in immortalised cell lines with greatest expression in U87MG (stage IV 

glioblastoma), followed by 1321N1 (stage II astrocytoma) and least expression in 

SVGp12 (foetal astrocytes). 

 

 

Figure 3.13 – Significantly higher SorL1 expression in U87MG cells than 

1321N1 and SVGp12 cells.   

SorL1 expression relative to β-actin expression is significantly higher in U87MG 

cells than SVGp12 cells. P<0.01, Tukey’s test. N=3.  SorL1 expression relative to 

β-actin expression is significantly higher in U87MG cells than 1321N1 cells. 

P<0.01, Tukey’s test. N=3. 

 

  Expression of SorL1 using Bioinformatics  

 

Amplification of SorL1 protein was observed in some studies of lower grade glioma 

and some studies of glioblastoma.  The heat map shows 2% of all studies have an 

amplification of SorL1 protein (Figure 3.14).   
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Figure 3.14 – Heat map of SorL1 protein in glioblastoma and lower-grade 

glioma. 

SorL1 protein expression shows amplification in glioblastoma and lower grade 

glioma. Heat map taken from https://www.cbioportal.org. 

 

Within the TCGA PanCancer Atlas, there were alterations within SorL1 expression 

observed as amplification, mutation or multiple alterations.  There was 

amplification found in SorL1 protein expression in lower grade glioma with an 

alteration frequency in over 2% of studies (Figure 3.15).  Glioblastoma also showed 

amplification of SorL1 protein expression with an alteration frequency in 

approximately 0.75% of studies (Figure 3.15).  Mutations of SORL1 were also 

found in approximately 0.5% of studies of both lower grade glioma and 

glioblastoma, whilst multiple alterations of the protein were only observed in lower 

grade glioma studies (Figure 3.15). 
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Figure 3.15 – Alteration frequency of SorL1 in lower grade glioma and 

glioblastoma. 

Data shows lower grade glioma and glioblastoma studies showing mutations, 

amplification and multiple alterations of SorL1. Graph taken from 

https://www.cbioportal.org. 

 

A survival curve combining glioblastoma and lower grade glioma studies showed 

a significant increase in probability of overall survival if the glioblastoma or lower 

grade glioma tumours had an altered SorL1 expression (P<0.05) (Figure 3.16).  
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However, the sample numbers need to be taken into account as the unaltered 

group had a total of 1,072 patients, compared to the altered group only having 22.   

 

 

Figure 3.16 – Survival Curve of glioblastoma and lower grade glioma studies 

with altered SorL1 expression compared to unaltered group. 

A probability of overall survival was significantly increased when the patient with 

glioblastoma or lower grade glioma also had an altered SorL1 expression (P<0.05).  

Graph taken from https://www.cbioportal.org. 

 

 Expression of Aβ40, Aβ42 and SorL1 in Patient Derived Primary 

Cells 

 

Following observation of amplification of SorL1 protein observed in lower grade 

glioma and glioblastoma studies, and significantly higher expression of SorL1 

protein in the immortalised glioblastoma cell line, a similar experiment was 

executed with PD cells that originated from stage IV glioblastoma tumours.  PD301, 

PD304 and NHA cells were grown and either seeded onto coverslips in 24 well 

plates for subsequent immunocytochemistry, or cells were lysed to quantify protein 

by western blot or ELISA; Sections 2.3, 2.6 and 2.7.  Immunocytochemistry 

experiments were timed to allow direct comparison between primary cell types.  
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 Expression of SorL1 in Primary Cells 

 

On reaching confluency, lawns of PD301, PD304 and NHA cells were lysed and 

the level of SorL1 protein determined by western blot.  A band consistent with the 

molecular weight of SorL1 was seen at approximately 250 kDa (Motoi et al., 1999) 

(Figure 3.17). Lysates from the PD cells produced a more densely stained band 

than the normal human astrocytes (Figure 3.17).  Full blot for western blot is 

appended; Appendix 1, Figure A1.2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 – SorL1 expression in PD301, PD304 and NHA cell lysates.   

Western blot confirming expression of SorL1 at 250 kDa (top) and β-actin at 42 

kDa (bottom) in PD301, PD304 and NHA lysates.  10µg of protein was loaded. 

(N=3). 

 

Densitometric analysis confirmed that the amount of SorL1 present was 

approximately 6-fold and 5-fold greater than NHA for PD301 and PD304 

respectively (P<0.01, Tukey’s test N=3, Figure 3.18).  Western blotting for human 

primary cell lysates was repeated in triplicate in lysates from three different 

passages of cells and similar relative levels were seen between the same cell type 

at each repeat.   
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Figure 3.18 – Significantly higher SorL1 expression in PD301 and PD304 cells 

than NHA cells.   

SorL1 expression relative to β-actin expression is significantly higher in PD301 

cells and PD304 cells than NHA cells. *P<0.05, **P<0.01, Tukey’s Test. N=3. 

 

Expression of SorL1 was also quantified by immunocytochemistry in fixed PD301, 

PD304 and NHA cells. Immunocytochemical fluorescence staining visually 

supported the western blot result using the SorL1 primary antibody and Alexa Fluor 

555 secondary antibody (Figure 3.19). Fluorescence was observed throughout the 

cytoplasm with higher fluorescence over the nucleus (Figure 3.19) and was 

consistent with the localisation of SorL1 seen previously in immortalised cell lines.  

In contrast to the U87MG cells, PD301 and PD304 cells also showed nuclear bright 

punctate spots of fluorescence.   
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Figure 3.19 – Immunofluorescence confirms SorL1 expression in PD301, 

PD304 and NHA cells.   

SorL1 expression in PD301 (left), PD304 (middle) and NHA (right) cells. Cells 

stained with DAPI (top), SorL1 antibody and Alexa Fluor 555 secondary antibody 

(middle) revealing a combined image (bottom).  N=3. Magnification = x40. Scale 

bar = 20µm. 

 

As over 10 images were taken in each of the three replicates of three separate 

passages of each cell type, quantification of total cell fluorescence was undertaken 

to compare cell expression.  SorL1 expression corrected for the background 

staining was increased two-fold in both PD301 and PD304 cells compared to NHA 

cells (p<0.01 Tukey’s test, N=3) (Figure 3.20).   
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Figure 3.20 – Corrected total cell fluorescence of SorL1 expression is 

increased in PD301 and PD304 cells.   

Mean SorL1 expression relative to background PD301, PD304 and NHA cells. 

N>10 images per cell type per replicate. SorL1 expression is significantly higher in 

PD301 and PD304 cells than NHA cells. **P<0.01, ***P<0.001, Tukey’s Test. N=3.   

 

 Expression of A40 in Primary Cells 

 

Expression of Aβ40 was quantified by immunocytochemistry in fixed PD301, 

PD304 and NHA cells.  Primary cells were stained with the same Aβ40 antibody 

and Alexa Fluor 555 secondary antibody as was used for the immortalised cell 

lines; Section 3.2.2.1. Fluorescence was observed in all cells throughout the 

cytoplasm with clearly demarcated higher intensity fluorescence in the nucleus. 

Intense punctate spots were seen around the nucleus in all cell types.  No visible 

discernible differences were noted between cell types (Figure 3.21).  
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Figure 3.21 – Immunofluorescence confirms Aβ40 expression in PD301, 

PD304 and NHA cells.   

Aβ40 expression in PD301 (left), PD304 (middle) and NHA (right) cells. Cells 

stained with DAPI (top), Aβ40 antibody and Alexa Fluor 555 secondary antibody 

(middle) revealing a combined image (bottom).  N=3. Magnification = x40. Scale 

bar = 20µm. 

 

Quantification of fluorescence confirmed there was no significant difference 

between the three cell types (P>0.05 Tukey’s test N=3, Figure 3.22).  
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Figure 3.22 – Corrected total cell fluorescence of Aβ40 expression in PD301, 

PD304 and NHA cells 

Mean Aβ40 expression relative to background in PD301, PD304 and NHA cells. 

N>10 images per cell type per replicate. Aβ40 expression did not differ between 

PD301, PD304 or NHA cells (P>0.05 Tukey’s test N=3).  

 

To confirm Aβ40 expression in the different primary cells, Aβ40 was also quantified 

by ELISA using a commercially available kit. Cell lysates from three passages of 

PD301, PD304 and NHA cells were assayed in triplicate and data was expressed 

as picograms of Aβ40 per mg of total protein; Section 2.7. Comparable amounts 

of Aβ40 was detected in cell lysates from the different cell types with no significant 

differences detected between PD and NHA cells (P>0.05 Tukey’s test, N=3) 

(Figure 3.23).  
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Figure 3.23 - Aβ40 expression in PD301, PD304 and NHA cells 

Aβ40 protein in picograms per milligram of total protein of PD301, PD304 and NHA 

cells. Data collected in triplicate, N=3. Aβ40 expression had no significant 

difference between PD301 cells and NHA cells and no significant difference 

between PD304 cells and NHA cells (P>0.05 Tukey’s test N=3). 

 

 Expression of A42 in Primary Cells 

 

Expression of Aβ42 was quantified by immunocytochemistry in fixed PD301, 

PD304 and NHA cells. Primary cells were stained for Aβ42 antibody and Alexa 

Fluor 555 secondary antibody that was used for the immortalised cell lines; Section 

3.2.2.2. Fluorescence was observed in NHA cells throughout the cytoplasm with 

clearly demarcated higher intensity fluorescence in the nucleus (Figure 3.24). 

Cytoplasmic fluorescence for Aβ42 was noticeably less evident in both PD301 and 

PD304 cells. Nuclear labelling was evident in all cell types.  
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Figure 3.24 – Immunofluorescence confirms Aβ42 expression in PD301, 

PD304 and NHA cells.   

Aβ42 expression in PD301 (left), PD304 (middle) and NHA (right) cells. Cells 

stained with DAPI (top), Aβ42 antibody and Alexa Fluor 555 secondary antibody 

(middle) revealing a combined image (bottom).  N=3. Magnification = x40. Scale 

bar = 20µm. 

 

As over 10 images were taken in each of the three replicates of each cell type, 

quantification of total cell fluorescence was undertaken. This confirmed the 

corrected total cell fluorescence in both PD301 and PD304 cells was approximately 

half that seen in NHA (P<0.01 Tukey’s test N=3, Figure 3.25).  
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Figure 3.25 – Corrected total cell fluorescence of Aβ42 expression is 

decreased in PD301 and PD304 cells.   

Aβ42 expression relative to background noise in PD301, PD304 and NHA cells. 

N>10 images per cell type per replicate. Aβ42 expression is significantly lower in 

PD301 and PD304 cells than NHA cells. **P<0.01, ***P<0.001, Tukey’s Test. N=3.  

 

To confirm differential Aβ42 expression in the different primary cells, Aβ42 was 

also quantified by ELISA using a commercially available kit.  Cell lysates from three 

passages of PD301, PD304 and NHA cells were assayed in triplicate and data was 

expressed as picograms of Aβ42 per mg of total protein; Section 2.7. Lysates from 

cells derived from both patients contained less than half the amount of Aβ42 seen 

in NHA lysates (P<0.05, Tukey’s test N=3, Figure 3.26). Comparable amounts of 

Aβ42 was seen in lysates between PD301 and PD304 cells.   
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Figure 3.26 - Aβ42 expression in decreased in PD301 and PD304 cells. 

Aβ42 protein in picograms per milligram of total protein of PD301, PD304 and NHA 

cells. Data collected in triplicate, N=3. Aβ42 expression is significantly lower in 

PD301 and PD304 cells than NHA cells. P<0.05, Tukey’s Test. N=3.   

 

 Discussion 

 

 Cell Line vs Patient Derived 

 

Antibodies were initially optimised and validated on immortalised human cell lines 

to confirm protein expression and determine working antibody concentrations.  The 

use of immortalised cell lines have been criticised as they have been manipulated 

to divide indefinitely (Carter et al., 2022),  In particular U87MG cells have become 

notorious within the glioma research community as subsequent genotyping 

revealed they are not the original cells described, however, despite this, U87MG 
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were still confirmed to be glioblastoma in origin (Allen et al., 2016).  Recognising 

the cell line limitations, they do remain a cheap and readily available resource to 

optimise experiments with few ethical issues.  They grow quickly and reliably, 

important for early experiments of this project.  The project then utilised PD cells 

and primary human astrocytes once the protocols were optimised.   

 

The change to PD cells was a better model than the human immortalised cell lines 

as it allowed for a more representative overview of glioblastoma due to the cells 

originating from biopsies of patient’s glioblastoma tumours.  Also using primary 

human astrocytes allows for a more accurate control within the experiments.  Data 

collected from PD cells compared to the primary human astrocytes are also more 

clinically relevant than those obtained from the human immortalised cell lines.  

Limitations came with the primary cells however, as the quiescent cells are 

deselected with every passage and therefore the higher the passage number, the 

less patient like they became.   

 

 Growth Curve Troubleshooting 

 

Initial characterisation monitored cell growth over 10 days and produced growth 

curves for each cell type.  A normal pattern of cell growth was seen for all cell types 

with a lag phase lasting 2-4 days and an exponential phase lasting at least 7 days. 

As some cells (U87MG, SVGp12, NHA) were starting to enter stationary phase at 

day 10, all subsequent experiments were timed to take this into account. The 

growth curves display a natural growth of each cell type in their own mediums.  The 

exponential phase determined the cell densities to seed on to coverslips to be 

approximately 80% confluent 24 hours later.  The cell seeding density was 

determined from the exponential phase of the growth curves for all primary cells 

and 1321N1 and SVGp12 cell lines.  For U87MG cells however, while the 

exponential phase suggested an ideal seeding density between 10,000 and 25,000 

cells, in practice cells were prone to detach during immunostaining and so the cell 

density seeded was doubled to 50,000 cells per coverslip.  
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The growth curves revealed that 1321N1 cells had a much higher rate of growth 

than U87MG or SVGp12 cells.  The reason for this remains unclear as other 

studies have shown similar growth, particularly between the two cancer cell lines 

(Liappas et al., 2011).  This study showed that U87MG and 1321N1 cells displayed 

similar proliferation rates reaching approximately 400,000 cells after 4 days 

(Liappas et al., 2011).  This therefore indicates there is an issue with U87MG cells 

proliferation being slow, as 1321N1 cells proliferation rates are similar to that of the 

study.   

 

 Relative Expression of SorL1 to the Stage of Cancer 

 

This chapter demonstrates SorL1 is expressed in glioma cells.  Bioinformatics data 

shows SorL1 amplification in both lower grade glioma and glioblastoma, and then 

further demonstrated through immunostaining and western blotting of glioma cells.  

Additionally, a greater expression of SorL1 was seen in glioma cells compared to 

the astrocyte controls with SorL1 present in all immortalised cell lines and primary 

cell types.  The human immortalised cell lines demonstrated the cells express 

SorL1 in a grade dependent manner as SorL1 expression is greater in U87MG 

cells than 1321N1 cells and even less SorL1 expression is present in SVGp12 

cells.  Therefore, suggesting the higher the grade of glioma tumour, the more 

SorL1 is present and expressed within the cell.  This was supported through the 

replicates using different passages of each cell type, and further supported through 

the quantitative data collected from the primary cells.  Data collected from the PD 

cells compared against the NHAs mirrored the immortalised cell line data showing 

a greater expression of SorL1 in PD301 and PD304 cells than NHA cells and 

significantly so.  Again, the multiple replicates of the western blots and the 

immunocytochemistry experiments conveyed the same result.  Primary cells 

supporting the immortalised cell data is important as expression profiles can often 

differ between cell lines and primary cells (Pan et al., 2009). 

 

Even though cancer genomic software revealed that SorL1 protein was amplified 

in some patients with lower grade glioma or glioblastoma, it was important to 

determine expression of SorL1 in glioma cells and quantify it as the protein has not 
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been fully investigated in glioma tumours.  However, SorL1 has been linked to 

various cancers previously.  In particular, SorL1 has been demonstrated to 

contribute to HER2 expression in HER2 breast cancer (Pietilä et al., 2019).  The 

report of SorL1 shepherding HER2 around in breast cancer cells has obvious 

similarities with the known role of SorL1 shuttling APP around neurones in the brain 

(Willnow and Andersen, 2013).  The effect that SorL1 has within HER2 breast 

cancer raises the interesting possibility that SorL1 may play a similar role in glioma, 

either with Aβ or a further unknown substrate.   

 

As SorL1 has not been investigated in glioma tumours, it was logical to hypothesise 

that there was a link due to the association that SorL1 has with Alzheimer’s disease 

and as they are both neuro related diseases.  The results show an increase of 

expression of SorL1 in all glioma tumours, whereas the reverse is true for 

Alzheimer’s disease, whereby, SorL1 is found to be reduced, therefore increasing 

the chance for Aβ42 production.   

 

 Relative Expression of Aβ40 and Aβ42 in Glioma 

 

The experiments in this chapter demonstrate that both Aβ40 and Aβ42 are 

expressed in glioma cells.  Previous studies demonstrating amyloid accumulation 

in glioma either looked for non-specific amyloid or only Aβ40 (Zayas-Santiago et 

al., 2020, Kucheryavykh et al., 2019). Data presented therefore extends this to now 

include Aβ42 which could have different implications on glioma cell biology. Early 

studies were able to utilise higher and lower grade immortalised cell lines, 

however, no low grade glioma like 1321N1 (a stage II astrocytoma) was available 

as a primary cell type, so the only comparison within primary cells was between 

stage IV glioblastoma cells and NHAs.    

 

Statistically, the PD cells and the primary astrocyte control show no significant 

difference and a similar expression of Aβ40 protein.  In comparison, there was a 

significant difference in Aβ42 expression between the PD cells and the NHAs.  This 

was supported through the quantitative data produced from ELISA and 

immunocytochemistry experiments occurring in triplicate using different passages 
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of each cell type, and always conveyed the same result.  As in Alzheimer’s disease 

SorL1 is decreased and Aβ42 is elevated, the opposite would be expected in 

cancer, specifically glioma, and evidently, it appears to be.  

 

This chapter showed that: 

i. Expression of SorL1, Aβ40 and Aβ42 is present in U87MG, 1321N1 and 

SVGp12 cell lines. 

ii. Levels of expression of SorL1 are U87MG > 1321N1 > SVGp12. 

iii. Expression of SorL1, Aβ40 and Aβ42 is present in PD301, PD304 and 

NHA primary cells. 

iv. Levels of expression of SorL1 are higher in PD301 and PD304 cells than 

NHA cells. 

v. Levels of expression of Aβ42 are lower in PD301 and PD304 cells that 

NHA cells.   
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4 Chapter 4 – Secretion of SorL1 

 

 Background 

 

 Synthesis of SorL1  

 

SorL1 is a 250kDa transmembrane protein that is synthesised from the SORL1 

gene (also known as LR11 or SorLA).  SorL1 is a multifunctional sorting receptor, 

expressed throughout the body, with especially high levels in the CNS (Motoi et 

al., 1999).     

 

 Secretion of Soluble SorL1 

 

To understand how SorL1 is secreted as its soluble form, the structure must be 

considered; Section 1.2.6.  It is important to note the pro-peptide and trans-

membrane domain regions (TMD) of the protein as cleavage at these points allow 

for soluble SorL1 (sSorL1) to be secreted (Figure 4.1) (Barthelson et al., 2020; Ma 

et al., 2009).  The point cleavage occurs in the TMD is shown by the black arrow 

(Figure 4.1).  
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Figure 4.1 – Structure of SorL1.   

Structure displaying domains in SorL1 protein.  Important for secretion of SorL1 is 

pro-peptide that is cleaved to form active SorL1.  Arrow over transmembrane 

region (TMD) where cleavage occurs to release soluble SorL1 (Barthelson et al., 

2020). 

 

From synthesis of SorL1, the protein follows the secretory pathway, generated in 

the endoplasmic reticulum (ER) and moves into the Golgi (Rovelet-Lecrux et al., 

2021).  Within the Golgi, the pro-peptide is cleaved and removed from SorL1 by 

the enriched enzyme furin, resulting in the transport of the active SorL1 receptor 

to the cell surface membrane (Barthelson et al., 2020; Schmidt et al., 2017).  At 

the cell surface, there is a constant proteolytic shedding of SorL1, known as soluble 

SorL1 (sSorL1) (Hermey et al., 2006; Shimizu et al., 2011).   

 

Ectodomain proteolytic shedding of SorL1 into sSorL1 is cleaved by Tumour 

necrosis factor-A Converting Enzyme (TACE) also known as A Disintegrin And 

Metalloprotease 17 (ADAM17) (Black, 2002).  The ADAM family of proteinases, 

including TACE have been linked to biological processes involved with 

pathogenesis of cancer, Alzheimer’s disease and inflammatory responses (Wong 

et al., 2016).  Furthermore, the upregulation of the ADAM family has been found 

to have a positive correlation to cancer malignancy (Yang et al., 2023).  In particular 

ADAM17/TACE has been found to be overexpressed in glioblastoma supporting 

the positive correlation as glioblastoma is the most malignant primary brain tumour 
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(Thakkar et al., 2014; Yang et al., 2023).  The exact point on the SorL1 protein 

where TACE cleaves to release sSorL1 is unclear, however it is known cleavage 

is close to the TMD  and the molecular mass of sSorL1 is only approximately 10kDa 

less than that of the membrane bound full-length 250kDa form (Barthelson et al., 

2020; Böhm et al., 2006; Ma et al., 2009). 

 

As well as the secretory pathway that SorL1 can take, the alternative is the 

trafficking pathway, where SorL1 is internalised via clathrin-mediated endocytosis, 

which then functions by shuttling between the Golgi and endosomes (Schmidt et 

al., 2017; Barthelson et al., 2020).    

 

 Diagnostic Properties 

 

As sSorL1 can be detected in both cerebrospinal fluid (CSF) and blood plasma, 

sSorL1 has been considered a potential diagnostic tool (Andersen et al., 2016).  

Even though investigation into using SorL1 as a diagnostic tool for Alzheimer’s 

disease is undetermined, it has been suggested that the circulating sSorL1 levels 

can estimate the levels of SorL1 or its activity in brain tissue (Andersen et al., 

2016).  However, the limited peripheral biomarker studies of SorL1 in Alzheimer’s 

disease are inconclusive (Yin et al., 2014).  An early study found sSorL1 levels 

were significantly reduced in the CSF of patients with mild to moderate Alzheimer’s 

disease and from CSF taken from autopsy confirmed cases, which supports the 

reduction of SorL1 found in Alzheimer’s disease brain (Ma et al., 2009).  Whilst 

another found an increase in sSorL1 levels in CSF in Alzheimer’s disease patients 

(Ikeuchi et al., 2010).  There is limited research studying sSorL1 in CSF or blood 

plasma as the majority of studies investigating Alzheimer’s disease biomarkers 

have investigated A levels such as Andersen et al., 2022; Chou et al., 2016; 

Rovelet-Lecrux et al., 2021; Simoes et al., 2020.  

 

In addition to Alzheimer’s disease, sSorL1 has been investigated in some cancers 

too.  Soluble SorL1 was highly elevated in serum of patients with Non-Hodgkin’s 

lymphoma and acute leukaemia (both acute myeloid leukaemia and acute 

lymphoblastic leukaemia).  Importantly biomarkers of sSorL1 reduced to normal 
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levels as the patient went into remission (Fujimura et al., 2014; Sakai et al., 2012).  

An increase in SorL1 expression was also found in bile samples in patients with 

cancers of the pancreas and bile duct, and SorL1 levels were especially elevated 

during the peak of proliferation (Terai et al., 2016).  This therefore suggests sSorL1 

could also be used as a diagnostic tool in cancer.  To date sSorL1 levels have not 

been investigated in glioblastoma.  The work in this chapter will determine if sSorL1 

secretion is different in glioblastoma cell medium and can be detected in the serum 

of mice implanted with glioblastoma cells.    

 

 Results – Secretion 

 

As sSorL1 can be seen increased in serum from patients with various cancers 

(Sakai et al., 2012; Fujimura et al., 2014) it was determined whether sSorL1 was 

detected in medium taken from glioblastoma cells or NHAs, and serum from mice 

implanted with U87MG glioblastoma cells.   

 

 SorL1 Secretion in Medium 

 

As shown in Chapter 3, human primary glioblastoma cells had significantly higher 

expression of SorL1 protein than human primary astrocytes.  Therefore, SorL1 

levels in cell medium was investigated to see if the increased expression was due 

to retention of SorL1 and therefore not being secreted, or if the cell was producing 

SorL1 protein at a faster rate.   

 

Cells were weaned off medium containing serum and maintained for 24 hours in 

minimal volume of medium to cover the cells.  Levels of sSorL1 in cell medium 

were determined by western blot using the same primary antibody as was used 

previously to determine expression; Section 2.6. The SorL1 antibody was an 

approximate 150kDa fragment antibody that was raised against the immunogen 

that corresponded with an internal portion of the SorL1 protein.  The bands 

produced when SorL1 was probed displayed a band at 240 kDa, consistent with 

the known molecular weight of sSorL1 (Motoi et al., 1999).  
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As cells don’t secrete the β-actin and β-tubulin proteins routinely used as lysate 

loading controls, lysates were spiked with a fixed amount of exogenous 6X His-tag 

human β-actin peptide to correct for loading variation.  Consistent bands were 

shown over all three cell media when probed with antibody against the 6X His-Tag 

β-actin peptide.  Medium containing no serum and had not been in contact with 

any cells was also run to confirm any SorL1 present was due to secretion from 

cells and not previously contained within the medium. No SorL1 was detected in 

virgin medium (data not shown).   

 

SorL1 was only present in NHA medium, with no visible bands present in the 

PD301 or PD304 medium (Figure 4.2).  Western blotting for primary cell medium 

was repeated in triplicate from three different passages.  Full blot for western blot 

is appended; Appendix 1, Figure A1.3. 

 

 

 

 

 

 

 

 

Figure 4.2 – Western blot of PD301, PD304 and NHA cell medium using SorL1 

antibody.   

Western blot confirming presence of SorL1 at 240 kDa (top) and β-actin at 42 kDa 

(bottom) in PD301, PD304 and NHA medium.  10µg of protein was loaded. (N=3). 

 

Densitometric analysis on sSorL1 bands relative to spiked actin confirmed 

significantly higher levels of sSorL1 in medium from NHA cells than in medium from 

both PD301 and PD304 cells (p<0.01 Tukey test, N=3) (Figure 4.3).   
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Figure 4.3 – Soluble SorL1 secretion in PD301, PD304 and NHA cell medium.   

SorL1 secretion relative to β-actin is significantly lower in PD301 medium and 

PD304 medium than NHA medium. P<0.01, Tukey’s Test. N=3. 

 

  SorL1 Secretion in Mouse Serum 

 

As cell culture medium from PD glioblastoma cells showed an absence of sSorL1, 

the next step was to see if that was replicated in serum in vivo.  SorL1 was 

subsequently assayed in surplus serum from mice with intracranial glioblastoma; 

Section 2.5.   

 

As serum was surplus to a previous unrelated study, volume of serum was very 

limited and therefore methodology had to be optimised to maximise what could be 

run.  Consequently, technical replicates were forfeited and only limited 
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independent replicates were possible. Some samples had undergone a lot of 

haemolysis and were subsequently discarded.  

 

Secretion of SorL1 in mouse serum was confirmed using the same SorL1 primary 

antibody as was used previously to demonstrate secretion of sSorL1 into cell 

medium.  In mouse serum, sSorL1 bands shown were seen at 240 kDa, consistent 

with the known molecular weight of sSorL1 (Motoi et al., 1999) (Figure 4.4).   

 

Western blots revealed sSorL1 present in all serum taken from pre-bleed through 

to week 3, in both glioblastoma mice and sham mice.  Due to the limited amount 

of serum from initial weeks where blood was taken from the tail vein, a western 

blot could only be achieved once per mouse, therefore Figure 4.4 shows a 

representative image of sSorL1 western blot of serum taken weekly from a mouse 

implanted with glioblastoma cells alongside serum taken weekly from a sham 

mouse. While sSorL1 bands appear less intense on the serum taken from the 

glioblastoma mouse, this was less evident when the loading control was taken into 

account. That variability possibly reflects the varying degree of haemolysis and 

blood contamination in the serum that may skew Bradford assay and protein 

loading.  Full blot for western blot is appended; Appendix 1, Figure A1.4. 
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Figure 4.4 – Western blot of serum from weekly bleeds from mice implanted 

with U87MG cells and sham mice with SorL1 antibody.   

Representative western blot of sSorL1 at 240 kDa (top) and transferrin at 77 kDa 

(bottom) in weekly serum samples from a mouse implanted with U87MG 

glioblastoma cells or following sham surgery.  Serum samples taken from each 

mouse pre-surgery, week 1, week 2 and terminal bleed at week 3. 7.5µg of protein 

was loaded. (N=1). 

 

Marked variability was also evident when considering samples at the different time 

points from the individual glioblastoma (Figure 4.5) or sham (Figure 4.6) mice.  

While sSorL1 was detected in most serum samples from both glioblastoma or 

sham mice, the SorL1 levels corrected for loading had almost five-fold variation 

within a group at single time point (e.g. week 1 in glioblastoma group or week 3 in 

sham group, Figures 4.5 and 4.6). Indeed, there was almost an eight-fold range in 

sSorL1 levels before glioblastoma cells had even been implanted (Figure 4.5).  
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Figure 4.5 – Soluble SorL1 secretion in serum from weekly bleeds of mice 

implanted with U87MG cells.   

SorL1 relative to transferrin in serum taken weekly from individual mice implanted 

with glioblastoma cells into striatum.  The numbers 1, 2, 3, 4, 5 and 6 on the right 

represent the individual mice. N=1. 
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Figure 4.6 – Soluble SorL1 secretion in serum from weekly bleeds of sham 

mice.   

SorL1 relative to transferrin in serum taken weekly from individual mice following 

vehicle injection into striatum. The numbers 1, 2, 3, 4, 5 and 6 on the right represent 

the individual mice. N=1. 
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A possible trend was noted towards mean sSorL1 levels being lower in serum from 

mice following implantation with glioblastoma cells (Figure 4.7) but no statistical 

significance was detected between the two groups at any weekly timepoint 

(P>0.05, N=3-6).  

 

 

Figure 4.7 – Mean sSorL1 secretion comparing serum from glioblastoma and 

sham mice over weekly bleeds.   

Mean sSorL1 relative to transferrin from serum samples taken from glioblastoma 

mice and sham mice. Samples taken pre-surgery and at weekly intervals. SorL1 

secretion was no different between mice implanted with glioblastoma cells and 

those following sham surgery at any time point. P>0.05, Tukey’s Test. N=3. 

 

As alluded to, serum samples obtained through tail vein were frequently subject to 

haemolysis and contaminated with erythrocyte contents. In contrast, blood 

obtained at the point of euthanasia via cardiac puncture was more likely to be clear.  

SorL1 was quantified in serum from terminal bleeds in triplicate with a 

representative western blot (Figure 4.8).  Full blot for western blot is appended; 

Appendix 1, Figure A1.5. 
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Figure 4.8 – Western blot of serum from terminal bleeds from mice implanted 

with U87MG cells and sham mice with SorL1 antibody.   

Western blot confirming secretion of SorL1 at 240 kDa (top) and transferrin at 77 

kDa (bottom) in serum taken from a mouse implanted with U87MG glioblastoma 

cells and taken from a sham mouse.  Displays 4 serum samples from separate 

mice implanted with U87MG glioblastoma cells (left) and 4 serum samples taken 

from sham mice (right). 7.5µg of protein was loaded. (N=3). 

 

 

Soluble SorL1 levels in serum from glioblastoma or sham mice were comparable 

with means corrected against loading controls and showed no significant difference 

in sSorL1 levels between glioblastoma or sham mice at point of euthanasia 

(P>0.05 two-tailed T test, Figure 4.9).  
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Figure 4.9 – Soluble SorL1 secretion comparing serum from terminal bleeds 

from glioblastoma and sham mice.   

SorL1 secretion relative to transferrin in sera following terminal bleed from mice 

implanted with U87MG glioblastoma cells or PBS.  SorL1 secretion was not 

different mice receiving GBM cells or those injected with PBS.  P>0.05, two sided 

T test. N=3.  

 

 Discussion 

 

 Decreased Secretion of Soluble SorL1 in Glioblastoma Medium 

 

This chapter shows little if any sSorL1 was present in glioblastoma cell medium 

when compared to normal astrocyte medium.  Despite the results showing such a 

significant difference, literature investigating sSorL1 levels in certain cancers of the 

blood found opposite results.  Soluble SorL1 was found to be elevated in acute 
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leukaemia and Non-Hodgkin’s lymphoma compared to controls (Sakai et al., 2012; 

Fujimura et al., 2014).  Glioblastoma and acute leukaemia, specifically acute 

myeloid leukaemia, have been studied together.  Both types of cancer have 

similarities as they have many mutations in common, for example isocitrate 

dehydrogenase (IDH), however, the main difference is glioblastoma is a solid 

tumour, whilst acute leukaemia is a hematologic malignancy (Dang et al., 2010; 

Goethe et al., 2018).  Also, there might be more of an effect as shown in the 

bloodborne cancers due to constant proteolytic shedding of SorL1 from the 

cancerous bone marrow into the blood, and therefore readily present within serum.   

 

It was expected that trace amount of sSorL1 would be visible in glioblastoma cell 

medium due to understanding that proteolytic cleavage occurs by TACE/ADAM17.  

The active cell surface form of TACE or ADAM17 that cleaves SorL1 extracellularly 

releasing the soluble form, has been found to be dysregulated in autoimmune and 

cardiovascular diseases, infection, neurodegeneration, inflammation and cancer 

(Wong et al., 2016).  More specifically, in cancer, ADAM17 was found to have an 

increased protein expression in hypoxic conditions of 9L glioma cells (Zheng et al., 

2007).  A study further found ADAM17 to be overexpressed in glioblastoma and 

the upregulation of the ADAM family to have a positive correlation to cancer 

malignancy (Yang et al., 2023).  However, as shown in this chapter when looking 

at secretion in medium, little if any sSorL1 was present in the patient cell medium 

compared to the normal astrocyte medium.  The difference seen when compared 

to literature could be due to the well-known different expression profiles between 

primary cells and cell lines (Pan et al., 2009).  Furthermore, SorL1 is a protein that 

also functions intracellularly and therefore it is reasonable to assume that the cell 

may move SorL1 into the trafficking pathway as opposed to the signalling secretory 

pathway (Barthelson et al., 2020).  The shuttling of APP around the cell is one such 

function SorL1 has within the trafficking pathway, controlling the amount of Aβ 

production (Andersen et al., 2005).   

 

Unlike lysates and serum, there is no known good housekeeping gene that can be 

used as a loading control for secretory proteins in cell medium.  Literature that 

tested cell medium for sSorL1 protein have not executed a loading control, only 
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the membrane probed for sSorL1 was shown (Monti et al., 2021; Hermey et al., 

2006).  The loading for medium was based on the protein assay to load the same 

amount of protein in each well and a ponceau red stain to confirm protein levels 

were consistent.  However, to quantify SorL1 ratio to protein loaded, human β-actin 

peptide was added and stained for to determine significance.   

 

 Serum from Mice Implanted with Glioblastoma has no Difference 

in Soluble SorL1 

 

Whilst a significant reduction in sSorL1 was seen in cell culture medium, this was 

not supported by the serum of mice implanted with glioblastoma cells.  The results 

showing a significant increase in SorL1 expression in PD301 and PD304 cell 

lysates compared to NHA lysates was further supported by U87MG cell lysates 

compared to SVGp12 cell lysates conveying glioblastoma cells have an increase 

in SorL1 expression (Chapter 3).  It therefore stands to reason that as the mice 

were implanted with U87MG cells the serum should show the same reduction in 

sSorL1 as the cell medium.   

 

There are however various reasons that could explain this difference.  The serum 

sample quality was substandard with many samples contaminated with blood, and 

so interfered with the protein assay affecting the absorbance at 535nm and 

therefore affected the protein loading amounts.  The terminal bleeds were of better 

quality, and also had a larger volume as collection was via a cardiac puncture.  

This therefore meant that the serum could be separated out of the whole blood 

easier.  There was a lack of volume for the weeks where blood was taken from the 

tail vein to separate the serum from the whole blood, therefore justifying the poor 

quality.  However, the procedure for collecting the sample was more intricate and 

volumes collected could not be as large.    

 

Due to the serum loading control, transferrin, sSorL1 levels could be corrected, 

and significance determined.  No significant difference was found between the 

mice implanted with glioblastoma cells and the sham mice.  In comparison, certain 

cancers of the blood, acute leukaemia and Non-Hodgkin’s lymphoma, found a 
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significant increase in serum SorL1 levels, compared to the controls (Sakai et al., 

2012; Fujimura et al., 2014).  Due to the blood-borne nature of cancers of the blood, 

it may be expected that sSorL1 is more readily present in serum.  Therefore, when 

investigating levels of sSorL1 from glioblastoma, looking in CSF may show more 

of a difference due to SorL1 production in the CNS, including in the brain, and one 

function being to remove waste (Guthrie, 2012).  Also as previously mentioned 

SorL1 expression is highest within the CNS (Motoi et al., 1999).  CSF has already 

been investigated and shown preference over blood serum investigating levels of 

SorL1 to diagnose Alzheimer’s disease, however this too had conflicting results 

(Andersen et al., 2016).    

 

Despite this chapter having varying results, overall, these results show: 

i. SorL1 is not being secreted by PD301 and PD304 cells to the levels that 

is secreted by NHA cells.  

ii. SorL1 is being retained in PD301 and PD304 cells. 

iii. Secretory levels of SorL1 are similar in serum levels of mice with a 

glioblastoma and those without. 
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Chapter 5 

Knock Down Model of SorL1 in PD301 and 

PD304 Cells 
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5 Chapter 5 – Knock Down Model of SorL1 in 

PD301 and PD304 Cells 

 

 Background 

 

 Gene Silencing Systems – RNAi vs CRISPR 

 

Two methods for gene silencing are RNA interference (RNAi) and clustered 

regularly interspaced short palindromic repeats (CRISPR).  Both methods result in 

a silenced gene expression, however, the mechanisms to reach the same goal are 

different as RNAi silences genes through degradation of messenger RNA (mRNA) 

whilst CRISPR silences genes at the DNA level (Xu et al., 2019).   

 

RNAi was accidently first discovered in 1990 in botany when an introduced gene, 

intending to be overexpressed, unexpectedly blocked expression resulting in a 50-

fold reduction of mRNA expression of the gene.  However, at the time it was 

unclear what the underlying mechanism of the gene silencing was only later 

discovered that double-stranded RNA was more efficient at gene interference than 

single-stranded RNA resulting in gene silencing (Napoli et al., 1990; Fire et al., 

1998).   

 

Early studies employing RNAi added double-stranded RNA, however, it was also 

found that RNAi occurred through endogenous small interfering RNAs (siRNA), 

microRNAs (miRNA) and short hairpin RNAs (shRNA) (Lam et al., 2015).  All are 

short RNA forms that bind to mRNA to prevent translation and result in gene 

silencing.  Differences can be found between the three RNAi methods.  When 

comparing siRNA and miRNA, siRNA are highly specific to only one mRNA target 

due to binding sites being fully complimentary to the target mRNA, whereas miRNA 

have multiple targets as miRNA only needs to be partially complementary to target 

mRNA and therefore one miRNA stand can recognise multiple mRNAs (Lam et al., 

2015).  Similar to siRNA being highly specific to one mRNA target, so are shRNAs, 
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however unlike the linear sequence of siRNA of two complementary RNA strands, 

shRNA encodes a single-stranded RNA molecule that loops around due to 

complementary pairings that allows the RNA to fold back on itself creating a hairpin 

loop (Farrell, 2010; Rao et al., 2009).   

 

Alternatively, CRISPR results in a silenced gene expression.  Identification of 

palindromic segments of DNA in E. Coli bacteria in 1987 was the first step to 

eventually developing CRISPR (Ishino et al., 1987).  Over the years, more 

components were discovered which eventually led to the CRISPR-Cas9 system 

being first used in eukaryotic cells in 2013 (Cong et al., 2013).  

 

CRISPR results in permanent gene editing.  Within the CRISPR-Cas9 system, 

there is a guide RNA to help locate the specific DNA sequence and CRISPR-

associated endonuclease protein (Cas) which cuts the DNA at that site, therefore 

resulting in protein disruption and causing a knockout of the gene of interest 

(Asmamaw and Zawdie, 2021).   

 

To explore SorL1 functions further, either RNAi or CRISPR could be employed to 

use to specifically knock down or knock out gene expression respectively.    

 

 SorL1 Mutations in Alzheimer’s Disease 

 

A disease already known to have a reduction in SorL1 when compared to normal 

pathology is Alzheimer’s disease.  The reduction of SorL1 protein is due to 

mutations occurring within the SORL1 gene, a change at the genomic level that 

leads to an increase in A40 and A42 production (Cuccaro et al., 2016).  Meta 

analyses have conducted sequencing on Alzheimer’s related genes and found 

variants of SORL1 to be protein-truncating and contain missense mutations 

(Campion et al., 2019).  Furthermore, strong evidence is presented for rare and 

loss of function variants in the SORL1 gene to be considered as important genetic 

risk factors for Alzheimer’s disease (Raghavan et al., 2018).  Mutations of SORL1 

gene resulted in a reduction of capacity for SorL1 protein to bind to APP (Alvarez-

Mora et al., 2022; Cuccaro et al., 2016).  Due to mutations reducing binding 
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capacity of SorL1 to APP, the common variant resulted in an increase in A42 

secretion whereas, rare mutations resulted in increased A40 and A42 secretion 

(Vardarajan et al., 2015).  Furthermore, supporting SorL1 having a role in 

increasing the risk of Alzheimer’s disease, one study used the CRISPR-Cas9 

system to knockout SorL1 from human induced pluripotent stem cells (hiPSCs) 

which displayed neurones showing early endosome enlargement, characteristic to 

Alzheimer’s disease cytopathology (Knupp et al., 2020).   

 

Due to the knockout nature of the SORL1 gene in Alzheimer’s disease, in terms of 

glioma cells and the increase of SorL1 expression already shown in previous 

chapters, using CRISPR to knockout SORL1 at the DNA level may possibly induce 

Alzheimer’s disease pathology.  Therefore, to use RNAi technology to knock down 

SorL1 protein within glioblastoma cells would give a better indication to how the 

cells would be affected as a drug induced inhibition, as other studies have done 

(Pietilä et al., 2019).   

 

 Knock Down Model of SorL1 in Cancer 

 

Previous studies have used vectors to transiently transfect SorL1 siRNA to knock 

down SorL1 protein using Lipofectamine 3000 with P3000 enhancer reagent and 

four individual SorL1 targeting siRNA (Pietilä et al., 2019).  Successful transfection 

occurred in breast cancer cells and silencing SorL1 induced an accumulation of 

HER2, however, knock down of SorL1 has not been undertaken in brain tumours.  

The same Lipofectamine reagents were used in this chapter.   

 

 Gene Silencing siRNAs Chosen  

 

A set of 4 SorL1 targeting siRNAs were chosen to knock down the gene using the 

RNAi method rather than using CRISPR to knock out the SorL1 gene.  This 

therefore will aid in giving a loss of function to SorL1, mimicking what a drug would 

do to reduce SorL1 expression in PD301 and PD304 cells.   
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The transfection method used was a siRNA/shRNA/RNAi Lentivector.  The siRNA 

or shRNA were used to silence a SorL1 gene expression by cleaving mRNA.  The 

combining of siRNA and shRNA creates a better transfection method to knock 

down SorL1 expression.  A limitation of siRNA is it is relatively short lived once 

introduced to cells, compared to shRNA which is cloned into a vector allowing a 

much longer expression within the cell.  However, the hairpin loop in shRNA makes 

it difficult to construct.  Therefore, an alternative system was used which employed 

a dual convergent promoter system (ABM) with sense and antisense strands of 

siRNA expressed by two promoters, therefore removing the hairpin loop.  This 

therefore means the cloned siRNA will be less likely to form secondary structures 

allowing the plasmid to replicate easier.  This combination allows the siRNA vector 

to have the same longevity in the cell as shRNA.   

 

Gene knock down used a lentivector encoding the siRNA to transfect PD301 and 

PD304 cells.  Lentiviruses are stable plasmids and are therefore an ideal candidate 

for stable gene transfer (Elsner and Bohne, 2017).  A lentivirus also has a high 

transduction efficiency in integrating into the genome of a cell and therefore a 

better model than other viruses if the cells have low transfection efficiency, which 

when working with primary cells, it is known they are difficult to transfect  (Fus-

Kujawa et al., 2021; Gresch and Altrogge, 2012).  To reduce the risk of using live 

lentivirus, a 3rd generation self-inactivating lentiviral vector was used with 

enhanced biosafety as it lacks any virulence factors and is incompetent in 

replication due to the viral genome being split (Milone and O’Doherty, 2018).   

 

 Results – Developing a Knock Down Model of SorL1 

 

SorL1 expression was significantly upregulated in PD glioblastoma cells which 

accompanied reduced extracellular secretion of SorL1; Chapter 3 and Chapter 4. 

Therefore, the next step was to determine functional effects on the cell following 

knock down of SorL1 protein in the PD glioblastoma cells. To achieve this, PD cells 

were transiently transfected with a vector to express siRNA against SorL1.  Small 

interfering RNA vectors also encoded GFP to allow visualisation of cells and 

determine successful transfection. 
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 Optimising Transient Transfection of PD301 and PD304 Cells 

 

Initial optimisation treated PD301 and PD304 cells with different amounts of siRNA 

and Lipofectamine 3000 kit components: Lipofectamine and P3000.  SorL1 siRNA 

came as 4 individual targets to allow one to be omitted if required or ineffective.   

Scrambled siRNA was also used as a negative control.  Both SorL1 and scrambled 

siRNA had a GFP tag to ensure cells that took on the siRNA could be seen under 

fluorescence.  Additionally, some cells were only treated with Lipofectamine and 

some were not treated or transfected to act as a further control group.  

 

PD301 and PD304 cells were treated with either 0.75µl or 1.5µl Lipofectamine as 

per the manufacturer’s instructions.  Either 1µl or 2µl of P3000 was used coupled 

with either 0.5µg or 1µg of scrambled siRNA or the individual SorL1 siRNA 

respectively.  Different variations of the above reagents were used, and an optimal 

transfection efficacy was found for each siRNA (Appendix 2).   

 

Following initial optimisation success of individual SorL1 siRNAs, transfection was 

further optimised to transfect PD301 and PD304 cells, however the Lipofectamine 

was kept constant using 1.5µl due to previous results displaying this volume in the 

optimal transfection conditions.  Furthermore, investigation into whether pooling 

the SorL1 siRNA would increase the rate of transfection success also occurred, as 

it was logical to assume the individual targets would bind to different regions of the 

mRNA encoding the SorL1 protein.   

 

PD301 cells were transfected with either 0.5µg or 1µg of individual SorL1 siRNA, 

pooled SorL1 siRNA or scrambled siRNA.  Within each siRNA condition, some 

cells were incubated with P3000 and some without to determine whether it 

impacted PD301 transfection success.  It transpired that the optimal conditions 

when PD301 cells had the highest rate of transfection was when 1µg of SorL1 

siRNA were pooled in addition to 2µl of P3000 resulting in 66.62% transfection 

efficacy (Table 5.1).  Scrambled siRNA achieved an optimal transfection success 

of 34.32% using 1µg and 2µl of P3000.   

 



 
 

 141 

Table 5.1 – Optimal ratio of transfection reagents for PD301 cells.   

Final optimal conditions of SorL1 siRNA and scrambled siRNA with percentage of 

transfection efficacy for transient transfection of PD301 cells. 

 

 

Immunofluorescence was used to determine transfection efficacy of PD301 cells 

using the DAPI channel to determine the number of cells present and the GFP 

channel to determine how many cells had been transfected by either SorL1 siRNA 

or scrambled siRNA (Figure 5.1).   

 

Following transfection, no GFP fluorescence was seen in non-transfected and 

Lipofectamine only PD301 cells indicating no siRNA had been transfected.  GFP 

fluorescence was evident in PD301 cells transfected with both SorL1 siRNA and 

scrambled siRNA (Figure 5.1).   

 

siRNA siRNA (µg) P3000 (µl) 
Lipofectamine 

(µl) 

Transfection 

Efficacy (%) 

SorL1 siRNA 

A, B, C, D 
1µg 2µl 1.5µl 66.62% 

Scrambled 

siRNA 
1µg 2µl 1.5µl 34.32% 
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Figure 5.1 – Transfection success in PD301 cells.   

Non-transfected PD301 cells, Lipofectamine only PD301 cells, SorL1 siRNA 

transfected PD301 cells and scrambled siRNA transfected PD301 cells (top to 

bottom) stained with DAPI and imaged under the DAPI channel (left), imaged 

under the GFP channel (middle) and combined image (right).  N=3.  Magnification 

= x40. Scale bar = 20µm. 

 

Transfection conditions for PD304 cells were also further optimised, keeping 

Lipofectamine volume constant using 1.5µl due to previous transfection success.  

PD304 cells were transfected with either 0.5µg or 1µg of individual SorL1 siRNA, 

pooled SorL1 siRNA or scrambled siRNA.  Within each siRNA condition, some 

cells were incubated with P3000 and some without to determine whether it 

impacted PD304 transfection success.  Optimisation revealed PD304 cells had the 

highest rate of transfection when 1µg of SorL1 siRNA were pooled in addition to 

2µl of P3000 resulting in a transfection efficacy of 74.5% (Table 5.2).  Scrambled 
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siRNA achieved an optimal transfection success of 33.00% using 1µg and 2µl of 

P3000.   

 

Table 5.2 – Optimal ratio of transfection reagents for PD304 cells.  

Final optimal conditions of SorL1 siRNA and scrambled siRNA with percentage of 

transfection efficacy for transient transfection of PD304 cells. 

 

siRNA siRNA (µg) P3000 (µl) 
Lipofectamine 

(µl) 

Transfection 

Efficacy (%) 

SorL1 siRNA 

A, B, C, D 
1µg 2µl 1.5µl 74.5% 

Scrambled 

siRNA 
1µg 2µl 1.5µl 33.00% 

 

Similar to transfected PD301 cells, no GFP fluorescence was seen in non-

transfected and Lipofectamine only PD304 cells indicating no siRNA had been 

incorporated.  GFP fluorescence was evident in PD304 cells transfected with both 

SorL1 siRNA and scrambled siRNA (Figure 5.2).   
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Figure 5.2 – Transfection success in PD304 cells.   

Non-transfected PD304 cells, Lipofectamine only PD304 cells, SorL1 siRNA 

transfected PD304 cells and scrambled siRNA transfected PD304 cells (top to 

bottom) stained with DAPI and imaged under the DAPI channel (left), imaged 

under the GFP channel (middle) and combined image (right).  N=3.  Magnification 

= x40. Scale bar = 20µm. 

 

As siRNA vectors also encoded for puromycin selection, to further enhance PD301 

or PD304 cells transfected with either SorL1 siRNA or scrambled siRNA, medium 

was supplemented with puromycin.  PD301 and PD304 cells were exposed to 

medium containing varying concentrations of puromycin and viability of cells 

determined after 72 hours; Section 2.8.7.  A dose response curve (puromycin kill 

curve) was created to determine the optimal concentration of puromycin to select 

for transfected PD301 and PD304 cells (Figure 5.3).   
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PD301 and PD304 cells treated with 0µg/ml concentration of puromycin did not 

have any other differentiating factors, so considered the control group and was 

regarded as 100% cell viability.  Viability of cells treated with puromycin were 

calculated from the cell viability of the 0µg/ml concentration.  All concentrations (1-

5µg/ml) of puromycin in medium reduced PD301 and PD304 cell viability. The 

concentration of puromycin chosen was 5µg/ml as it only left 2% of viable cells and 

had the greatest effect enriching the PD301 and PD304 siRNA transfected cells 

(Figure 5.3).   

 

 

 

 

 

 

 

 

 

 

Figure 5.3 – Puromycin kill curve.   

Percentage viability of PD301 and PD304 cells after 72 hours in the presence of 

increasing concentrations of puromycin (0-5µg/ml) added to cell medium.  

Resazurin was used to determine cell viability after 72 hours. Percentage viability 

was calculated for PD301 and PD304 cells against 0µg/ml concentration as control 

and regarded as 100%.  N=3.  

 

 

 Transfection with SorL1 siRNA Knocks Down SorL1 

 

Expression of SorL1 in enriched transfected PD301 cells was determined using 

immunofluorescence as used in optimisation stages. Transfected cells were 

formalin fixed and labelled with SorL1 antibody and Alexa Fluor 647 secondary 

antibody; Section 2.4.  All four PD301 cell conditions were stained simultaneously 

to determine whether the difference in SorL1 expression was solely due to SorL1 

siRNA.  Three separate passages were stained independently.  
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Confirming previous successful transfection, GFP was absent in non-transfected 

cells and cells treated with Lipofectamine. GFP signal was seen in almost every 

cell transfected with either SorL1 siRNA or scrambled siRNA suggesting near 

100% efficiency. Fluorescence corresponding to SorL1 was seen in all cell 

conditions and was visibly less prominent in cells transfected with SorL1 siRNA 

(Figure 5.4).  

 

  

 

Figure 5.4 – Fluorescence of SorL1 is reduced in PD301 cells transfected with 

SorL1 siRNA vector.   

SorL1 expression in non-transfected PD301 cells, PD301 cells treated with 

Lipofectamine 3000 only, PD301 cells transfected with SorL1 siRNA and PD301 

cells transfected with scrambled siRNA (left to right). Cells stained with DAPI (top) 

and SorL1 antibody and subsequently Alexa Fluor 647 secondary antibody (upper 

middle).  GFP channel to determine which PD301 cells were transfected with either 

siRNA (lower middle) and a combined image with all channels (bottom).  N=3. 

Magnification = x20.  Scale bar = 100µm. 
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At least 10 images were taken over random fields of view in each of the three 

replicates of each PD301 cell condition to allow quantification of fluorescence 

corrected against the background. Corrected total cell fluorescence of cells 

expressed with SorL1 siRNA was less than 50% of non-transfected cells, 

Lipofectamine treated and scrambled siRNA transfected cells (P<0.01 Tukey’s 

test, N=3) (Figure 5.5). As no significant difference was found between any of the 

control PD301 cell conditions, adding either Lipofectamine only or scrambled 

siRNA had no effect on SorL1 expression.   
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Figure 5.5 – Corrected total cell fluorescence of SorL1 expression is reduced 

in PD301 cells transfected with SorL1 siRNA vector.   

Semi-quantification of SorL1 fluorescence relative to background in non-

transfected PD301 cells, Lipofectamine only PD301 cells, PD301 cells transfected 

with SorL1 siRNA and PD301 cells transfected with scrambled siRNA. N=10 

images per cell type per replicate. SorL1 expression in PD301 cells transfected 

with SorL1 siRNA was significantly less than non-transfected cells, Lipofectamine 

treated cells and cells expressing scrambled siRNA. *P<0.05, **P<0.01 Tukey’s 

Test. N=3.   

 

To confirm knock down of SorL1 seen in the immunocytochemistry data, western 

blots were undertaken in triplicate on three passages of cell lysates. A comparison 

of SorL1 expression between non-transfected PD301 cells, Lipofectamine only 

PD301 cells and PD301 cells transfected with SorL1 siRNA and scrambled siRNA 

once transfected cells were enriched due to puromycin selection.  
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When the membrane was probed for SorL1, PD301 cells transfected with SorL1 

siRNA had a fainter band than the other three cell conditions.  Bands were seen 

around 250kDa for all PD301 cell conditions, however, there appears to be a 

second fainter smaller band under all PD301 cell conditions when probed for SorL1 

(Figure 5.6).  The second thinner band underneath is likely an immature form of 

SorL1 that undergoes post-translational modifications to become the mature form 

seen as the thicker band above (Monti et al., 2021; Rovelet-Lecrux et al., 2021).  

Full blot for western blot is appended; Appendix 1, Figure A1.6.  Also shown is 

consistent bands between all PD301 cell conditions when probed for -actin as a 

loading control.   

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 – SorL1 expression is reduced in PD301 cells transfected with 

SorL1 siRNA vector.   

Representative western blot of SorL1 in PD301 cell lysates of non-transfected 

cells, Lipofectamine only cells and cells transfected with either SorL1 or scrambled 

siRNAs.  Western blot showed less expression of SorL1 at 250 kDa (top) in PD301 

cells transfected with SorL1 siRNA than the other three PD301 cell conditions. β-

actin at 42 kDa (bottom).  10µg of protein was loaded. (N=3). 
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Densitometric analysis revealed SorL1 expression relative to -actin expression in 

PD301 cells transfected with SorL1 siRNA was reduced by approximately 60% 

when compared to non-transfected PD301 cells, Lipofectamine treated cells and 

cells transfected with scrambled siRNA (p<0.01 Tukey’s test, N=3) (Figure 5.7).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7 – Reduction of SorL1 expression in PD301 cells transfected with 

SorL1 siRNA vector.  

Densitometry of SorL1 expression relative to β-actin expression in non-transfected 

PD301 cells, Lipofectamine only PD304 cells, PD304 cells transfected with SorL1 

siRNA and PD304 cells transfected with scrambled siRNA.  SorL1 expression in 

PD304 cells transfected with SorL1 siRNA was significantly less than non-

transfected PD304 cells, Lipofectamine only PD304 cells and PD304 cells 

transfected with scrambled siRNA. **P<0.001, Tukey’s test. N=3. 
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Enriched PD304 cells transfected with either siRNA encoded with SorL1 vector or 

scrambled vector due to puromycin selection were also imaged similar to PD301 

cells. Confirming previous successful transfection, GFP was absent in non-

transfected cells and cells treated with Lipofectamine. GFP signal was seen in 

almost every cell transfected with either SorL1 siRNA or scrambled siRNA 

suggesting near 100% efficiency. Fluorescence corresponding to SorL1 was seen 

in all cell conditions and was visibly less prominent in cells transfected with SorL1 

siRNA (Figure 5.8).  
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Figure 5.8 – Fluorescence of SorL1 is reduced in PD304 cells transfected with 

SorL1 siRNA vector.   

SorL1 expression in non-transfected PD304 cells, PD304 cells treated with 

Lipofectamine 3000 only, PD304 cells transfected with SorL1 siRNA and PD304 

cells transfected with scrambled siRNA (left to right). Cells stained with DAPI (top) 

and SorL1 antibody and subsequently Alexa Fluor 647 secondary antibody (upper 

middle).  GFP channel to determine which PD304 cells were transfected with either 

siRNA (Lower Middle) and a combined image with all channels (bottom).  N = 3. 

Magnification = x20.  Scale bar = 100µm. 

 

At least 10 images were taken over random fields of view in each of the three 

replicates of each PD304 cell condition to allow quantification of fluorescence 

corrected against the background. Corrected total cell fluorescence of cells 

expressed with SorL1 siRNA was less than 50% of non-transfected cells, 

Lipofectamine treated and scrambled siRNA transfected cells (P<0.01 Tukey’s 

test, N=3) (Figure 5.9). As no significant difference was found between any of the 
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control PD304 cell conditions, adding either Lipofectamine only or scrambled 

siRNA had no effect on SorL1 expression.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 – Corrected total cell fluorescence of SorL1 expression is reduced 

in PD304 cells transfected with SorL1 siRNA vector.   

Semi-quantification of SorL1 fluorescence relative to background in non-

transfected PD304 cells, Lipofectamine only PD304 cells, PD304 cells transfected 

with SorL1 siRNA and PD304 cells transfected with scrambled siRNA. N=10 

images per cell type per replicate. SorL1 expression in PD304 cells transfected 

with SorL1 siRNA was significantly less than non-transfected cells. Lipofectamine 

treated cells and cells expressing scrambled siRNA *P<0.05, **P<0.01, Tukey’s 

Test. N=3. 
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To confirm knock down of SorL1 seen in the immunocytochemistry data, western 

blots were undertaken in triplicate on three passages of cell lysates. A comparison 

of SorL1 expression occurred between non-transfected PD304 cells, 

Lipofectamine only PD304 cells and PD304 cells transfected with SorL1 siRNA 

and scrambled siRNA once transfected cells were enriched due to puromycin 

selection.  

 

When the membrane was probed for SorL1, PD304 cells transfected with SorL1 

siRNA had a fainter band compared to the other 3 cell conditions.  Bands were 

seen around 250kDa for all PD304 cell conditions, however there appears to be a 

second fainter smaller band under non-transfected PD304 cell lysates when 

probed for SorL1 (Figure 5.6).  The second thinner band underneath is likely an 

immature form of SorL1 that undergoes post-translational modifications to become 

the mature form seen as the thicker band above (Monti et al., 2021; Rovelet-Lecrux 

et al., 2021).  Full blot for western blot is appended; Appendix 1, Figure A1.7.  Also 

shown is consistent bands between all PD304 cell conditions when probed for -

actin as a loading control.   
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Figure 5.10 – SorL1 expression is reduced in PD301 cells transfected with 

SorL1 siRNA vector.   

Representative western blot of SorL1 in PD304 cell lysates of non-transfected 

cells, Lipofectamine only cells and cells transfected with either SorL1 or scrambled 

siRNAs.  Western blot showed less expression of SorL1 at 250 kDa (top) in PD301 

cells transfected with SorL1 siRNA than the other three PD304 cell conditions. β-

actin at 42 kDa (bottom).  10µg of protein was loaded. (N=3). 

 

Densitometric analysis revealed SorL1 expression relative to -actin expression in 

PD301 cells transfected with SorL1 siRNA was reduced by approximately 60% 

when compared to non-transfected PD301 cells, Lipofectamine treated cells and 

cells transfected with scrambled siRNA (p<0.0001 Tukey’s test, N=3) (Figure 5.11).   
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Figure 5.11 – Reduction of SorL1 expression in PD304 cells transfected with 

SorL1 siRNA vector.  

Densitometry of SorL1 expression relative to β-actin expression in non-transfected 

PD304 cells, Lipofectamine only PD304 cells, PD304 cells transfected with SorL1 

siRNA and PD304 cells transfected with scrambled siRNA.  SorL1 expression in 

PD304 cells transfected with SorL1 siRNA was significantly less than non-

transfected PD304 cells, Lipofectamine only PD304 cells and PD304 cells 

transfected with scrambled siRNA. ****P<0.0001, Tukey’s test. N=3. 
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 Discussion 

 

The overarching aim was to explore the role of SorL1 in glioblastoma cells, which 

required a method to knock down the protein within cells to understand how the 

cells react.  One way in achieving this outcome was by transiently transfecting a 

vector encoding SorL1 siRNA to create a knock-down model in PD301 and PD304 

glioblastoma cells.  As it was seen that an approximate 50% reduction in SorL1 

protein and there was approximately 70% transfection efficiency, it can confidently 

be said that a successful SorL1 knock-down model in PD301 and PD304 cells was 

created. Successful transfection efficiency was validated through 

immunocytochemistry due to siRNA vectors encoding GFP.  This allowed for 

visualisation of cells for analysis to determine transfection rate.  Due to both 

immunocytochemistry and western blotting being semi-quantitative in nature, both 

techniques were needed to validate and confirm reduced protein levels once 

puromycin selection had enriched the cells transfected with siRNA.   

 

It is widely recognised that transfecting immortalised cell lines is easier than 

transfecting primary patient cells (Gresch and Altrogge, 2012).  Therefore, a 

greater effect may have been seen if immortalised cells had been used, instead of 

the primary patient cells.  Immortalised cell lines are more amenable to transfection 

and more readily available, however, their biological system is considered to be 

more artificial (Pan et al., 2009; Gresch and Altrogge, 2012).  Transfection to knock 

down SorL1 protein was successful in the breast cancer cell line MDA-MB-361, 

however, even though transfection was a success, it was not conducted within a 

primary cell line (Pietilä et al., 2019).  In this chapter, managing to get successful 

transfection of primary patient cells allows for a more representative overview of 

glioblastoma cells due to the cells originating from patient glioblastoma tumours.   

 

Vector-based siRNAs can be used for transient and stable knock down by plasmid 

transfection due to the efficient and stable expression of siRNA in both dividing 

and non-dividing cells, including difficult to transfect primary cells (Fus-Kujawa et 

al., 2021).  Puromycin selection enriched the proportion of transfected cells there 

were, so when cells were monitored, they were observed becoming small colonies 
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and eventually expanded the cell population containing either the SorL1 siRNA or 

scrambled siRNA.  The siRNA used in this case being longer designs of 27-29 

nucleotides, are more potent and efficient when compared to the standard 21-mer 

siRNAs when creating a stable transfection to knock down the gene, however, do 

not effect cellular response (Kim et al., 2005; Igoucheva et al., 2006).   

 

Treating cells with RNAi gene silencing method allowed for a drug-induced 

response for reducing SorL1 expression in PD301 and PD304 cells.  This is 

through interrupting SorL1 production at the mRNA level and effectively acting as 

a therapeutic if SorL1 becomes an interesting target for glioblastoma in the future, 

such like other siRNAs currently being investigated as therapeutics against 

undruggable targets for the treatment of B-cell lymphoma and cardiovascular 

diseases (Lu et al., 2008; Dana et al., 2017).  In comparison to knocking down 

SorL1 at mRNA level, using CRISPR to knock out the SORL1 gene at the DNA 

level may have induced Alzheimer’s disease pathology characteristics, as such 

was shown knocking out SORL1 from hiPSCs using the CRISPR-Cas9 system 

(Knupp et al., 2020).   

 

This chapter successfully shows: 

 

i. Knock down of SorL1 was achieved by transient transfection of PD301 

and PD304 cells with a set of four siRNA lentiviral vectors. 

ii. Transient transfection of PD301 and PD304 cells with scrambled siRNA 

lentiviral vector. 

iii. Creation of stable and transiently transfected PD301 and PD304 cells 

using SorL1 siRNA and scrambled siRNA to be used as a model to 

investigate functional effects. 
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Chapter 6 

Functional Effects due to SorL1 Knock Down 
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6 Chapter 6 – Functional Effects due to SorL1 

Knock Down 

 

 Background 

 

 Function of SorL1 

 

Early studies of SorL1 revealed an association with cytoplasmic structure and 

hinted to a role of SorL1 in intracellular trafficking and lipoprotein metabolism in 

neurones (Motoi et al., 1999).  Following synthesis of SorL1, the protein can move 

through the secretory pathway through the Golgi to the cell surface releasing 

sSorL1, however, there is also the trafficking pathway of SorL1; Section 1.2.6.1.  

SorL1 is internalised via clathrin-dependent endocytosis guided by the clathrin 

adaptor protein 2 that binds to SorL1 in the cytoplasmic domain and transported to 

early endosomes (Barthelson et al., 2020; Nielsen et al., 2007; Schmidt et al., 

2017) (Figure 6.1).  SorL1 binds directly to APP shuttling between the Golgi and 

endosomes sorting into endocytic or recycling pathways, and further alternative 

routes involve SorL1 shuttling from endosomes to the cell surface or to lysosomes 

(Schmidt et al., 2017; Rovelet-Lecrux et al., 2021; Lee et al., 2008) (Figure 6.1).  

With SorL1 present within endosomes and at the cell surface, studies have 

suggested SorL1 may have additional roles in mediating APP endosome to cell 

surface trafficking (Andersen et al., 2005; Herskowitz et al., 2012).     
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Figure 6.1 – SorL1 trafficking around the cell. 

Active form of SorL1 is trafficked to the cell surface through the secretory pathway 

from the Golgi (TGN).  At the cell surface, SorL1 is secreted through ectodomain 

shedding or enters the trafficking pathway entering the cell through clathrin-

mediated endocytosis and is shuttled between endosomes and Golgi (Willnow and 

Andersen, 2013). 

 

SorL1 is a multifunctioning sorting receptor (Offe et al., 2006).  It binds to APP and 

slows down its cellular transport out of the Golgi, as well as retrograding APP back 

to the Golgi from the endosomes.  Therefore, the release of APP to amyloid 

pathways is controlled and the amount of amyloidogenic (A) and 

nonamyloidogenic products is reduced (Mehmedbasic et al., 2015; Andersen et 

al., 2005; Offe et al., 2006; Schmidt et al., 2007).  In absence of SorL1, there is no 

retrograde of APP back to the Golgi and therefore is released to the late 

endosomes, leading to excess A production as seen in Alzheimer’s disease (Lee 

et al., 2008).  Therefore, in Alzheimer’s disease patients, it has been suggested 
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that restoring the SorL1 function may reduce the effect of A neuro toxicity 

associated with age onset (Huang et al., 2016).   

 

 Functional Implications when SorL1 Protein is Knocked Down or 

Reduced 

 

Under expression of SorL1 increases the risk of developing Alzheimer’s disease 

(Schmidt et al., 2017).  SorL1 was implicated as an important factor in Alzheimer’s 

disease as SorL1 knockout mice led to an increase in Aβ secretion, similar to that 

seen in Alzheimer’s disease (Andersen et al., 2005). As well as an increase in 

amyloid proteins leading to an increased risk of Alzheimer’s disease, mutations in 

the SORL1 gene also reduced the binding affinity between SorL1 and APP 

(Alvarez-Mora et al., 2022; Cuccaro et al., 2016).  As a direct result of common 

mutated forms of SORL1, A42 secretion is increased, and in rare SORL1 

mutations, increased secretion is found in both A40 and A42 (Vardarajan et al., 

2015).  Changes in SorL1 expression or loss of function due to acquired or 

inherited reasons mechanistically increases the risk of Alzheimer’s disease and a 

reduction in the SORL1 gene has been considered to be a primary and pathogenic 

event (Raghavan et al., 2018; Rogaeva et al., 2007).   

 

SorL1 has also been experimentally silenced in cancer.  SorL1 was knocked down 

in breast cancer cells to determine its effect on the HER2 protein and on cell (Pietilä 

et al., 2019).  However, the role SorL1 has on brain tumour cells has never been 

explored.  This chapter aims to confirm the biochemical link between SorL1 and 

amyloid production by determining A40 and A42 levels following knock down. 

Furthermore, as a higher expression of SorL1 in glioblastoma cells may indicate a 

pathological role, it was then sought to determine the functional effects silencing 

SorL1 will have on cell proliferation, viability and migration. 
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 Results – Functional Effects 

 

Transfecting PD301 and PD304 cells with SorL1 siRNA reduced SorL1 expression; 

Chapter 5.  This chapter investigates the functional significance of SorL1 by 

determining the effect SorL1 knock down had on expression of A40 and A42, 

cell proliferation, viability, and migration.  

 

The following sections all have the same experimental groups: PD301 or PD304 

cells transfected with SorL1 siRNA, cells transfected with scrambled siRNA, cells 

treated with Lipofectamine 3000 (ThermoFisher, UK) or naïve cells that were 

untreated and un-transfected. Unfortunately, the antibodies previously used to 

label Aβ40 and Aβ42 were unavailable. Two alternatives were characterised in 

both PD301 and PD304 cells and revealed comparable labelling to that seen 

previously; Chapter 3. Images characterising new antibodies are appended; 

Appendix 3.  

 

 Functional Effect of SorL1 Knock Down in PD301 and PD304 

Cells: A40 Expression 

 

To determine Aβ40 expression in PD cells following transfection of SorL1 siRNA, 

cells were fixed and stained; Section 2.3.  

 

For all PD301 cell conditions, GFP was imaged to confirm transfection success 

and Aβ40 expression with Alexa Fluor 647 secondary antibody was imaged.  The 

experiment was repeated in triplicate in three different passages. At least 10 

images were taken from each of the three replicates to allow for quantification of 

fluorescence intensity; Section 2.4.  

 

Low intensity fluorescence corresponding to Aβ40 was seen in all PD301 cell 

conditions and predominantly in a punctate pattern throughout the cytoplasm 

(Figure 6.2).  GFP signal was seen in almost all cells transfected with SorL1 siRNA 

or scrambled siRNA and never in naïve or Lipofectamine treated cells confirming 

high transfection success.  Cells transfected with SorL1 siRNA occasionally 
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showed individual cells with an intense Aβ40 signal. These were not seen in cells 

transfected with scrambled siRNA.  

 

 

 

Figure 6.2 – Immunofluorescence of Aβ40 in SorL1 siRNA transfected PD301 

cells.   

Aβ40 expression in non-transfected PD301 cells, PD301 cells treated with 

Lipofectamine 3000 only, PD301 cells transfected with SorL1 siRNA and PD301 

cells transfected with scrambled siRNA (Left to Right). Cells stained with DAPI 

(Top) and Aβ40 antibody and subsequently Alexa Fluor 647 secondary antibody 

(Upper Middle).  GFP channel to determine which PD301 cells were transfected 

with either siRNA (Lower Middle) and a combined image with all channels 

(Bottom).  N = 3. Magnification = x20.  Scale bar = 100µm. 

 

Mean fluorescence intensity of SorL1 siRNA transfected PD301 cells was 

approximately two-fold higher than non-transfected cells (P<0.05 Tukey’s test, 

N=3, Figure 6.3). The mean fluorescence intensity of cells transfected with 
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scrambled siRNA was not significantly different to non-transfected cells or 

Lipofectamine only cells, but similarly not significantly different to cells transfected 

with SorL1 siRNA (P>0.05 Tukey’s test, N=3, Figure 6.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3– Corrected total cell fluorescence of Aβ40 expression is increased 

in SorL1 knock down PD301 cells.   

Aβ40 expression relative to background in non-transfected PD301 cells, 

Lipofectamine only PD301 cells, PD301 cells transfected with SorL1 siRNA and 

PD301 cells transfected with scrambled siRNA. N=10 images per cell type per 

replicate. Aβ40 expression was significantly higher in PD301 cells transfected with 

SorL1 siRNA than non-transfected PD301 cells. P<0.05, Tukey’s Test. N=3. 

 

Similar to PD301 cells, low intensity fluorescence corresponding to Aβ40 was seen 

in all PD304 cell conditions and predominantly in a punctate pattern throughout the 

cytoplasm. Some high intensity fluorescent areas were observed in all cell 
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conditions but were most prominent in PD304 cells transfected with SorL1 siRNA 

(Figure 6.4). GFP signal was seen in almost all cells transfected with SorL1 siRNA 

or scrambled siRNA and never in naïve or Lipofectamine treated cells confirming 

high transfection success.   

 

 

 

Figure 6.4 – Immunofluorescence of Aβ40 in SorL1 siRNA transfected PD304 

cells. 

Aβ40 expression in non-transfected PD304 cells, PD304 cells treated with 

Lipofectamine 3000 only, PD304 cells transfected with SorL1 siRNA and PD304 

cells transfected with scrambled siRNA (Left to Right). Cells stained with DAPI 

(Top) and Aβ40 antibody and subsequently Alexa Fluor 647 secondary antibody 

(Upper Middle).  GFP channel to determine which PD304 cells were transfected 

with either siRNA (Lower Middle) and a combined image with all channels 

(Bottom).  N = 3. Magnification = x20.  Scale bar = 100µm. 

 

Mean fluorescent intensity of SorL1 siRNA transfected PD304 cells was between 

two-fold and 2.5-fold higher than non-transfected and Lipofectamine treated cells 
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respectively (P<0.01 Tukey’s test, N=3, Figure 6.5). The mean fluorescence 

intensity of PD304 cells transfected with scrambled siRNA was also significantly 

increased compared to PD304 cells treated with Lipofectamine only (P<0.05 

Tukey’s test, N=3), however, there were not significantly different to non-

transfected cells or cells transfected with SorL1 siRNA. 
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Figure 6.5 – Corrected total cell fluorescence of Aβ40 expression is 

increased in SorL1 knock down PD304 cells.   

Aβ40 expression relative to background noise in non-transfected PD304 cells, 

Lipofectamine only PD304 cells, PD304 cells transfected with SorL1 siRNA and 

PD304 cells transfected with scrambled siRNA. N=10 images per cell type per 

replicate. Aβ40 expression was significantly higher in PD304 cells transfected with 

SorL1 siRNA than non-transfected PD304 cells and Lipofectamine only PD304 

cells. **P<0.01, Tukey’s Test. N=3.  Aβ40 expression was significantly higher in 

PD304 cells transfected with scrambled siRNA than Lipofectamine only PD304 

cells.  *P<0.05, Tukey’s Test. N=3. 
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To support the semi-quantitative observation of increased Aβ40 expression in 

PD301 cells and PD304 cells transfected with SorL1 siRNA, an Aβ40 ELISA was 

performed on cell lysates from 3 passages to quantify Aβ40 expression in 

duplicate.  Protein concentration was quantified against a standard curve ranging 

from 7.81-500pg/ml.  Standard curve is appended; Appendix 4.  Data are 

expressed as picograms of Aβ40 per milligram of total protein, Section 2.7.   

 

A consistent level of Aβ40 was detected in lysates from all PD301 cell conditions 

with no variation detected between any transfected or treated cells (P>0.05 

Tukey’s test, N=3, Figure 6.6).  
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Figure 6.6 – Aβ40 expression in SorL1 knock down PD301 cells.   

Aβ40 protein in picograms per milligram of total protein of non-transfected PD301 

cells, PD301 cells treated with Lipofectamine only, PD301 cells transfected with 

SorL1 siRNA and PD301 cells transfected with scrambled siRNA.  Aβ40 

expression had no significant difference between any of the PD301 cell conditions.  

Data collected in duplicate, N=3.  

 

Similarly, no variation was seen between any PD304 cell condition with all lysates 

having a mean Aβ40 content of approximately 1000 pg/mg of total protein (P>0.05 

Tukey’s test, N=3, Figure 6.7).  
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Figure 6.7 – Aβ40 expression in SorL1 knock down PD304 cells.   

Aβ40 protein in picograms per milligram of total protein of non-transfected PD304 

cells, PD304 cells treated with Lipofectamine only, PD304 cells transfected with 

SorL1 siRNA and PD304 cells transfected with scrambled siRNA.  Aβ40 

expression had no significant difference between any of the PD304 cell conditions.  

Data collected in duplicate, N=3.  

 

 Functional Effect of SorL1 Knock Down in PD301 and PD304 

Cells: A42 Expression 

 

To determine Aβ42 expression in PD cells following transfection of SorL1 siRNA, 

cells were fixed and stained; Section 2.3.  
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For all PD301 cell conditions, GFP was imaged to confirm transfection success 

and Aβ42 expression with Alexa Fluor 647 secondary antibody was imaged.  The 

experiment was repeated in triplicate in three different passages. At least 10 

images were taken from each of the three replicates to allow for quantification of 

fluorescence intensity; Section 2.4. 

 

Low to moderate intensity fluorescence corresponding to Aβ42 was seen in all 

PD301 cell conditions and distributed evenly across the cytoplasm. Higher 

fluorescence was seen in the nuclei (Figure 6.8).  A GFP signal was seen in almost 

all cells transfected with SorL1 siRNA or scrambled siRNA and never in naïve or 

Lipofectamine treated cells to confirm high transfection success.  Cells transfected 

with SorL1 siRNA had predominantly a uniform label throughout the cytoplasm 

similar to non-transfected cells, however some cells showed noticeably more 

variable fluorescence. In these cells, the occasional regions of high intensity 

surrounded the nuclei and did not overlay the DAPI nuclei signal (Figure 6.8).   This 

change in localisation was not seen in cells transfected with scrambled siRNA.  
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Figure 6.8 – Immunofluorescence of Aβ42 in SorL1 siRNA transfected PD301 

cells.  

Aβ42 expression in non-transfected PD301 cells, PD301 cells treated with 

Lipofectamine 3000 only, PD301 cells transfected with SorL1 siRNA and PD301 

cells transfected with scrambled siRNA (Left to Right). Cells stained with DAPI 

(Top) and Aβ42 antibody and subsequently Alexa Fluor 647 secondary antibody 

(Upper Middle).  GFP channel to determine which PD301 cells were transfected 

with either siRNA (Lower Middle) and a combined image with all channels 

(Bottom).  N = 3. Magnification = x20.  Scale bar = 100µm. 

 

The mean fluorescence intensity corresponding to Aβ42 was more variable than 

the mean fluorescence intensity corresponding to Aβ40 in PD301 cells. The mean 

fluorescence of SorL1 siRNA transfected PD301 cells was approximately two-fold 

higher than naïve cells, however, no significant differences were seen in mean 

fluorescence intensities for Aβ42 in any of the PD301 cell groups (P>0.05 Tukey’s 

test, N=3, Figure 6.9).  
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Figure 6.9 – Corrected total cell fluorescence of Aβ42 expression is 

increased in SorL1 knock down PD301 cells.   

Aβ42 expression relative to background noise in non-transfected PD301 cells, 

Lipofectamine only PD301 cells, PD301 cells transfected with SorL1 siRNA and 

PD301 cells transfected with scrambled siRNA. N=10 images per cell type per 

replicate. Aβ42 expression had no significant difference between any PD301 cell 

conditions.  N=3.  

 

Moderate to high fluorescence corresponding to Aβ42 was seen in PD304 cells. 

Fluorescence was seen throughout the cytoplasm in some cells but was sparsely 

distributed in the cytoplasm of most cells and most predominant in the nuclei 

(Figure 6.10).  A GFP signal was seen in almost all cells transfected with SorL1 

siRNA or scrambled siRNA and not in naïve or Lipofectamine treated cells to 

confirm high transfection success.  PD304 cells transfected with SorL1 siRNA had 
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high intensity label in almost all nuclei with limited fluorescence in the cytoplasm.  

PD304 cells transfected with scrambled siRNA did not show the same pattern of 

fluorescence as SorL1 siRNA transfected cells with only occasional cells having 

showing high intensity in the nucleus. However, most nuclei of PD304 cells 

transfected with scrambled siRNA did not label strongly, with highest signal seen 

surrounding the nuclei (Figure 6.10).  

 

 

 

Figure 6.10 – Immunofluorescence of Aβ42 in SorL1 siRNA transfected 

PD304 cells.   

Aβ42 expression in non-transfected PD304 cells, PD304 cells treated with 

Lipofectamine 3000 only, PD304 cells transfected with SorL1 siRNA and PD304 

cells transfected with scrambled siRNA (Left to Right). Cells stained with DAPI 

(Top) and Aβ42 antibody and subsequently Alexa Fluor 647 secondary antibody 

(Upper Middle).  GFP channel to determine which PD304 cells were transfected 

with either siRNA (Lower Middle) and a combined image with all channels 

(Bottom).  N = 3. Magnification = x20.  Scale bar = 100µm. 
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Mean fluorescence intensity of SorL1 siRNA transfected PD304 cells was over 

two-fold higher than Lipofectamine treated cells (P<0.01 Tukey’s test, N=3, Figure 

6.11). The fluorescence intensity of scrambled siRNA transfected PD304 cells was 

not significantly different to non-transfected or Lipofectamine treated, but was also 

not significantly different to the SorL1 siRNA group.  
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Figure 6.11 – Corrected total cell fluorescence of Aβ42 expression is 

increased in SorL1 knock down PD304 cells.   

Aβ42 expression relative to background noise in non-transfected PD304 cells, 

Lipofectamine only PD304 cells, PD304 cells transfected with SorL1 siRNA and 

PD304 cells transfected with scrambled siRNA. N=10 images per cell type per 

replicate. No significant differences in Aβ42 expression between PD304 cells 

transfected with SorL1 siRNA and non-transfected cells or cells transfected with 

scrambled siRNA.  Aβ42 expression is significantly higher in PD304 cells 

transfected with SorL1 siRNA than Lipofectamine only PD304 cells. P<0.05, 

Tukey’s Test. N=3.  

 

To validate the semi-quantitative observation from immunofluorescence data 

showing increased Aβ42 expression in PD301 cells and PD304 cells transfected 

with SorL1 siRNA, an ultrasensitive Aβ42 ELISA was performed on cell lysates 

from 3 passages to quantify Aβ42 expression in duplicate.  Protein concentration 

was quantified against a standard curve ranged between 1.56-100pg/ml.  Standard 



 
 

 178 

curve is appended; Appendix 4.  Data are expressed as picograms of Aβ42 per 

milligram of total protein, Section 2.7.   

 

The data were quite variable and no statistically significant differences in Aβ42 

expression were detected between any cell condition in either PD301 or PD304 

lysates (P>0.05 Tukey’s test, Figures 6.12 and 6.13).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12 – Aβ42 expression SorL1 knock down PD301 cells.   

Aβ42 protein in picograms per milligram of total protein of non-transfected PD301 

cells, PD301 cells treated with Lipofectamine only, PD301 cells transfected with 

SorL1 siRNA and PD301 cells transfected with scrambled siRNA.  Aβ42 

expression had no significant difference between any of the PD301 cell conditions.  

Data collected in duplicate, N=3.  
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Figure 6.13 – Aβ42 expression SorL1 knock down PD304 cells.   

Aβ42 protein in picograms per milligram of total protein of non-transfected PD304 

cells, PD304 cells treated with Lipofectamine only, PD304 cells transfected with 

SorL1 siRNA and PD304 cells transfected with scrambled siRNA.  Aβ42 

expression had no significant difference between any of the PD304 cell conditions.  

Data collected in duplicate, N=3.  

 

 Functional Effect of SorL1 Knock Down in PD301 and PD304 

Cells: Proliferation and Viability  

 

To determine whether knock down of SorL1 protein influenced proliferation and 

cell viability in PD301 and PD304 glioblastoma cells, a 3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxphenyl)-2-(4-sulfophenyl)-2H-tertazolium (MTS) assay was 

performed over 72 hours; Section 2.10.1.  Cell proliferation was expressed as 
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mean absorbance from four independent experiments performed in triplicate.  

Percentage viability was calculated for each cell condition against the non-

transfected cells regarded as 100%. 

 

Proliferation was seen in all 4 cell conditions for both PD301 and PD304 cells with 

proliferation starting to plateau at 24 hours (Figure 6.14 and Figure 6.16).  PD301 

cells transfected with SorL1 siRNA had lower absorbance values than the other 

three cell types (Figure 6.14). At 24 hours, PD301 cells transfected with SorL1 

siRNA had significantly lower absorbance than naïve cells and Lipofectamine only 

treated cells (P<0.05 Tukey’s test N=3, Figure 6.14). Absorbance of PD301 cells 

transfected with scrambled siRNA was not significantly different to absorbance of 

naïve cells or Lipofectamine treated cells, but were also not significantly different 

to the siRNA transfected cells at 24 hours. No significant differences were seen 

between any of the PD301 cell conditions at any other time point.   

 

 

 

 

 

 

 

 

 

Figure 6.14 – Proliferation rate of PD301 cells transfected with SorL1 siRNA 

vector. 

Proliferation of PD301 cells transfected with SorL1 siRNA or scrambled siRNA, 

PD301 cells treated with Lipofectamine alone or non-treated, non-transfected cells. 

Absorbance was read at 485nm 2 hours after MTS assay.  Proliferation of SorL1 

siRNA transfected cells were significantly lower than naïve and Lipofectamine 

treated cells after 24 hours (*P<0.05, Tukey’s test. N=4).  

 

* 



 
 

 181 

PD301 cells transfected with SorL1 siRNA had the lowest cell viability at 24 hours 

and was significantly different to viability of naïve cells and cells treated with 

Lipofectamine (P<0.05 Tukey’s test, N=4, Figure 6.15). Viability of cells transfected 

with scrambled siRNA was not significantly different to naïve and Lipofectamine 

treated cells at 24 hours. No cell condition was significantly different to any other 

group at either 48 or 72 hours. While not significant, it was noted that the SorL1 

siRNA condition appeared to have lowest percentage viability at the later time 

points (Figure 6.15).   

 

 

 

 

 

 

 

 

 

Figure 6.15 – Percentage cell viability of PD301 cells transfected with SorL1 

siRNA vector. 

Percentage viability of PD301 cells transfected with SorL1 siRNA or scrambled 

siRNA, PD301 cells treated with Lipofectamine alone or non-treated, non-

transfected cells. Percentage viability of SorL1 siRNA transfected cells was 

significantly lower than non-transfected and Lipofectamine treated PD301 cells at 

24 hours (P<0.05, Tukey’s test. N=4). 

 

Similar to PD301 cells, PD304 cells transfected with SorL1 siRNA had lower 

absorbance values than naïve cells and Lipofectamine only treated cells at 24 

hours (P<0.05 Tukey’s test N=3, Figure 6.16). Absorbance of PD304 cells 

transfected with scrambled siRNA was also significantly lower than absorbance of 
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naïve cells or Lipofectamine treated cells at 24 hours. No significant differences 

were seen between the PD304 cell conditions at the later time points.   

 

 

 

 

 

 

 

 

 
 
Figure 6.16 – Proliferation rate of PD304 cells transfected with SorL1 siRNA 

vector.  

Proliferation of PD304 cells transfected with SorL1 siRNA or scrambled siRNA, 

PD301 cells treated with Lipofectamine alone or non-treated, non-transfected cells. 

Absorbance was read at 485nm 2 hours after MTS assay.  Proliferation of SorL1 

siRNA transfected cells and scrambled siRNA treated cells were significantly lower 

than naïve and Lipofectamine treated cells after 24 hours (*P<0.05, Tukey’s test. 

N=4).  

 

Percentage viability of PD304 cells transfected with both SorL1 siRNA and 

scrambled siRNA were lower than the viability of naïve and Lipofectamine treated 

cells at all three time points (P<0.0001 Tukey’s test, N=4, Figure 6.17).  The 

greatest reduction of approximately 40% was seen in SorL1 siRNA transfected 

cells at 24 hours. The reduced viability of transfected cells was maintained for 3 

days and was still reduced by 20% at 72 hours. There was no significant difference 

between PD304 cells transfected with SorL1 siRNA and those transfected with 

scrambled siRNA at any time point.   

 

 

* 
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Figure 6.17 – Percentage cell viability of PD304 cells transfected with SorL1 

siRNA vector. 

Percentage viability of PD304 cells transfected with SorL1 siRNA or scrambled 

siRNA, PD301 cells treated with Lipofectamine alone or non-treated, non-

transfected cells. Percentage viability of SorL1 siRNA transfected cells were 

significantly lower than non-transfected or Lipofectamine treated cells 

(****P<0.0001 Tukey’s test, N=4). Viability of PD304 cells transfected with 

scrambled siRNA was significantly lower than viability of non-transfected or 

Lipofectamine treated cells at each time point (**P<0.01 Tukey’s test, significance 

not shown for clarity).  

 

 Functional Effect of SorL1 Knock Down in PD301 and PD304 

Cells: Migration 

 

To determine whether knock down of SorL1 protein influenced migration of PD301 

and PD304 glioblastoma cells, a scratch assay was performed with images taken 

every 12 hours for a 72 hour period; Section 2.10.3.  Images were taken in the 

same place along the scratch to determine the percentage of wound closure and 

the rate of cell migration.  Representative images of the assay for PD301 and 

PD304 cells are shown (Figures 6.18 and 6.19).  
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The Wound Healing Assay plug-in for Image J was used to determine percentage 

wound closure from images of transfected and treated cells.  Percentage wound 

closure from the original scratch was used as opposed to area of scratch to account 

for any differences in scratch sizes.     

 

All four cell conditions of PD301 cells showed some degree of wound closure but 

none fully closed the wound. The non-transfected cells, PD301 cells treated with 

Lipofectamine 3000 or cells transfected with scrambled siRNA achieved wound 

closure approaching 80% (Figure 6.18).  

 

All four cell conditions of PD304 cells also showed a gradual wound closure but 

none fully closed the wound (Figure 6.19).  
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Figure 6.18 – Representative images of scratch assay on PD301 cells. 

Scratch Assay in non-transfected PD301 cells, PD301 cells treated with Lipofectamine, PD301 cells transfected with SorL1 siRNA 

and PD301 cells transfected with scrambled siRNA (left to right).  Scratch assay performed at 0 hours and images taken every 12 

hours for 72 hours. 
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Figure 6.19 – Representative images of scratch assay on PD304 cells. 

Scratch Assay in non-transfected PD304 cells, PD304 cells treated with Lipofectamine, PD304 cells transfected with SorL1 siRNA 

and PD304 cells transfected with scrambled siRNA (left to right).  Scratch assay performed at 0 hours and images taken every 12 

hours for 72 hours.
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Wound closure was significantly less in PD301 cells transfected with SorL1 siRNA 

at 48 hours (p<0.05, Tukey’s test, n = 3, Figure 6.20).  However, the wound closure 

was overcome so there was no significant difference between the groups at 72 

hours. However, wound closure of approximately 75% was achieved. There was 

no significant difference in percentage wound closure between the PD301 cell 

conditions at any other time point.   
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Figure 6.20 – Percentage wound closure of PD301 cells transfected with 

SorL1 siRNA vector. 

Percentage wound closure over 72 hours of PD301 cells transfected with SorL1 

siRNA or scrambled siRNA, PD301 cells treated with Lipofectamine alone or non-

treated, non-transfected cells. (A) Percentage wound closure was calculated 

against the initial scratch at 0 hours. (B) Percentage wound closure was reduced 

at 48 hours in PD301 cells transfected with SorL1 compared to non-transfected 

cells, Lipofectamine only cells and PD301 cells transfected with scrambled siRNA 

(* P<0.05, Tukey’s test. N=3).   
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Scratch images were also used to determine the rate of cell migration.  The rate of 

cell migration was highest at 24 hours for all cell conditions and slowed as time 

progressed. The rate of cell migration of PD301 cells transfected with SorL1 siRNA 

was significantly slower than Lipofectamine treated cells at 24 hours and slower 

than all cell conditions at 36 hours (P<0.05 Tukey’s test, N=3, Figure 6.21). Rate 

cell of migration in SorL1 siRNA cells was less than 50% compared to all other cell 

conditions at 36 hours. There were no significant differences between any of the 

PD301 cell conditions at any other time point in rate of cell migration.   
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Figure 6.21 – Rate of cell migration of PD301 cells transfected with SorL1 

siRNA vector. 

Rate of migration over 72 hours of PD301 cells transfected with SorL1 siRNA or 

scrambled siRNA, PD301 cells treated with Lipofectamine alone or non-treated, 

non-transfected cells. (A) Rate of cell migration was calculated from the widths of 

scratches and against the initial scratch at 0 hours. (B)  Rate of migration was lower 

in SorL1 siRNA transfected cells at 24 and 36 hours (***P<0.001, **P<0.01, 

Tukey’s test, N=3)  
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All four cell conditions of PD304 cells showed some degree of wound closure but 

none fully closed the wound. All cell conditions achieved approximately 70% 

closure after 72 hours. There was no difference in percentage wound closure 

between the cell conditions at any time point (P>0.05 Tukey’s test N=3, Figure 

6.22).   

 

 

 

 

 

 

 

 

 

 

Figure 6.22 – Percentage wound closure of PD304 cells transfected with 

SorL1 siRNA vector. 

Percentage wound closure of PD304 cells transfected with SorL1 siRNA or 

scrambled siRNA, PD304 cells treated with Lipofectamine alone or non-treated, 

non-transfected cells. Percentage wound closure was not significantly different 

between any PD304 cell conditions at any time point (P>0.05, Tukey’s test, N=3). 

 

 

Similar to PD301 cells, the rate of cell migration for PD304 cells was highest at 24 

hours for all cell conditions and slowed as time progressed. The rate of cell 

migration of PD304 cells was not significantly different between any of the cell 

conditions at any of the timepoints (P>0.05 Tukey’s test, N=3, Figure 6.23).  
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Figure 6.23 – Rate of cell migration of PD304 cells transfected with SorL1 

siRNA vector. 

Rate of cell migration of PD304 cells transfected with SorL1 siRNA or scrambled 

siRNA, PD304 cells treated with Lipofectamine alone or non-treated, non-

transfected cells. Rate of cell migration was not significantly different between any 

PD304 cell conditions at any time point (P>0.05, Tukey’s test N=3).   

 

 Discussion 

 

 SorL1 Knock Down Likely Increases Expression of Amyloid Beta 

 

An increase in A40 and A42 protein assessed by immunocytochemistry was 

seen in both PD301 and PD304 cells transfected with SorL1 siRNA when 

compared to Lipofectamine treated and naïve cells.  This supports the well 

reported role of SorL1 regulating A production by controlling the release of APP 

to amyloid pathways and the known risk factor of reduced SorL1 expression being 

a known risk factor for Alzheimer’s disease (Mehmedbasic et al., 2015; Andersen 

et al., 2005; Offe et al., 2006; Schmidt et al., 2007). While the presence of amyloid 

has been shown in glioma cells previously (Kucheryavykh et al., 2019, Zayas-

Santiago et al., 2020) the direct biochemical link with SorL1 had not been 

established in glioma cells. Indeed, it was suggested that the amyloid seen within 

the tumours was vascular in origin (Kucheryavykh et al., 2019). Data from this 
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chapter shows amyloid is present in cells without exogenous sources which refutes 

that study and suggests glioblastoma cells are capable of synthesising amyloid 

independently similar to the way melanoma cells have been shown to produce and 

secrete A (Kleffman et al., 2022).  SorL1 knock down increasing amyloid 

expression further supports there being biochemical pathways within glioblastoma 

that remain unstudied.  

 

The knock down of SorL1 did not have universal effects to increase amyloid levels 

however. Transfected cells with scrambled siRNA were not statistically different to 

cells transfected with SorL1 siRNA, suggesting that there might be a non-specific 

effect of transfection on general cell biology and function.  Nevertheless, there 

were no significant differences between cells transfected with scrambled siRNA 

and the Lipofectamine and naïve, suggesting the effects seen on A40 and A42 

when SorL1 was knocked down may be viable. 

 

To quantify the levels of A, an ELISA was undertaken on cell lysates following 

transfection. Unfortunately, some disparity was evident between the 

immunocytochemical and ELISA data with ELISA data not replicating the relative 

pattern in expression seen in either amyloid isoform in cell lysates following 

transfection. Both methods have been used frequently elsewhere, with more 

literature using tissue rather than cells (Christensen and Pike, 2020; Pedrero-

Prieto et al., 2019; Schmidt et al., 2012).  ELISA was used as an alternative method 

to western blotting which has been successful in previous studies, however, when 

western blot was attempted for both A40 and A42 quantification, it was 

unsuccessful (Haytural et al., 2019; Pedrero-Prieto et al., 2019).  The proteins 

being approximately 4kDa in size proved tricky to separate by electrophoresis and 

so ELISA was used instead (LeBlanc and Gambetti, 1994).  This too had its own 

limitations: the PD cells grew slowly so gathering sufficient volume of concentrated 

lysate from three different passages in duplicate was prone to loss through 

contamination.  It may also be possible that despite A40 and A42 protein levels 

being within the published level of detection, the levels were pushing the limit of 

detection and near the extreme lower end of the standard curve (Appendix 4).   
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 SorL1 Knock Down has Detrimental Effect on Glioma Cell 

Function 

 

Functional studies conducted suggest that SorL1 knock down inhibits proliferation 

and migration of PD301 and PD304 glioblastoma cells.  Although not always 

significant, SorL1 knock down in PD cells had varying reduced rates of migration, 

proliferation, cell viability and percentage wound closure when compared to naïve 

and Lipofectamine treated PD301 and PD304 cells.   

 

After 24 hours PD301 cells transfected with SorL1 siRNA had a significant 

reduction in proliferation and percentage cell viability compared to naïve and 

Lipofectamine only cells.  In addition, PD304 cells transfected with SorL1 siRNA 

also had a significantly reduced proliferation after 24 hours, and reduced cell 

viability over the 72 hour experiment.  However, in both cell types, cells transfected 

with SorL1 siRNA was not significantly different to cells transfected with scrambled 

siRNA.  Migration assays using PD301 cells were the only experiments that 

showed a significant reduction in percentage wound closure and rate of cell 

migration in cells transfected with SorL1 siRNA compared to all control cell 

conditions, including scrambled siRNA.   

 

No significant differences between cells transfected with SorL1 siRNA and cells 

transfected with scrambled siRNA in the proliferation and cell viability studies could 

be due to effects of the cell being transfected with siRNA.  It has been shown that 

transfecting siRNA as a negative control can have off-target effects in mammalian 

cells.  This may be due to triggering the interferon response within the cell when 

siRNA is added (Tschuch et al., 2008).  The interferon response occurs as a 

defence mechanism when cells are infected with viruses or viral products, which 

could have occurred when the cells were transfected with siRNA plasmids (McNab 

et al., 2015; Murira and Lamarre, 2016).  Therefore, due to the little difference seen 

between SorL1 knock down cells and scrambled siRNA cells, it cannot be 

determined that a reduction of SorL1 protein leads to the reduction in proliferation 

and cell viability studies, it may be an interferon response.  Decreasing the 
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scrambled siRNA concentration when transfecting PD cells is a possible resolution 

for this issue in the future.   

 

Nevertheless, PD301 cells showed a significant reduction in percentage wound 

closure and rate of cell migration in cells transfected with SorL1 siRNA compared 

to all control cell conditions, including scrambled siRNA.  The role of SorL1 within 

the cell is to shuttle APP around the cell controlling A production, and when SorL1 

protein is reduced, higher levels of A40 and A42 are produced (Andersen et al., 

2005; Offe et al., 2006; Schmidt et al., 2007).  Therefore, one possible explanation 

causing the decrease in proliferation and migration in the glioblastoma cells is 

higher production of A40 and A42. Several studies have demonstrated A has 

a role in supressing cancer cells. In vitro proliferation of glioblastoma cells, breast 

cancer cells, adenocarcinoma cells and melanoma cells was significantly inhibited 

when cultured with medium containing high levels of A  (Zhao et al., 2009).  While 

in vivo, A was found to supress glioma tumours when directly injected into 

glioblastoma cells in xenograft mouse models, whilst another study implanted 

glioma cells in an Alzheimer’s disease transgenic mouse model whereby A is 

overexpressed and resulted in a slower proliferation and migration of the tumour 

compared to controls (Paris et al., 2004, Paris et al., 2010a).  The mechanism of 

how amyloid inhibits cancer cells has recently been studied in more detail and 

suggests that two routes exist depending on whether the amyloid is in monomeric 

or oligomeric forms (Tang et al., 2023). When amyloid was a monomer it inhibited 

pancreatic cancer cells by forming reactive oxygen species while oligomers directly 

disrupted membranes (Tang et al., 2023).  

 

Alternatively, Alzheimer’s disease clinical trial data suggest this is not a direct role 

(Brothers et al., 2018).  Analysis specifically in clinical trials into -secretase 

inhibitors, found patients having an increased rate of skin cancers, in particular 

squamous and basal cell carcinomas, as well as a meta-analysis concluding -

secretase inhibitors are associated with more than a 4-fold increased risk of skin 

cancer (Coric et al., 2015; Doody et al., 2013; Penninkilampi et al., 2016).  

However, as clinical trials targeting A have not reported an increased rate of 
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cancer, it can be concluded that another function of -secretase must be the link, 

not its role in cleavage to form A peptide (Huang et al., 2020; Andrew et al., 2016).   

 

 Functional Effects on the Different Patient Derived Cells 

 

It was noted that there were differences in the proliferation and migration between 

PD301 cells and PD304 cells.  Reduction of proliferation and migration appeared 

to be more obvious when SorL1 was knocked down in PD301 cells than PD304 

cells, even significantly different from all cellular controls at certain time points in 

migration studies.  This could be due to differences within the source cells. The PD 

cells (kindly donated from Prof Tracy Warr, University of Wolverhampton) come 

from patients with different glioblastoma characteristics: specifically the O6-

methylguanine-DNA methyltransferase (MGMT) status; Section 2.2.  The role of 

MGMT is to promote DNA repair, however when the promoter is methylated, the 

gene is silenced and impairs DNA repair of the cell.  When tumour cells have 

methylation of the MGMT promoter, it impairs the cells’ DNA repair (Gerson, 2004; 

Annavarapu et al., 2021; Szylberg et al., 2022).  Therefore, it has been found 

treatment of temozolomide chemotherapy improves survival of methylated MGMT 

status tumours compared to patients with unmethylated MGMT glioblastoma 

tumours due to cells lacking the DNA repair (Binabaj et al., 2018; Mansouri et al., 

2019; Yuan et al., 2017).  MGMT status of PD301 cells was methylated, whereas 

PD304 cells had low methylation.  A suggestion as to why SorL1 knock down 

PD301 cells had a greater reduction of proliferation and migration compared to 

SorL1 knock down PD304 cells could be due to this methylation status of MGMT.  

The PD301 cells that had methylated MGMT status may have been more 

susceptible to the effects the reduction of SorL1 had upon the cell.  Therefore, 

PD301 cells that lack DNA repair due to methylated MGMT status may have been 

more susceptible to the increase in A, which has been shown to have anti-prolific 

effects (Zhao et al., 2009).    
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The data presented in this chapter suggests: 

 

i. Expression of A40 was higher in PD301 and PD304 cells transfected 

with SorL1 siRNA according to immunofluorescence data only. 

ii. Expression of A42 was higher in PD301 and PD304 cells transfected 

with SorL1 siRNA according to immunofluorescence data only. 

iii. PD301 cells with SorL1 knock down had a reduced proliferation rate and 

reduction in cell viability. 

iv. PD304 cells with SorL1 knock down had a reduced proliferation rate and 

reduction in cell viability. 

v. However, PD301 cells and PD304 cells had a reduced proliferation rate 

and reduction in cell viability when transfected with scrambled siRNA. 

vi. PD301 cells with SorL1 knock down had a reduced percentage wound 

closure and reduced rate of cell migration. 

vii. PD304 cells with SorL1 knock down had a reduced percentage wound 

closure and rate of cell migration. 

viii. However, PD304 cells had a reduced percentage wound closure and 

rate of cell migration when transfected with scrambled siRNA  
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7 Chapter 7 – General Discussion 

 

The aim of this thesis was to investigate the role of SorL1 in glioblastoma, a protein 

never previously considered in this type of cancer.  This thesis has shown SorL1 

to be more highly expressed in glioblastoma cells than NHAs, and when successful 

knock down occurred in the PD glioblastoma cells, proliferation and migration were 

reduced. As SorL1 is overexpressed in glioblastoma cells and a reduced cell 

function was seen when cells knocked down, it would suggest SorL1 could 

contribute to oncogenic properties and may make a viable therapeutic target.  

 

 SorL1 as a Therapeutic Target 

 

Silencing of SorL1 reduced proliferation and migration of PD cells, and significantly 

so in PD301 cells against all controls at certain time points.   These functional 

effects due to SorL1 knock down suggest a possible therapeutic to inhibit SorL1 in 

glioblastoma cells.  There are currently no pharmacological agents that inhibit 

SorL1 protein, however, similar therapeutic potential has been shown in breast 

cancer (Al-Akhrass et al., 2022)  suggesting SorL1 to be a viable druggable target. 

Here, SorL1 expression was successfully knocked down by approximately 50% in 

PD301 and PD304 cells, which reduced proliferation and migration but only 

modestly, possibly as the siRNA was not stably transfected. It is possible a greater 

degree of inhibition could occur through inhibiting SorL1 pharmacologically.   

 

As was seen during knock down of SorL1 in PD301 and PD304 cells, A40 and 

A42 expression increased.  This was expected due to the known relationship 

between SorL1 and A as shown in Alzheimer’s disease models, when SorL1 

expression is reduced, A secretion increases (Andersen et al., 2005; Offe et 

al.,2006; Schmidt et al., 2007).  Therefore, reducing the expression of SorL1 in 

glioblastoma and observing an increase in A40 and A42 expression may be 

mimicking Alzheimer’s pathology.  However, in initial experiments of this thesis, 

expression of A42 was significantly reduced in PD301 and PD304 cells compared 

to NHA cells; Chapter 3.  Therefore, the increase of A42 expression observed in 
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SorL1 knock down PD301 and PD304 cells compared to the non-transfected cells 

may increase to normal baseline levels seen in NHA cells.  This therefore suggests 

inhibiting SorL1 with drug therapy will not only reduce proliferation and migration 

of glioblastoma cancer cells, but also levels of A40 and A42 will not rise to that 

consistent with Alzheimer’s disease.    

 

Furthermore, inhibiting SorL1 as a therapeutic target in glioblastoma cells may 

result in quick acute accumulation of A prompting anti-tumour effects as opposed 

to the chronic build-up seen in Alzheimer’s disease pathology.  Studies have 

shown A to have a role in inhibiting glioma cancer cells with growth significantly 

inhibited when treated with cell medium containing high levels of A (Zhao et al., 

2009).  Further in vivo studies support anti-tumour effects of A as the glioma 

tumours were supressed when A was directly injected into glioblastoma cells in 

xenograft mouse models, whilst another showed slower proliferation of glioma 

tumour that was implanted in an Alzheimer’s disease transgenic mouse model 

where A was overexpressed (Paris et al., 2004, Paris et al., 2010a).  Therefore, 

therapeutically inhibiting SorL1 in glioblastoma may mechanistically within the cell 

allow build-up of A to act with anti-tumour properties.  Knock down of SorL1 

expression resulting in an increase in A anti-tumour properties may contribute to 

the mechanisms supporting Alzheimer’s disease has protective properties against 

cancer corroborating the inverse correlation seen in literature.    

 

However, if a SorL1 therapeutic does inhibit SorL1 to the extent that chronic 

accumulation of A occurs, the drug can also be removed, taking away the effects 

caused from SorL1 reduction. 

 

 SorL1 as a Therapeutic Adjunct 

 

An alternative to the strategy to inhibit SorL1 as a direct anti-cancer treatment 

comes from the report that SorL1 inhibition can change drug sensitivity to other 

treatments, opening up potential to use it as adjunct treatment. Pietilla and 

colleagues showed knock down of SorL1 opened up sensitivity to a drug called 
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ebastine in various models of breast cancer (Pietilä et al., 2019).  Low doses of 

ebastine caused cells with SorL1 knock down to undergo apoptosis.   

 

Ebastine is a histamine H1 receptor antagonist (Wiseman and Faulds, 1996).  

Typically antihistamines are used to alleviate allergic symptoms, however a subset 

of antihistamines have cationic amphiphilic drug (CAD) characteristics which have 

previously been shown to induce cell death in certain cancerous cells (Church and 

Church, 2013; Verdoodt et al., 2020).  The repurposing of these drugs are gaining 

popularity in cancer therapy (Ellegaard et al., 2016).  Properties of CADs include 

hydrophobic and hydrophilic domains (amphiphilic) and due to this property 

accumulate in acidic lysosomes, causing damage and  inducing cell death 

(Halliwell, 1997; Petersen et al., 2013).  In particular, CADs have been found to 

target cancer cells over normal cells due to tumour acidity caused by one hallmark 

of cancer which is inducing or accessing vasculature (Bogdanov et al., 2022).  An 

altered cellular vasculature in tumour cells leads to a change in perfusion of 

nutrients and oxygen and leads to an increase of acidic metabolites (McDonald et 

al., 2016).  CADs have been shown effective in reducing cell viability against many 

cancers cells, including lung, colon, pancreatic, liver, prostate, bladder and brain, 

and in particular glioblastoma cell lines (Berg et al., 2022; Ellegaard et al., 2016; 

van der Horst et al., 2020; Le Joncour et al., 2019; Kwak et al., 2021).  

 

Therefore, this all supports the results seen when breast cancer cells with SorL1 

knock down were treated with ebastine.  The cells were treated with 15M of 

ebastine, and found significant apoptosis of cells knocked down with SorL1 when 

compared to scrambled siRNA control cells, which also did not have significant 

apoptotic effects caused by ebastine when compared to no treatment (Pietilä et 

al., 2019).  In comparison, 40M of a different CAD, (HMA) caused cytotoxic 

effects, reducing cell viability to glioblastoma cells, whilst had no significant effect 

to cells dissociated from normal mouse brain tissue used as their control (Berg et 

al., 2022).  The obvious difference here is the different concentrations of CAD used 

on cancer cells, and if a larger dose was used in the Pietilä paper, an effect may 

have been seen in the control scrambled siRNA breast cancer cells.  Due to the 

cytotoxic effect being so great in glioblastoma cells, when taking the logic from 
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Pietilä results, knocking down SorL1 in glioblastoma cells as shown in this thesis, 

may only intensify the apoptotic effects of the drug to the cancer cells (Pietilä et 

al., 2019).  It has been theorised that due to SorL1 downregulation compromising 

lysosomal integrity, this increases the sensitivity of the cancerous cell to CADs to 

accumulate in lysosomes and cause apoptosis (Pietilä et al., 2019).   

 

A further study also showed that inhibiting SorL1 with a monoclonal SorL1 antibody 

and trastuzumab inhibited breast cancer tumour growth (Al-Akhrass et al., 2022).  

The monoclonal antibody targeted the low-density lipoprotein receptor (LDLR) 

class A section of SorL1 as it is known for ligand binding to HER2 (Schmidt et al., 

2017).  The study used a monoclonal antibody to inhibit the SorL1 protein as 

opposed to reducing SorL1 through siRNA as was the chosen method in this 

thesis.  Trastuzumab is a known HER2 breast cancer drug, however, the breast 

cancer cells used were known to be resistant, and therefore, treatment with the 

drug alone did not inhibit the cells (Greenblatt and Khaddour, 2023; Al-Akhrass et 

al., 2022).  Only treating the cells with SorL1 monoclonal antibody also did not 

significantly reduce the cell viability of breast cancer cells either.  SorL1 inhibition 

with monoclonal antibody was found to reduce resistance of the cancer cells to 

trastuzumab and also combination treatment inhibited tumour cell proliferation and 

tumour cell density (Al-Akhrass et al., 2022).  Therefore, in terms of glioblastoma, 

inhibiting SorL1 through monoclonal antibody or silencing SorL1 protein through 

siRNA may reduce resistance of glioblastoma cells to temozolomide, as 

development of resistance is a common limiting factor to effective treatment (Singh 

et al., 2021).   

 

 Mechanisms of SorL1  

 

All glioblastoma cell types (U87MG, PD301 and PD304) had a significantly higher 

expression of SorL1 in comparison to their ‘normal’ counterparts (SVGp12 and 

NHA); Chapter 3.  Immortalised glioma cells demonstrated expression of SorL1 in 

a grade dependent manner with the highest expression levels in U87MG cells, 

followed by 1321N1 cells and finally the SVGp12 cells.  As already discussed, the 

U87MG cell line is a grade IV glioblastoma cell line, whilst 1321N1 is a stage II 
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astrocytoma cell line and SVGp12 are foetal astrocytes used as the control.  As 

U87MG cells are glioblastoma from origin, glioblastoma is the most aggressive and 

highly malignant glioma tumour (Wirsching et al., 2016).  In comparison, although 

astrocytomas are infiltrative and have an increased cellular proliferation, it is not 

as great as the highly infiltrative and proliferative nature of glioblastomas (Pan and 

Prados, 2003).  This therefore may suggest that the difference in SorL1 expression 

may be linked to the proliferative nature of the glioma cell whether directly or 

indirectly as the more SorL1 expressed the higher the rate of proliferation of the 

cell.  This theory also fits with results that showed knocking down SorL1 from 

PD301 and PD304 cells resulted in a reduction of proliferation suggesting a direct 

or indirect cause and effect due to SorL1 expression; Chapter 6.  This is further re-

iterated as silenced SorL1 breast cancer cells reduced proliferation compared to 

scrambled control, and the same study found silencing SorL1 also induces HER2 

accumulation in dysfunctional lysosomes suggesting a mechanistic role in the 

maintenance of lysosomal function (Pietilä et al., 2019).  The same group of 

researchers further found SorL1 was necessary for HER2-HER3 driven oncogenic 

proliferation of breast cancer cells as the SorL1 bound directly to HER3 creating a 

SORL1-HER2-HER3 complex compromising cell proliferation, and further found 

reduction of SorL1 to sensitise resistant anti-HER2 breast cancer cells to the drug 

neratinib (Al-Akhrass et al., 2021).  Other research has however found opposing 

results that knock down SorL1 in pancreatic cells TC3 that were inoculated into 

the pancreas of immunocompromised mice increased tumour growth by 

approximately 2-fold compared to control tumour (Michael et al., 2019).  

Nevertheless, the majority of research carried out this far reiterate results found in 

this thesis, with another study investigating SorL1 expression in cutaneous 

melanoma through bioinformatics and found SorL1 expression levels to be 

increase in tumour samples (Wang et al., 2023).  Despite the known mechanisms 

of SorL1 in Alzheimer’s disease functioning through the shuttling of APP around 

the cell, the potential function in cancer progression and proliferation has not been 

fully established and remains unknown (Willnow and Andersen, 2013; Michael et 

al., 2019). 
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Another mechanism observed in SorL1 knock down of glioblastoma cells was a 

reduction in cell migration; Chapter 6.  It is believed that SorL1 stimulates cell 

migration through the N-terminus section of the protein, in particular the fibronectin 

domain (Ling et al., 2021; Moreno et al., 2022).  As already discussed, SorL1 is 

regarded a member of the LDLR family and previous studies have suggested the 

LDLR family of receptors are necessary regulators for the migration of neurones, 

fibroblasts and smooth muscle (Lane-Donovan et al., 2014; Weaver et al., 1997; 

Zhu et al., 2002).  The same group of researchers then investigated SorL1 

involvement in migration of smooth muscle cells (Zhu et al., 2004).  It was 

suggested that SorL1 induces upregulation of urokinase-type plasminogen 

activator receptor (uPAR) to enhance migration of smooth muscle cells (Zhu et al., 

2004).  Known mechanisms of uPAR include regulating cell adhesion, migration 

and proliferation and has further been discovered that uPAR is expressed at higher 

levels in cancerous cells compared to healthy cells (Montuori et al., 2016; Zhai et 

al., 2022).  Therefore, as mechanisms of SorL1 include upregulating uPAR this will 

therefore increase rate of migration.  Therefore, this may explain the reduction of 

rate of migration observed in SorL1 knocked down glioblastoma cells.   

 

Other roles of SorL1 may exist and contribute to other pathophysiology of 

diseases.  As seen in literature, there is an inverse comorbidity between cancer 

and neurodegenerative diseases, however the greatest risk reduction of co-

occurrence was Alzheimer’s disease at 68% (Catalá-López et al., 2014).  

Therefore, Alzheimer’s disease associated proteins (SorL1 and A) were 

investigated in glioblastoma cells.  As SorL1 is reduced in Alzheimer’s disease, as 

seen in literature, and an increase of SorL1 expression was seen in glioblastoma 

cells in this thesis and also in breast cancer cells, it may be plausible that SorL1 

could be the protective mechanism (Rogaeva et al., 2007; Pietilä et al., 2019).   

 

Furthermore, the same study of meta-analyses investigating the inverse 

comorbidity between neurodegenerative diseases also found a risk reduction rate 

of 47% between cancer and Huntington’s disease and 17% reduction risk between 

cancer and Parkinson’s disease (Catalá-López et al., 2014).  Due to the well 

established association between SorL1 and Alzheimer’s disease, studies have 
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investigated SorL1 in both Huntington’s disease and Parkinson’s disease (Rohe et 

al., 2009; Xiromerisiou et al., 2021; Maple-Grødem et al., 2018).  A study found an 

impaired SorL1 expression in transgenic mouse models with loss of brain-derived 

neurotrophic factor (BDNF), mimicked Huntington’s disease (Rohe et al., 2009).  

BDNF is a neurotrophic factor that is responsible for survival of neurones in the 

CNS which is found to be decreased in neurodegenerative diseases, such as 

Huntington’s disease (Huang and Reichardt, 2001; Zuccato et al., 2008).  Further 

identification of a SorL1 A528T variant, originally associated with Alzheimer’s 

disease, has been found to be a risk factor for Parkinson’s disease, and a further 

mutation in SorL1 was found in sporadic Parkinson’s disease when conducting 

whole exome sequencing on a Greek family (Maple-Grødem et al., 2018; 

Xiromerisiou et al., 2021).  Therefore, other roles of SorL1 may exist and contribute 

to the pathophysiology of both neurodegenerative disorders and cancer as SorL1 

appears to be a common biological link whereby the protein is expressed in 

opposite directions and supporting the inverse comorbidity seen in epidemiological 

studies.   

 

 Using SorL1 as a Diagnostic Tool 

 

Due to extracellular proteolytic shedding of SorL1 into sSorL1, it has been 

considered to treat sSorL1 as a diagnostic biomarker.  Although investigating 

secretion of sSorL1 in this thesis resulted in ambiguous results, further 

investigation is warranted.  It was shown that medium taken from glioblastoma cells 

had a significantly reduced sSorL1 expression in comparison to medium from 

NHAs, therefore suggesting a reduction of sSorL1 as a diagnostic tool could be 

indicative of glioblastoma.  However, serum from mice implanted with glioblastoma 

cells did not support the results seen in the cell medium and no significant 

difference in sSorL1 levels were observed between serum taken from mice 

implanted with U87MG cells and those injected with vehicle.  However, there are 

various reasons that could explain the difference.  The serum samples historic and 

therefore protein degradation may have occurred, therefore reducing protein 

quality.  Furthermore, the serum samples were contaminated with blood due to the 

small quantities taken from the bleeds of the mice and therefore separation of 
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serum from whole blood was difficult.  The erythrocyte contamination of serum 

interfered with the absorbance in protein assay quantification and therefore 

affected loading volumes, however, this was corrected against the loading control 

transferrin.  However, as it is understood that SorL1 expression is highest within 

the CNS, a greater difference in sSorL1 levels may be seen in CSF due to one of 

its roles being removing waste in the CNS and will be in the vicinity of glioma brain 

tumours (Motoi et al., 1999; Guthrie, 2012).  CSF has been previously investigated 

as preferential over serum for investigating levels of sSorL1 secretion in other 

diseases of the brain, to diagnose Alzheimer’s disease (Andersen et al., 2016).  

Furthermore, biomarkers for Alzheimer’s disease have been investigated in CSF 

at the stages of mild cognitive impairment to diagnosis of Alzheimer’s disease 

dementia (Lewczuk et al., 2018).  A decrease in A42 concentration in CSF is one 

such biomarker for diagnosis in Alzheimer’s disease as well as the concentration 

ratio between A40 and A42 (Hampel et al., 2021).  CSF biomarkers for 

Alzheimer’s disease have been found to have a greater diagnostic accuracy than 

biomarkers in blood, plasma or serum (Hampel et al., 2008).  A is the most studied 

biomarker in serum, however different studies found contradicting results (Hampel 

et al., 2008).  Some studies found high A42 plasma levels in Alzheimer’s disease 

patients and no difference between A40 levels in control cases, whilst others 

found high A40 and low A42 protein levels in plasma as a risk for Alzheimer’s 

disease dementia (Irizarry, 2004; Mayeux et al., 2003; Graff-Radford et al., 2007; 

Pomara et al., 2005; van Oijen et al., 2006).  Biomarkers in plasma are not reliable 

for diagnosing Alzheimer’s disease, and CSF biomarkers are considered much 

more accurate.  Therefore, investigating levels of sSorL1 in CSF, rather than 

plasma as was done in this thesis may prove to have more definitive answers.   

 

Previous studies have shown an increase in sSorL1 in the bodily fluids surrounding 

the cancerous cells or tumour.  An increase of sSorL1 was observed to be in 

patient’s bile samples with cancers of the pancreas and bile duct, and especially 

elevated during the peak of proliferation of the cancers (Terai et al., 2016).  Further 

studies investigating cancers of the blood, acute leukaemia and Non-Hodgkin’s 

lymphoma found an increase of sSorL1 secretion in presence of cancer compared 

to controls, but also showed a decrease in sSorL1 secretion when acute myeloid 
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leukaemia and acute lymphoblastic leukaemia cancer patients went into remission 

and so found that sSorL1 was produced directly from leukemic cells (Sakai et al., 

2012; Fujimura et al., 2014).  There are remaining questions surrounding the 

mechanism that causes an increase in circulating sSorL1 in leukemic cells, 

however, one theory is due to the dysregulation of TACE/ADAM17 shown in 

cancerous cells, the proteinase known to cleave SorL1 (Wong et al., 2016; Black, 

2002).   

 

 Future Work 

 

The initial results chapter showed an increase in expression of SorL1 in 

glioblastoma cells (U87MG, PD301 and PD304) compared to ‘normal’ controls 

(SVGp12 and NHA), with expression of stage II astrocytoma cells (1321N1) 

somewhere in the middle.  Biopsies of glioma brain tumours where patients have 

had their tumours resected would be useful to determine expression of SorL1 in 

human glioma tissue and compare to the margins around the tumour including 

normal brain tissue.   

 

To fully assess utility of SorL1 as diagnostic biomarker, the obvious next step 

would be to determine sSorL1 levels in serum from patients with glioblastoma 

compared to matched controls. As serum sSorL1 has been considered a biomarker 

for Alzheimer’s disease previously with limited success, it may be beneficial to 

consider other biological sources, namely CSF. The relationship between sSorL1 

levels in CSF and serum have not been fully characterised, a greater 

understanding of which would potentially aid both Alzheimer’s field and cancer.    

 

As SorL1 knock down of PD301 and PD304 reduced proliferation and migration of 

the cells, using a drug to pharmacologically inhibit the SorL1 protein would be 

advantageous. Various drug repurposing and repositing databases exist and a 

cursory look suggests there are no notable drug candidates as SorL1 ligands. 

Consequently, in silico modelling would therefore be the next step.  Furthermore, 

it would be interesting to know whether adding an antihistamine that has CAD 
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characteristics to the SorL1 knock down PD301 and PD304 cells would increase 

sensitivity to apoptosis as has been shown in SorL1 silenced breast cancer cells.   

 

Overall, there are multiple experiments that can be conducted based on the 

findings of this thesis to help determine further pathophysiological roles of SorL1 

in cancer and more specifically glioblastoma.  This is the first time SorL1 has been 

investigated in glioma tumours and results from this thesis and other literature 

suggest SorL1 may be considered a therapeutic target for cancer in the future.   
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8 Appendices 

 

 Appendix 1 – Full Blots from Westerns 

 

Following western blotting, images were taken of the full blots, before snips were 

taken for Figures throughout the thesis (e.g. Figure 3.12).   

 

Full western blots show specific binding to SorL1 in immortalised cell lines (Figure 

A1.1) with double bands present and primary cell lines (Figure A1.2) from Chapter 

3.  The second thinner band underneath is likely an immature form of SorL1 that 

undergoes post-translational modifications to become the mature form seen as the 

thicker band above (Monti et al., 2021; Rovelet-Lecrux et al., 2021).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.1 – SorL1 expression in U87MG, 1321N1 and SVGp12 lysates.  

Full western blot of SorL1 at 250kDa in U87MG, 1321N1 and SVGp12 lysates (left 

to right). 10g of protein was loaded. 
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Figure A1.2 – SorL1 expression in PD301, PD304 and NHA lysates.  

Full western blot of SorL1 at 250kDa in PD301, PD304 and NHA lysates (left to 

right). 10g of protein was loaded. 

 

Full western blots show specific binding to sSorL1 in medium from primary cell 

lines (Figure A1.3) from Chapter 4.  Mouse serum western blots contained more 

background and grainy images (Figures A1.4 and Figure A1.5) from Chapter 4.  
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Figure A1.3 – Soluble SorL1 expression in PD301, PD304 and NHA cell 

medium.  

Full western blot of sSorL1 at 240kDa in PD301, PD304 and NHA cell medium (left 

to right). Expression is not visible in lanes containing PD301 and PD304 medium.  

10g of protein was loaded. 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.4 – Soluble SorL1 expression in mouse serum taken weekly from 

mice implanted with glioblastoma and sham mice.  

Full western blot of sSorL1 at 240kDa from pre-bleed, week 1 bleed, week 2 bleed 

and week 3 bleed from a mouse implanted with U87MG cells, and pre-bleed, week 

1 bleed, week 2 bleed and week 3 bleed from a mouse following sham surgery (left 

to right). 7.5g of protein was loaded. 
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Figure A1.5 – Soluble SorL1 expression in mouse serum taken from terminal 

bleeds mice implanted with glioblastoma and sham mice.  

Full western blot of sSorL1 at 240kDa from terminal bleeds from 4 mice implanted 

with U87MG cells, and 4 mice following sham surgery (left to right). 7.5g of protein 

was loaded. 

 

Full western blots show specific binding to SorL1 in PD301 cell conditions (Figure 

A1.6) and PD304 cell conditions (Figure A1.7) from Chapter 5.  The second thinner 

band seen in the western blot underneath is likely an immature form of SorL1 that 

undergoes post-translational modifications to become the mature form seen as the 

thicker band above (Monti et al., 2021; Rovelet-Lecrux et al., 2021).  
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Figure A1.6 – SorL1 expression in PD301 cell conditions.  

Full western blot of SorL1 at 250kDa in non-transfected PD301 cells, 

Lipofectamine only PD301 cells, PD301 cells transfected with SorL1 siRNA and 

PD301 cells transfected with scrambled (left to right). 10g of protein was loaded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A1.7 – SorL1 expression in PD304 cell conditions.  

Full western blot of SorL1 at 250kDa in non-transfected PD304 cells, 

Lipofectamine only PD304 cells, PD304 cells transfected with SorL1 siRNA and 

PD304 cells transfected with scrambled (left to right). 10g of protein was loaded. 
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 Appendix 2 – Optimisation of Transfection 

 

Initial optimisation of transiently transfecting PD301 and PD304 cells with SorL1 

siRNA to knock down SorL1 protein using Lipofectamine 3000TM.  All siRNA 

required 1.5µl of Lipofectamine for optimal transection efficacy.  SorL1 siRNA D 

had the best transfection efficiency, followed by siRNA B, siRNA C and siRNA A.  

Optimal scrambled siRNA conditions showed a third of PD301 cells were 

successfully transfected (Table A2.1).   

 

Table A2.1 – Optimisation of ratio for transfection reagents for PD301 cells. 

Optimised conditions of different siRNA with percentage of transfection efficacy for 

transient transfection of PD301 cells. 

 

siRNA siRNA (µg) P3000 (µl) 
Lipofectamine 

(µl) 

Transfection 

Efficacy (%) 

SorL1 siRNA 

A 
1µg 2µl 1.5µl 23.08% 

SorL1 siRNA 

B 
0.5µg 1µl 1.5µl 43.75% 

SorL1 siRNA 

C 
0.5µg 1µl 1.5µl 40.51% 

SorL1 siRNA 

D 
1µg 2µl 1.5µl 53.13% 

Scrambled 

siRNA 
1µg 2µl 1.5µl 33.33% 

 

Similar to PD301 cells, 1.5µl of Lipofectamine led to the highest transfection 

efficacy for all siRNA in transfected PD304 cells.  All SorL1 siRNA had over 50% 

transfection efficacy, showing PD304 cells are more successfully transiently 

transfected than PD301 cells.  However, optimal scrambled siRNA conditions only 

managed to transfect approximately half of what the SorL1 siRNA could transfect, 

nevertheless, is a very similar transfection efficacy to PD301 cells (Table A2.2).   
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Table A2.2 – Optimisation of ratio for transfection reagents for PD304 cells. 

Optimised conditions of different siRNA with percentage of transfection efficacy for 

transient transfection of PD304 cells. 

 

siRNA siRNA (µg) P3000 (µl) 
Lipofectamine 

(µl) 

Transfection 

Efficacy (%) 

SorL1 siRNA 

A 
1µg 2µl 1.5µl 54.54% 

SorL1 siRNA 

B 
1µg 2µl 1.5µl 62.5% 

SorL1 siRNA 

C 
0.5µg 1µl 1.5µl 66.67% 

SorL1 siRNA 

D 
1µg 2µl 1.5µl 66.67% 

Scrambled 

siRNA 
1µg 2µl 1.5µl 31.33% 

 

 

 Appendix 3 – Characterisation of Antibody for Aβ40 and 

Aβ42 

 

The antibodies initially used in earlier studies became unavailable during the 

course of this project. Consequently, a new antibody against Aβ40 and Aβ42 had 

to be validated and was achieved in both PD301 and PD304 cells by omission of 

primary antibody. When primary antibody against either Aβ40 or Aβ42 was 

omitted, no fluorescence was seen in either PD301 or PD304 cells.   
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Punctate fluorescence corresponding to Aβ40 was seen in both PD301 (Figure 

A3.1) and PD304 (Figure A3.2) cells, however had visibly lower levels in PD301 

cells. The labelling was predominantly confined to the cytoplasm with limited 

fluorescence seen in the nucleus, comparable to that seen previously (Chapter 3).  

 

 

Figure A3.1 – Aβ40 expression in PD301 cells.  

Fluorescence following incubation with (right) or without (left) antibody against 

Aβ40 (middle panel). Nuclei labelled with DAPI (top).  Magnification = x20.  Scale 

bar = 100µm. 
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Figure A3.2 – Aβ40 expression in PD304 cells.  

Fluorescence following incubation with (right) or without (left) antibody against 

Aβ40 (middle panel). Nuclei labelled with DAPI (top).  Magnification = x20.  Scale 

bar = 100µm. 

 

Moderate fluorescence labelling of Aβ42 was seen evenly distributed throughout 

the cytoplasm of both PD301 and PD304 cells. The nucei was more heavily 

labelled than the cytoplasm (Figure A3.3 and Figure A3.4). 
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Figure A3.3 - Aβ42 expression in PD301 cells.  

Fluorescence following incubation with (right) or without (left) antibody against 

Aβ42 (middle panel). Nuclei labelled with DAPI (top).  Magnification = x20.  Scale 

bar = 100µm 
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Figure A3.4 - Aβ42 expression in PD304 cells.  

Fluorescence following incubation with (right) or without (left) antibody against 

Aβ40 (middle panel). Nuclei labelled with DAPI (top).  Magnification = x20.  Scale 

bar = 100µm 

 

 

 Appendix 4 – Standard Curves for ELISA 

 

During ELISA experiments, standard curves were produced for both A40 and 

A42 kits.  Known concentrations were plotted against their corrected absorbances 

to calculate the unknown concentrations of A40 and A42 within cell lysates using 

the graph’s y=mx+c equation line. 



 221 

Within the A40 ELISA, lysates produced from PD301 and PD304 cells transfected 

with SorL1 siRNA or scrambled siRNA, treated with Lipofectamine only and those 

that were non-transfected were pushing the limit of detection towards the extreme 

lower end of the standard curve.  All lysates had a concentration between 30 and 

40 pg/ml of A40 (Figure A4.1).   

 

 

Figure A4.1 – Standard curve for A40 ELISA.  

The corrected absorbance levels of known A40 concentrations: 0, 7.81, 15.63, 

31.25, 62.5, 125, 250 and 500 pg/ml.  Graph also provides the y=mx+c and the 

R2 value. 

 

Within the A42 ELISA, lysates produced from PD301 and PD304 cells transfected 

with SorL1 siRNA or scrambled siRNA, treated with ipofectamine only and those 

that were non-transfected were pushing the limit of detection towards the extreme 

lower end of the standard curve.  There was a large spread of data as all lysates 

had a concentration between 20 and 50 pg/ml of A42 (Figure A4.2).   
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Figure A4.2 – Standard curve for A42 ELISA.  

The corrected absorbance levels of known A42 concentrations: 0, 1.56, 3.13, 

6.25, 12.5, 25, 50 and 100 pg/ml.  Graph also provides the y=mx+c and the R2 

value. 
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