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Abstract

‘Dementia and Alzheimer’s disease’ is the leading cause of death in the UK, so new
therapeutic options are of critical importance. One possible therapeutic avenue could be to
protect neurons from damage through the use of neuroprotective molecules. The initial
cleavage of the amyloid precursor protein (APP) by either a- or B-secretase produces the
soluble amyloid precursor protein alpha (sAPPa) or beta (sAPPB) fragments, respectively.
sAPPa binds to neuronal cells in a receptor-dependent manner and is 100-times more
neuroprotective than sAPPpB, despite differing by just 16 amino acids at their C-termini. The
receptor(s) to which sAPPa binds to facilitate neuroprotection are unknown. Therefore, the
identification of new binding partners for sSAPPa could have therapeutic relevance. This thesis
used two unbiased receptor identification methods to identify sAPPa binding partners in

neuronal cells.

HEK cell lines stably overexpressing His-tagged sAPPa and sAPPB were generated. Both
recombinant proteins were purified and their identities were confirmed through
immunoblotting and GeLC-MS/MS. sAPPa and sAPPB were shown to bind to induced
pluripotent stem cell (iPSC)-derived neurons and SH-SY5Y cells. sAPPa increased the
expression of synaptophysin in iPSC-derived neurons. Pre-treatment of SH-SY5Y cells with
sAPPa significantly reduced the production of reactive oxygen species following toxic insult
in a time-dependent manner. Calsyntenin-1 and calsyntenin-3, type-l transmembrane
proteins expressed on the post-synaptic membrane of neurons, were identified in both
unbiased receptor identification methods as novel binding partners for sAPPa. Knockdown of
calsyntenin-1 did not affect the binding of sAPPa to SH-SY5Y cells; however, knockdown of

calsyntenin-3 significantly reduced the binding of sAPPa to SH-SY5Y cells.

Overall, the work described in this thesis demonstrated the beneficial effects of sAPPa to
reduce oxidative stress in neuronal cells in vitro and identified calsyntenin-3 as a novel binding
partner which was required for the binding of sAPPa to neuronal cells. The identification of
calsyntenin-1 and calsyntenin-3 as neuronal binding partners for sAPPa may provide new

therapeutic targets for neurodegenerative diseases such as Alzheimer’s disease.
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1. Introduction

1.1. An introduction to dementia

Dementia is an umbrella term for a neurological condition which is characterised by
progressive memory loss and reduced cognitive ability (Gauthier et al. 2021). Dementia often
also presents with psychiatric conditions such as depression and delusion (Gauthier et al.
2021). There are many overlapping causes of dementia, each with different symptoms
(Hyman et al. 2012). Although over 50 million people have been diagnosed with dementia
globally, an estimated 75% of cases remain undiagnosed (Gauthier et al. 2021). The global
prevalence of dementia is expected to triple by 2050, making it one of the greatest health
challenges of our time (Gauthier et al. 2021). In the UK in 2013, approximately 1 in 14 of over
65s had dementia (Prince et al. 2014) and in September 2022, ‘Dementia and Alzheimer’s
disease’ had been the leading cause of death in the UK for 15 consecutive months (ONS 2022).
Dementia places a huge burden, both economically and emotionally, on a patient’s family,
friends as well as national health services. In the United States in 2015, it was estimated that
the presence of dementia added $180,000 onto caring costs for a single patient across their
lifetime (Jutkowitz et al. 2017). In addition, an estimated 86% of this extra cost was covered
by unpaid carers (Jutkowitz et al. 2017). In England in 2015, dementia cost an estimated £24.2
billion annually, with 42% being covered by unpaid carers (Wittenberg et al. 2019). Social care
costs from dementia were estimated to be three times greater than healthcare costs
(Wittenberg et al. 2019). The costs associated with dementia increase significantly with
disease severity, indicating that treatments to slow the onset or progression of dementia
would significantly reduce care costs as well as being incredibly beneficial for the patient and

their family (Wittenberg et al. 2019).

Age is the largest single risk factor for dementia and a major cause of the increase in global
dementia prevalence is the globally ageing population (Gauthier et al. 2021). The strong link
between age and dementia suggests that an accumulation of cellular damage over time,
through mechanisms such as oxidative damage, likely plays a large role in neurodegeneration
and dementia (Huang et al. 2016). The estimated survival time from dementia diagnosis
depends on several factors. The overall estimated median survival time for patients over 65
who were diagnosed with dementia was 4.5 years, though this varied largely with factors like

age of onset and co-morbidities (Xie et al. 2008). The median survival from patients diagnosed
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between 65-69 was 10.5 years, down to just 3.8 years for patients diagnosed over 90 years

(Xie et al. 2008).

A common misconception is that dementia is a natural part of ageing. In reality, dementia is
caused by underlying neurodegenerative diseases, such as Alzheimer’s disease (AD),
dementia with Lewy bodies, vascular dementia, Parkinson’s disease or a combination of
several such diseases (WHO 2017). Multiple pathologies can overlap within the brain of a
single dementia patient, complicating diagnosis and treatment (Arvanitakis et al. 2019). A
definitive diagnosis of the underlying cause of dementia is often only possible post-mortem,
leading to a high level of mis-diagnosis which could impact the efficacy of different treatments
(Selvackadunco et al. 2019). In fact, Selvackadunco et al. (2019) found that 36% of dementia
cases had a different post-mortem neuropathological diagnosis to their original clinical
diagnosis (Selvackadunco et al. 2019). Therefore, not only new treatments but also new

diagnostic tools are required to increase the efficacy of dementia therapies.

Dementia is preceded by an initial state of mental deterioration called mild cognitive
impairment (MCI) (Roberts and Knopman 2013). However, not all MCI patients progress to
dementia, and it is possible for MCI patients to return to normal cognitive ability. In one study,
16% of MCI patients returned to normal cognition within one year of initial MCl diagnosis,
whilst 20% progressed to dementia (Roberts and Knopman 2013). The remaining patients had
sTable MCI during that one-year period (Roberts and Knopman 2013). The diagnostic term
‘MCI’ covers a broad spectrum of cognitive impairments, which could help to explain the
variable progression rates to dementia (Roberts and Knopman 2013). However, patients that
had previously recovered from MCI were significantly more likely to develop dementia in

future (Roberts et al. 2014).

1.2. Alzheimer’s disease

Alzheimer’s disease is the most common cause of dementia, causing an estimated 60-70% of
all cases (WHO 2017). In 2014, over 500,000 people were living with AD in the UK (Bature et
al. 2017). Over 95% of AD cases occur over the age of 65 and these cases are termed ‘sporadic’
or ‘late-onset’ AD (Bature et al. 2017). Cases of AD which develop under the age of 65 are
termed ‘familial’ or ‘early-onset’ and are likely to have an inherited genetic cause (Bature et
al. 2017). Due to a lack of definitive laboratory tests or biomarkers to aid in clinical diagnosis,

doctors often use mental tests to measure cognitive ability (Gauthier et al. 2021). Different

16



versions of the mini-mental state examination (MMSE) represent some of the most common
diagnostic tools used (Folstein et al. 1975). The MMSE measures several areas of cognition
through a variety of questions and tests to confirm cognitive impairment and to determine
likely causes (Baek et al. 2016). The gold-standard for the definitive diagnosis of AD is through
the post-mortem histological analysis of patient brain tissue to identify the neuropathological
hallmarks of the disease (Figure 1.1), but intense research is ongoing in order to identify novel
biomarkers and diagnostic methods in living patients (Karantzoulis and Galvin 2011;
Selvackadunco et al. 2019). A number of blood-based biomarkers are currently in
development to aid in early AD diagnosis, but none are regularly used clinically at this time

(Teunissen et al. 2022).

1.2.1. The neuropathology of Alzheimer’s disease

AD has two distinct pathological hallmarks which were first characterised by Dr. Alois
Alzheimer and Oskar Fischer in 1907 (Figure 1.1) (Alzheimer 1907; Fischer 1907). During port-
mortem analysis of a patient with progressively degenerating dementia, Dr. Alzheimer
identified extracellular amyloid plaques and intracellular tangles in the patient’s brain tissue
(Alzheimer 1907; Stelzmann et al. 1995). Oskar Fischer also found similar extracellular
‘neuritic plaques’ in the brains of 12 patients out of 16 who died with senile dementia (Fischer
1907). In 1984, the protein responsible for forming the extracellular amyloid plaques was
identified as amyloid-B (AB) (Glenner and Wong 1984). Two years later, the microtubule-
associated protein tau was found to be the key component of the intracellular neurofibrillary

tangles (Grundke-Igbal et al. 1986).
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Alzhelmer

Figure 1.1. The neuropathological hallmarks of AD.

A healthy neuronal environment (left), contrasted with the neuropathology of Alzheimer’s
disease consisting of extracellular amyloid plagues and intracellular neurofibrillary tangles
(right).

Figure reproduced without changes from Silbert 2007, with permission. Does statin use
decrease the amount of Alzheimer disease pathology in the brain? Lisa C. Silbert
Neurology Aug 2007, 69 (9) E8-E11; DOI: 10.1212/01.wnl.0000280585.95661.1b. Available
at: https://n.neurology.org/content/69/9/ES.

1.2.1. Hyperphosphorylated tau

Intracellular neurofibrillary tangles, present within neuronal cells in AD brains, are primarily
composed of straight and paired helical filaments of hyperphosphorylated tau protein (Igbal
et al. 2010). The gene for tau is located on chromosome 17 and six human isoforms are
produced through alternative splicing (Igbal et al. 2010). The normal physiological function of
tau is to promote and stabilise the assembly of tubulin into microtubules (Igbal et al. 2010)
and its activity is regulated by its phosphorylation state (Lindwall and Cole 1984). The

phosphorylation of tau at different sites along the protein induces different effects on tau
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activity; generally, an increase in phosphorylation reduces the microtubule-binding activity of
tau and promotes self-aggregation (Gong and Igbal 2008; Igbal et al. 2010; Lindwall and Cole
1984). Consistent with this, the tau isolated from the aggregated neurofibrillary tangles of AD
brains is up to four times more phosphorylated than from non-demented control brains (Gong
and Igbal 2008). As tau knockout mice are viable and have subtle deficits, such as muscle
weakness and hyperactivity, the contribution of tau to AD is more likely to be a toxic gain-of-
function resulting from its aggregation into tangles rather than a loss-of-function with regards
to tau’s role in microtubule regulation (lkegami et al. 2000). Though certain types of dementia
are caused by mutations in the tau gene, such as frontotemporal dementia with parkinsonism
linked to chromosome 17 (Hutton et al. 1998), no mutations in tau have been shown to cause
familial AD (Busche and Hyman 2020). Therefore, tau is not generally believed to be the
primary cause of AD, though this is under constant debate (Busche and Hyman 2020). In
contrast, there are strong genetic links between AB and AD, suggesting that AB is the initiator

of the disease (Busche and Hyman 2020).

1.2.2. The normal physiological function of amyloid-

AB is a 4.5 kDa protein derived from the amyloid precursor protein (APP), a larger protein of
around 80 kDa (depending on the isoform) (Goldgaber et al. 1987; Kang et al. 1987; Robakis
et al. 1987; Tanzi et al. 1987). AB exists in several isoforms of different lengths, but the most
clinically relevant are ABso and ABa; which consist of 40 and 42 amino acids, respectively
(Jarrett et al. 1993). ABs was shown to be required for neuronal viability and at low
concentrations of around 0.1 nM A had a neurotrophic effect on hippocampal neurons (Plant
et al. 2003; Yankner et al. 1990). However, higher AB concentrations of over 100 nM were
neurotoxic to hippocampal neurons (Yankner et al. 1990). Both the neurotrophic and
neurotoxic effects were mapped to amino acids 25-35 of the AB protein (Yankner et al. 1990).
These data suggested that AB has vital functions in normal physiology, but its accumulation
over time or overproduction may lead to AD. The normal physiological function of AB is still
emerging, though recent studies have shown it may function as an antimicrobial peptide
(AMP) (Eimer et al. 2018; Kumar et al. 2016; Soscia et al. 2010). AP peptides undergo
oligomerisation and fibrilisation which, although seen as detrimental in AD, was critical for
the anti-microbial activity of AP against bacterial infections (Kumar et al. 2016). Synthetic ABa4o

and ABs; both had equivalent or greater antimicrobial activity against 7 of 12 tested
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pathogens than LL-37, a known AMP (Soscia et al. 2010). In addition, AD human temporal lobe
brain homogenates containing AB inhibited the growth of Candida albicans significantly more
than control human temporal lobe brain tissue (Soscia et al. 2010). This effect was not seen
with cerebellum brain tissue from the same AD patients, which typically has a lower AB load
than the temporal lobe in AD (Soscia et al. 2010). Strikingly, immunodepletion of AB from the
temporal lobe tissue samples removed the antimicrobial effect of the homogenates against
C. albicans (Soscia et al. 2010). Synthetic A4z had greater antimicrobial activity than synthetic
ABao against six of seven microorganisms, likely reflecting its increased aggregative ability
(Soscia et al. 2010). Neither scrambled nor reverse ABa4; exhibited any anti-microbial activity
(Soscia et al. 2010). Thus, there is strong and growing evidence that A may have important
anti-microbial functions in the human brain (Soscia et al. 2010; Tharp and Sarkar 2013).
Homologues of AB, the amyloid precursor protein it derives from and the B-secretase enzyme
which produces it are conserved across vertebrates, suggesting functional importance (Tharp
and Sarkar 2013). Intriguingly, several known amyloidoses are also caused by the deposition
of amyloidogenic anti-microbial peptides, such as the aggregation of lactoferrin in corneal
amyloidosis (Ando et al. 2002). Thus, it has been suggested that AD may actually be another
AMP-derived amyloidosis (Kumar et al. 2016).

1.2.3. AB in Alzheimer’s disease

Genetic evidence (explored further in Section 1.4) pointed to AR, rather than tau, as the
primary cause of AD and led to the prominent amyloid cascade hypothesis (Hardy and Higgins
1992). The amyloid cascade hypothesis suggested that AP initiates a cascade of damaging
processes which lead to neurodegeneration in AD (Hardy and Higgins 1992). In vitro studies
have confirmed the neurotoxic effects of AR (Selkoe and Hardy 2016). Familial AD was also
linked to mutations affecting the production of AB (Section 1.4), whereas no familial AD cases
have been identified as being caused by mutations in tau (Murphy and LeVine 2010).
Therefore, the majority of clinical trials have targeted AR in order to treat AD (Cummings et

al. 2014).

The most prevalent and pathologically relevant forms of AB, ABao and ABay, vary at their C-
termini, with AB4o being more prevalent but AB4, being more neurotoxic, aggregation prone
and pathologically relevant (lwatsubo et al. 1994; Jarrett et al. 1993). ABs2 may nucleate the

formation of new oligomers which the more abundant, but less amyloidogenic, ABso can
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aggregate onto, leading first to protofibrils and then to mature senile plagues (lwatsubo et al.
1994). As such, an increase in the ratio of AR relative to ABao is detrimental, demonstrated
by genetic evidence showing that mutations which increase ABa4; production are responsible
for familial AD, such as the ‘London’ mutation (V642I, APPess numbering) (Section 1.4) (Bekris
et al. 2010; Goate et al. 1991).

AB can aggregate into structures of many different sizes and solubilities, but the most toxic
form of human AR is suggested to be the small, soluble, oligomeric form of the protein (Goure
et al. 2014). AB oligomers exist as an intermediate structural form of the protein between the
production of the monomer and its aggregation into the larger insoluble fibrils found in senile
plagues (Goure et al. 2014). The exact definition of ‘oligomeric’ AB is variable between
studies, but one review defined them as conformationally different from fibrils and consisting
of at least a trimer of AB molecules (Sengupta et al. 2016). Oligomeric AB can damage
neuronal cells in several ways. For example, oligomeric AB activated c-Jun N-terminal kinase
(JNK), a kinase which phosphorylates tau, resulting in increased tau phosphorylation in human
cells and in mice (Ferrari et al. 2003; Go6tz et al. 2001; Ma et al. 2009). Furthermore, AB
stimulated the degradation of insulin receptor substrate-1, reducing insulin signalling and
glucose metabolism in the brain, which are both characteristic of AD (Ma et al. 2009). AB
oligomers (ABOs) also inhibited the proteasome in vitro and in vivo, potentially exacerbating
the aggregation of amyloid plaques and tau neurofibrillary tangles due to impaired protein
degradation (Tseng et al. 2008). Soluble ABOs may also facilitate the spread of amyloid
throughout the brain (Sengupta et al. 2016). As certain ABO-mediated effects appear to be
reversible upon oligomer removal, the aggregation of the oligomeric forms of AB into larger
insoluble senile plaques could be a cellular defence mechanism to precipitate the most toxic,
soluble oligomeric form of AB (Tanokashira et al. 2017). Interestingly, only humans, monkeys
and apes appear to produce amyloidogenic AB or develop AD and, though mouse models are
commonly used to study AD, wild-type mouse AB and tau proteins do not appear to readily
aggregate to form plaques or neurofibrillary tangles in the same way, due to differences in
their protein sequences (Drummond and Wisniewski 2017; Nitsche et al. 2021). Therefore,
AD mouse models were generated to express human forms of the proteins (Drummond and

Wisniewski 2017).
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1.3. The amyloid precursor protein

AB is produced from a larger precursor protein called the amyloid precursor protein, or APP.
APP is a type-l membrane protein that is expressed in a wide range of tissues, but it has gained
particular attention for its role in neuronal cells as the precursor of AB (Selkoe et al. 1988).
APP belongs to a family of homologous proteins in humans: APP, APP-like protein 1 (APLP1)
and APP-like protein 2 (APLP2) (Tan and Gleeson 2019a). However, A is only produced from
the APP protein itself (Tan and Gleeson 2019a). The APP gene family is conserved across
species, with Drosophila and C. elegans expressing the APP-related genes APPL and APL-1
respectively (Daigle and Li 1993; Luo et al. 1990; Rosen et al. 1989).

The three major isoforms of APP are produced through the alternative splicing of exon 7,
which codes for a Kunitz-protease inhibitor (KPI) domain, and exon 8, which includes an OX-
2 homology sequence (Cappai 2014). The three isoforms are APPgsgs, which lacks both exons
7 and 8, APP7s1, which lacks exon 8, and APP770, which expresses all exons (Cappai 2014).
APPggs is the dominant neuronal isoform, whereas APP;s1 and APP770 are expressed to a
greater degree in most other tissues (Kang and Miiller-Hill 1990). APP has two rigidly folded
extracellular domains, denoted E1 and E2, which are joined together by a flexible acidic
domain (Figure 1.2) (Coburger et al. 2013). A flexible juxtamembrane region joins the E2
domain to the single-pass transmembrane helix followed by the APP intracellular domain

(AICD) (Figure 1.2) (Coburger et al. 2013).

Knockout of APP alone did not cause a significant reduction in mouse viability or fertility, likely
due to functional compensation by similar proteins such as APLP1 and APLP2; however, APP-
/- mice weighed around 20% less than wild-type mice (Zheng et al. 1995). APP knockout also
impaired spatial learning (Mller et al. 1994), impaired long-term potentiation (Dawson et al.
1999), reduced hippocampal synaptic markers such as synaptophysin and MAP2 (Dawson et
al. 1999; Seabrook et al. 1999), significantly elevated cerebral cortex copper levels (White et

al. 1999) and increased hippocampal gliosis (Seabrook et al. 1999).
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Figure 1.2. The structure of the APPsos protein.

A linear and 3D representation of the amyloid precursor protein.

E1 = E1 domain of APP; GFLD = growth factor like domain; CuBD = copper binding domain;
ED = extension domain; E2 = E2 domain of APP.

Figure adapted from PLOS ONE Coburger et al. 2013 with permissions under the CC BY 3.0

license, copyright 2013 (available at: https://creativecommons.org/licenses/by/3.0/).

Following its production, APP is transported to the plasma membrane where around 30% is
cleaved by enzymes such as a-secretase within 10-20 minutes (Koo et al. 1996). Over half of
cell surface APP may be endocytosed within 10 minutes and sorted into early endosomes (Koo
et al. 1996), though other studies have suggested that 50% APP turnover from the cell surface
requires around 60 minutes (Ring et al. 2007). Following endocytosis, a small amount of APP
is recycled back to the plasma membrane from intracellular vesicles, but the majority of the
remaining APP molecules are degraded inside lysosomes within 30 minutes (Kinoshita et al.

2003). APP has a cellular half-life of 30 minutes to one hour but one study suggested the
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existence of separate, more sTable pools of APP which are regulated differently and can

remain at the cell surface for longer periods (Storey et al. 1999).

Post-translational modifications can affect protein stability, folding and activity (Ramazi and
Zahiri 2021). APP undergoes several post-translational modifications such as phosphorylation
(at sites such as Serigg and Serzo6) and O-glycosylation (at sites such as Thrag1 and Thrag, and
Thrsye), as well as N-glycosylation and sulphation (Perdivara et al. 2009). In particular, the O-
glycosylation of Tyreos, a site at the C-terminus of sAPPa and which is not present in sAPPJ,

could affect protein stability and receptor interaction (Halim et al. 2011; Madsen et al. 2020).

1.3.1. The reciprocal proteolytic processing of APP

APP can be cleaved in an amyloidogenic fashion by the B-secretase beta-site APP cleaving
enzyme 1 (BACE1l) between Metsos and Aspsey (APPeos numbering) to generate soluble
amyloid precursor protein beta (sAPPB) (Figure 1.3) (Kimura et al. 2016; Vassar et al. 1999).
The function of sAPP has not been extensively studied or characterised. One study suggested
that the production of sAPPPB is promoted by a scarcity of trophic factors, following which
sAPPB is further cleaved by an unknown mechanism (Nikolaev et al. 2009). This led to an
enhanced interaction between the N-terminal fragment of sAPP and death receptor 6 (DR6),
activating both caspase-3 and caspase-6 and leading to neurodegeneration (Nikolaev et al.
2009). Though this process may be beneficial during healthy development, it may become
aberrantly activated during AD and promote neurodegeneration (Nikolaev et al. 2009).
Following cleavage by BACE1, sAPPB is released extracellularly and the remaining membrane-
bound Section, CTFB, can be cleaved by y-secretase to generate AB (Figure 1.3) (Vassar et al.
1999). The y-secretase complex is composed of nicastrin, pen-2, aph-1 and presenilin 1 or 2
(Edbauer et al. 2003; Kimberly et al. 2003). Mutations in presenilin, particularly presenilin 1,
are the most common cause of familial AD (Zhang et al. 2011). Cleavage by BACE1 takes place
optimally at an acidic pH of around 4.5 and occurs predominantly within intracellular
compartments such as early endosomes and the trans-Golgi network (Kinoshita et al. 2003;
Tan and Gleeson 2019a; Vassar et al. 1999). Within endosomal membranes, BACE1 localises
to lipid rafts which are enriched in sphingolipids and cholesterol (Ehehalt et al. 2003; Yoon et
al. 2007). BACE1 cleaves APP predominantly within lipid rafts at membranes, as a depletion

of cholesterol significantly reduced AB (Ehehalt et al. 2003). Inhibition of endocytosis was also
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shown to significantly reduce AB generation, demonstrating that BACE1 cleavage occurs

predominantly intracellularly (Ehehalt et al. 2003).

A different, reciprocal pathway can result in APP being cleaved in a non-amyloidogenic
fashion by the a-secretase ‘a disintegrin and metalloproteinase domain-containing protein
10’ (ADAM10) (Kuhn et al. 2010). ADAM10 cleaves APP between Lyses; and Leusss (APPeos
numbering), between Lysis and Leui7 of the AP sequence, which prevents the subsequent
formation of AB (Kimura et al. 2016). The cleavage of APP by ADAM10 releases soluble
amyloid precursor protein alpha (sAPPa) (Figure 1.3), a neuroprotective and neurotrophic
protein explored in greater detail in Section 1.7. The remaining membrane-bound Section,
CTFa, can then be cleaved by y-secretase to generate the p3 protein (Figure 1.3) (Kuhn et al.
2010). The cleavage of APP by the non-amyloidogenic a-secretase is believed to occur
predominantly at the plasma membrane (Parvathy et al. 1999). However, other studies have
indicated that a-secretase may also compete with B-secretase for the cleavage of APP within
the trans-Golgi network (Skovronsky et al. 2000; Tan and Gleeson 2019b). Nevertheless, the
generally accepted view is that the a-secretase cleavage of APP occurs predominantly at the
cell surface and the B-secretase cleavage of APP, which produces AR, occurs within
intracellular vesicles such as early endosomes (Parvathy et al. 1999; Rajendran et al. 2006;
Vassar et al. 1999; Zhang and Song 2013). As such, beneficial chaperone proteins have been
identified which bind to APP to reduce BACE1 cleavage whilst APP is shuttled intracellularly
(Araki et al. 2003). For example, the formation of an intracellular tripartite complex of X11-
like protein (X11L), calsyntenin-1 and APP significantly reduced ABao production because of

suppressed BACE1 cleavage (Araki et al. 2003).

The endocytosis of APP from the cell surface occurs through the binding of its C-terminal
intracellular domain to endocytic adaptor proteins such as disabled-2 (Dab-2) and sorting
nexin 17 (SNX17) (Lee et al. 2008). As such, overexpression of Dab-2 significantly increased
APP endocytosis and significantly increased both AB4o and APaz secretion (Lee et al. 2008).
Dynamin is another protein involved in the endocytosis of cell surface proteins into clathrin-
coated vesicles (Carey et al. 2005). HEK cells deficient in active dynamin had more cell surface
APP and released significantly more sAPPa than wild-type HEK cells (Carey et al. 2005). A
deficiency of dynamin also significantly decreased ABso secretion (Carey et al. 2005). The

importance of APP compartmentalisation is exemplified by the Arctic mutation (E693G),
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which reduces cell surface APP by approximately 60% and causes familial AD (Sahlin et al.
2007). The change in APP localisation is likely responsible for the significant decrease in SAPPa
and subsequent increase in AB in cells harbouring the Arctic mutation, as more APP molecules
are available for intracellular BACE1 cleavage (Sahlin et al. 2007). In mouse models, deletion
of the 15 amino acids containing the APP C-terminal YENPTY endocytic consensus sequence
resulted in approximately 2.5 times higher APP cell surface expression and significantly
reduced ABao and A4z levels in vivo (Ring et al. 2007). Therefore, an imbalance in the sub-
cellular location of APP could promote the increased production of AR and contribute to AD

pathogenesis.
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Figure 1.3. The reciprocal processing of the amyloid precursor protein by a-secretase or
B-secretase.

APP can be cleaved either by the B-secretase BACE1 (red arrows) or by the a-secretase
ADAM10 (green arrows) in a reciprocal cleavage pathway. Cleavage by ADAM10 produces
soluble amyloid precursor protein alpha (sAPPa), a neuroprotective protein, and CTFa.
CTFa can be further cleaved by y-secretase to produce the p3 protein. Alternatively, APP
can be cleaved by BACE1 to produce soluble amyloid precursor protein beta (sAPPB) and
CTFB. CTFB can be further cleaved by y-secretase to produce the neurotoxic AB protein

(sequence highlighted in red), which is heavily implicated in AD.

1.4. Causes and risk factors of AD.
Less than 5% of cases of AD are classed as ‘early-onset’ and occur before the age of 65 (Bekris

et al. 2010). Early-onset AD can also be called ‘familial’ AD, as it is often caused by autosomal
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dominant heritable mutations which can help give insight into the mechanisms causing AD
(Bekris et al. 2010). Mutations in PSEN1, a critical subunit of the y-secretase which produces
AB, are responsible for up to 80% of familial AD cases (Sun et al. 2017). Mutations in PSEN2,
another component of the y-secretase complex, cause around 5% of familial AD cases (Sun et
al. 2017). These PSEN mutations primarily change the cleavage of APP so that either more
amyloidogenic ABa; is produced relative to ABao, or more total AB is produced (Bekris et al.
2010). Mutations in the APP gene itself also cause familial AD (Figure 1.4): the ‘Swedish’
mutation (K595N, M596L, APPsys numbering) increases total AP production, whilst the
‘London’ mutation (V642l, APPsgs numbering) increases the ratio of ABa4; relative to ABao
(Bekris et al. 2010; Goate et al. 1991; MaclLeod et al. 2015; Mullan et al. 1992; Sun et al. 2017).
Patients with Down syndrome, trisomy of chromosome 21, have an approximate 80% risk of
developing early-onset AD (McCarron et al. 2014). This is likely due to an increased amount
of AB, a cleavage product of the APP protein which is coded for by a gene on chromosome 21
(Bekris et al. 2010). Protective mutations also give insight into the mechanisms and main
causes of AD. The ‘Icelandic’ mutation (A598T, APPsgs numbering) significantly reduces the B-
secretase cleavage of APP, reducing ABso and APs> production by 40% and significantly
protecting against AD (Figure 1.4) (Jonsson et al. 2012). Though these data suggest a clear
causal link between AB and familial AD, it appears to be much more complicated in sporadic
AD. Healthy non-demented individuals have been found with abundant brain amyloid-B
deposition (Katzman et al. 1988), whilst many clinical trials targeting the production or
clearance of AB have failed (Section 1.6). So, the exact causes and mechanisms behind

sporadic AD remain unclear.
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Figure 1.4. Examples of mutations in APP which alter AB production.

Mutations in the APP gene which alter AB production can cause or protect against familial
AD. (a) The ‘Swedish’ mutation (K595N, M596L, APPess numbering) increases total AB
production. (b) The ‘London’ mutation (V642I1, APPsss numbering) increases the ratio of ABa
relative to ABao. (c) The ‘Icelandic’ mutation (A598T, APPsgs numbering) significantly reduces
the production of both ABao and ABa2. Amino acid changes are highlighted in red. Black
arrows denote whether the proteolytic cleavage of APP by that enzyme was increased or
decreased by the mutation.

Figure adapted with changes from Future Science, MaclLeod, R., Hillert, E. K., Cameron, R.
T. and Baillie, G. S. (2015). with permissions under the CC BY 4.0 license (and disclaimer of

warranties within).

28



The single greatest risk factor for sporadic AD is age and the risk of developing AD
approximately doubles every 5 years over the age of 65 (Van Der Flier 2005). Females are at
greater risk of AD, particularly at later ages, which may be linked to oestrogen signalling (Van
Der Flier 2005). The largest genetic risk factor for sporadic AD is the apolipoprotein €4 allele
(Corder et al. 1993). Apolipoprotein E is a key component of CNS lipoproteins and one of the
major transporters of cholesterol in the brain (Ferndndez-Calle et al. 2022). The brain contains
around 20% of total bodily cholesterol and, as high cellular cholesterol may promote the
amyloidogenic cleavage of APP by B-secretase within lipid rafts, the transport and regulation
of cholesterol in neurons could play a key role in AD (Cho et al. 2019; Fernandez-Calle et al.
2022). Indeed, some population studies have linked high cholesterol to increased AD risk,
though uncertainty remains as to the exact risk contribution (lwagami et al. 2021).
Apolipoprotein E has three major isoforms: APOE2, APOE3 and APOE4, which result from
polymorphisms in the APOE gene (Belloy et al. 2019). APOE3 is the most common isoform
(Farrer et al. 1997). In the APOE4 isoform, two amino acid changes result in the formation of
a salt bridge between the N-terminal and C-terminal domains (Belloy et al. 2019). Possession
of two copies of the APOE4 allele (genotype £4/€4) increases the risk of developing sporadic
AD by up to 12 times, whereas possession of one APOE4 allele increases the risk of developing
sporadic AD by up to 4 times (Belloy et al. 2019; Farrer et al. 1997). In addition, carriers of
APOE4 develop sporadic AD approximately 12 years younger than non-APOE4 carriers on
average (Belloy et al. 2019). In contrast, the apolipoprotein €2 allele (APOE2) exhibited a
strong protective effect against sporadic AD (Farrer et al. 1997). Compared with £3/€3
genotypes, €2/e2 genotypes had a 40% lower risk of AD and a later age of onset (Belloy et al.
2019; Corder et al. 1994). As APOE does not pass the blood brain barrier, there are separate
pools of CNS and peripheral APOE (Liu et al. 2012). Peripheral APOE is produced primarily by
the liver whilst the CNS pool of APOE originates primarily from astrocytes and microglia (Liu
et al. 2012; Nakai et al. 1996). Specifically, APOE is involved in the transport of astrocyte-
secreted cholesterol into neurons, which could alter the B-secretase cleavage of APP within
lipid rafts change the production of AB (Wang et al. 2021). Healthy APOE may also play a role
in the protection against oxidative damage, which is highly implicated in AD (Section 1.5)
(Lauderback et al. 2002). ABao produced significantly more damaging reactive oxygen species
(ROS) in synaptosomes from APOE knockout mice than wild-type mice (Keller et al. 2000). The

activity of superoxide dismutase, an enzyme which neutralises ROS, was also reduced in APOE
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knockout mice (Ramassamy et al. 2001). Mouse cortical synaptosomes expressing knocked-
in human APOE4 were also significantly more vulnerable to AB4;-induced oxidative stress than
synaptosomes expressing human APOE2 or APOE3 (Lauderback et al. 2002). Therefore, APOE
has a key role in several mechanisms which are linked to AD, though its exact mechanistic role

in AD remains under investigation.

Another important contributor to dementia is diabetes (Zilkens et al. 2013). Type-2 diabetes,
also called ‘late-onset’ diabetes, represents 90% of all diabetes cases and is characterised by
hyperglycaemia, usually due to systemic resistance to insulin (Csajbdk and Tamas 2016).
Diabetes increases atherosclerosis and vascular damage (Paneni et al. 2013). One study found
that pre-existing diabetes resulted in, on average, 2-years earlier dementia onset and a
shorter survival time in dementia patients (Zilkens et al. 2013). In a population study, late-
onset diabetes significantly increased the risk of all dementia by a factor of 1.66 (Leibson et
al. 1997). In addition, the younger the age of type-2 diabetes onset, the higher the risk of
dementia (Barbiellini Amidei et al. 2021). Infusion of insulin improved memory in non-APOE4
carrying AD patients but had no effect in AD patients carrying at least one APOE4 allele (Craft
et al. 2000). Finally, insulin-degrading enzyme is one of the two major enzymes responsible
for the degradation of extracellular AB, further linking the mechanisms of AD and diabetes
(Qiu et al. 1998). In fact, the links between AD and diabetes are so strong that some groups
have suggested that AD should be referred to as ‘type-3 diabetes’ (Steen et al. 2005). As such,
the increasing rates of obesity and diabetes globally will also increase the risk of co-

morbidities such as dementia (Zilkens et al. 2013).

1.5. Oxidative stress in AD

Oxidative molecules such as reactive oxygen species (ROS) are important in many healthy
physiological processes, such as immune responses (Mittler 2017). However, oxidative stress
occurs when the cellular balance between antioxidants and oxidants becomes weighted
towards oxidants, leading to the damage of cellular components (Huang et al. 2016). This can
occur either because of an increase in oxidants or a decrease in antioxidants (Huang et al.
2016). Oxidants are produced during normal metabolism and cellular activity such as
respiration (Huang et al. 2016). Common examples of oxidants include ‘radical’ reactive
oxygen species (ROS) such as the superoxide radical (02*) and ‘non-radical’ ROS such as

hydrogen peroxide (H.0;) (Huang et al. 2016). Reactive nitrogen species are also potent
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sources of physiological oxidative stress (Huang et al. 2016). The production of ROS such as
H,0,, 02* and OH" is catalysed by metals such as iron and copper (Zhao and Zhao 2013). As a
cellular defence mechanism, the highly oxidative superoxide radical, O,*, is reduced to the
less toxic hydrogen peroxide (Zhao and Zhao 2013). However, hydrogen peroxide can itself
form reactive hydroxyl radicals (OH*®) (Zhao and Zhao 2013). Oxidative molecules such as ROS
and RNS can damage biological molecules like lipids, nucleic acids and proteins through
oxidation which alters their structure and function, leading to pathological dysfunction
(Huang et al. 2016). Treatment of medium spiny neuron (MSN) neuroblastoma cells with H.0;
resulted in a 50% increase in ROS production and a 15% decrease in cell viability (Quiroz-Baez
et al. 2009). As the brain has a high rate of respiration and oxygen consumption it is
particularly exposed to oxidative stress (Huang et al. 2016). A number of antioxidant defences
exist within cells to prevent oxidative damage, such as the enzyme superoxide dismutase
(SOD) (Huang et al. 2016). SOD converts 0" into H,02, which is less damaging (Huang et al.
2016).

The equilibrium between antioxidants and oxidants within cells is essential to prevent
oxidative stress and functional impairment; however, during AD the balance is pushed
towards oxidation (Huang et al. 2016). High levels of neuropathology in AD brains correlated
with elevated levels of oxidatively damaged proteins, lipids and nucleic acids (Butterfield and
Lauderback 2002; Cheignon et al. 2018). Metals catalyse the production of ROS, and the levels
of metals such as copper and zinc can be three times higher in AD brains than healthy brains
(Cheignon et al. 2018). In addition, metals such as iron and copper bind with high affinity to
AB, facilitating the oxidation of molecules in proximity with AB (Cheignon et al. 2018). One of
the key mechanisms of AP toxicity was demonstrated to be oxidative damage, as AP
treatment significantly increased H;0; levels in cells whilst the addition of antioxidants
prevented AB-induced cell death (Behl et al. 1994). Similarly, lipid oxidation induced by AB
was prevented by the addition of antioxidants such as vitamin E (Behl et al. 1994). AB
oligomers (ABOs) increased ROS production in primary hippocampal neurons through the N-
methyl-D-aspartate (NMDA) glutamate receptor (De Felice et al. 2007). Interestingly,
memantine, a licensed therapy for AD, blocks NMDA receptors and was found to inhibit the
ability of ABOs to induce ROS in primary hippocampal neurons (De Felice et al. 2007). This

could explain memantine’s beneficial effect in AD patients. Treatment with H,O; significantly
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increased A4z levels by 30% and concomitantly decreased total APP and sAPPa levels
(Quiroz-Baez et al. 2009). Oxidative stress induced by H,0; also significantly increased the
expression of BACE1 (Quiroz-Baez et al. 2009). APOE status may also affect oxidative stress
responses, as allele APOE4 was associated with significantly higher ROS formation than either
APOE2 or APOES3 in response to ABa4; treatment in mouse cortical synaptosomes (Lauderback
et al. 2002). In addition, amyloid pathology itself may be driven by oxidative damage, as
treatment of AD mice with the anti-inflammatory molecule curcumin significantly reduced
oxidised protein markers, soluble AR levels and AB plaque burden (Lim et al. 2001). Therefore,
oxidative stress may form a positive feedback loop in AD brains, with AB initiating a state of
oxidative stress which causes oxidative damage that then drives further AR pathology. In

summary, AD pathology is intrinsically linked to oxidative damage.

1.6. The failure of drug trials for AD

As AD is the greatest cause of dementia (WHO 2017), finding an effective disease-modifying
treatment remains a major priority for researchers and pharmaceutical companies across the
globe. Until late 2022, there had been no new licensed treatments for AD since memantine
was licensed in 2003 (Cummings et al. 2014). For decades, the four major therapies licensed
to help AD symptoms were: memantine, galantamine, rivastigmine and donepezil (Cummings
et al. 2014). Memantine is an N-methyl-D-aspartate (NMDA) receptor blocker that reduced
the glutaminergic excitotoxicity seen in AD (Parsons et al. 2013). Galantamine, rivastigmine
and donepezil are all acetylcholinesterase inhibitors (AChEls) (Parsons et al. 2013). Cholinergic
neurons are lost in significant amounts in AD brains, leading to a reduction of up to 90% of
the neurotransmitter acetylcholine (ACh) (Parsons et al. 2013). Loss of ACh correlates with
cognitive decline in AD patients, so the three AChEls prevent the breakdown of ACh by
acetylcholinesterase in order to boost ACh quantities in the brain, which temporarily benefits
cognition in AD patients (Parsons et al. 2013). However, all four of these therapies are purely
symptomatic, as they do not treat the underlying cause of the disease (Parsons et al. 2013).
Therefore, they do not slow neurodegeneration and become ineffective over time (Parsons

et al. 2013).

Over 200 clinical trials of drugs to treat AD have taken place over recent decades, with the
vast majority failing (Cummings et al. 2014). Many trials have targeted the AB peptide directly.

One study found that active immunisation with ABa, itself could prevent or reverse AD
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pathology in AD mice (Schenk et al. 1999). However, active immunisation using AB was not
safely repeated in human trials, as a phase two trial of AN1792 (immunisation with full-length
ABa;) in patients with mild-to-moderate AD as discontinued due to early reports of a
significantly increased risk of meningoencephalitis (Orgogozo et al. 2003). One follow-up
study of the patients who had been treated with AN1792 found that they had significantly
lower mean AB load, but this did not improve overall survival or time to severe dementia
(Holmes et al. 2008). However, there was a high variation in the antibody response and degree
of plague removal in patients immunised with AN1792, and a 15-year follow up study of
AN1792 found that patients who had a large antibody response to AN1792 had significantly
lower post-mortem plaque scores (Nicoll et al. 2019). Nevertheless, even patients with almost
complete clearance of plaque load had still progressed to severe dementia prior to death
(Nicoll et al. 2019). AN1792 is demonstrative of the many clinical trials performed with high
initial hopes from in vitro and in vivo studies, which were later found to be ineffective or
unsafe in human clinical trials at the stages of disease tested. One recent criticism of previous
AD clinical trials was that they were tested in patients at too late a disease stage (Cummings

et al. 2014).

However, in late 2022 and early 2023 two new therapies for AD were licensed by the US Food
and Drug Administration (FDA): Aducanumab and Lecanemab (Mahase 2021b). Aducanumab,
a monoclonal antibody targeting aggregated AP, was approved by the FDA through its
accelerated drug approval pathway (Walsh et al. 2021). The FDA controversially approved
aducanumab for treatment of people with mild AD; however, this decision was heavily
criticised by some in the medical field as, quote, “probably the worst drug approval decision
in recent US history” and led to three of the members of the FDA advisory panel resigning
(Mahase 2021b). Indeed, both phase three trials for aducanumab were initially discontinued
by Biogen due to preliminary analyses which suggested the treatment was ineffective
(Knopman et al. 2021). However, 7 months later Biogen announced that subsequent analyses
had shown that aducanumab was, in fact, effective at improving cognition and function
(Knopman et al. 2021). In June 2021 aducanumab was licensed for use in the US by the FDA,;
however, it was not approved by the European Medicines Agency (EMA) (Mahase 2021a). The
EMA cited a lack of evidence demonstrating efficacy, as well as safety concerns because 40%

of high-dose recipients had experienced brain swelling or bleeding (Mahase 2021a). The FDA’s
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decision to license aducanumab without the need for a new phase three trial was also

criticised (Knopman et al. 2021).

Lecanemab, a monoclonal antibody against soluble AB protofibrils, significantly slowed
cognitive decline in early AD patients by 27% in a phase three trial (van Dyck et al. 2023).
Lecanemab was safer than aducanumab, with around 20% of lecanemab patients
experiencing brain swelling or bleeding (Prillaman 2022). However, safety concerns remain as
two patients died from “stroke-related complications” in the open-label extension trial for
lecanemab (Prillaman 2022). Lecanemab was approved by the FDA in January 2023 and the
sponsors have applied for marketing authorisation to the EMA (Larkin 2023; Mahase 2023;
Reardon 2023).

However, even with the recent licensing of aducanumab and lecanemab, more AD therapies
are needed. As demonstrated in previous clinical trials, AB-directed antibody therapies have
been plagued by safety concerns in patients, so therapies targeting other mechanisms to slow
cognitive and functional decline are crucial (Cummings et al. 2014). The efficacy of the newly
licensed therapies has been called into question, and they are also very expensive.
Aducanumab costs $56,000 annually per patient and, in one study, was found to cost
approximately $383,030 per quality adjusted life year (QALY) gained compared to the current
standard of care (Sinha and Barocas 2022). For comparison, the UK National Institute for
Health and Care Excellence (NICE) considers a drug to be cost-effective if it costs under
£30,000 per QALY gained (Gandjour 2020). In addition, since the current gold-standard
method for attaining a definitive AD diagnosis is post-mortem tissue analysis, there is a real
danger of misdiagnosis leading to patients with early stages of dementia caused by other
diseases, such as vascular dementia or dementia with Lewy bodies, being wrongly subjected
to AB-directed immunotherapies which would have no benefit yet pose significant safety risks
(Selvackadunco et al. 2019). Therefore, treatments which could be beneficial across different
causes of dementia, such as therapies which could improve neuronal resistance to damage,

would be preferable.

Trials and studies for AD have also targeted other molecular mechanisms, such as the B-
secretase and y-secretase enzymes involved in the cleavage of APP to produce AB. As AB is

believed to be the primary cause of AD, reducing its production through the inhibition of B-
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secretase or y-secretase was suggested as a therapeutic option to slow cognitive decline in
AD (Zhao et al. 2020). However, to date, no B-secretase or y-secretase inhibitors have been
licensed, despite many clinical trials (Zhao et al. 2020). The first BACE1 inhibitor to move into
a phase II/Ill clinical trial for mild-to-moderate AD was verubecestat (MK-8931), which
reduced cerebrospinal fluid (CSF) AB levels by 94% (Zhao et al. 2020). However, the phase
[I/11l clinical trial found no benefit to cognition, combined with higher rates of adverse
reactions such as rash, weight loss and suicidal ideation (Egan et al. 2018). Due to this, the
phase I/l clinical trial for verubecestat was prematurely halted in 2017 (Zhao et al. 2020).
Similarly, there has been a lack of success using y-secretase inhibitors to treat AD due to off-
target toxicity and a lack of benefit to cognition (Zhao et al. 2020). Off-target toxicity is high
due to the other substrates of y-secretase being impacted by y-secretase inhibition (Katoh
2020). For example, y-secretase also cleaves Notch, a key transmembrane signalling protein
which is dysregulated in many cancers (Katoh 2020). The y-secretase inhibitor semagacestat
(LY450139) failed in a large-scale please lll clinical trial due to no cognitive benefit but
increased rates of skin cancer, infections and gastrointestinal symptoms (Doody et al. 2013).
Therefore, B-secretase and y-secretase are difficult pharmacological targets due to their high
levels of off-target toxicity. They also appear to not have any benefit to cognition in mild-to-
moderate AD patients, despite reducing AB. This mimics the AB immunotherapy AN1792,
which significantly reduced AP in patient brains but did not affect rates of AD (Nicoll et al.
2019). Therefore, reducing AR load at late stages of AD may be ineffective, as extensive
neurodegeneration has already occurred. However, early diagnosis of AD remains a problem.
Therefore, early, possibly preventative treatment is also currently not possible. Thus, other
treatment options could be preferable, such as utilising neuroprotective proteins like soluble
amyloid precursor protein alpha (sAPPa) to reduce neuronal damage and slow

neurodegeneration.

1.7. Soluble amyloid precursor protein (sAPPa).

The cleavage of APP by ADAM10 between Lyses12 and Leusiz (APPsgss numbering) releases
sAPPagss extracellularly (Figure 1.3) (Kuhn et al. 2010). The C-terminus of sAPPa contains the
first 16 amino acids of AB, which prevents the subsequent formation of AB (Figure 1.3) (Kuhn
et al. 2010). The sAPPa molecule contains much of the overall APP sequence including the E1,

acidic linker and E2 domains (Figure 1.5) (Reinhard et al. 2013). Several studies have
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demonstrated neuroprotective and neurotrophic benefits of sAPPa both in vitro and in vivo
(Hornsten et al. 2007; Ring et al. 2007). For example, genetic inactivation of APL-1, the sole
gene related to APP in C. elegans, resulted in larval lethality (Hornsten et al. 2007). However,
the neuronal expression of the extracellular domain of APL-1, representative of sAPPa,
rescued the lethality of APL-1 knockout (Hornsten et al. 2007). In fact, the E1 or E2 domain of
APL-1 alone was sufficient to rescue the lethal effects of APL-1 inactivation (Hornsten et al.
2007). This demonstrated that vital functions of APL-1 were likely being facilitated by its
secreted ectodomain. Therefore, some of the functions of APP in humans may also be
facilitated by its cleavage product sAPPa. Similarly, knock-out of APP in mice caused
significant deficits in long term potentiation (LTP), body weight and spatial learning (Ring et
al. 2007). These deficits from APP knockout were either partially or completely rescued by
knock-in of sAPPa (Ring et al. 2007). Studies like these suggest that some of the negative
effects of APP knockout observed in vitro and in vivo could be due to the loss of SAPPa activity,
rather than a loss of APP activity. sAPPa is of key interest in AD research because it has been
shown to exhibit neuroprotective and neurotrophic activities (Corbett et al. 2018). The

neuronal effects of sSAPPa and its possible applications in AD treatment are discussed below.
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Figure 1.5. A linear representation of sAPPasss domains with amino acid numberings.

Several known binding domains and regions of interest are highlighted. sAPPasgs
numbering is shown. Precise domain numberings are still disputed within the literature.
HBD = Heparin binding domain; CuBD = copper binding domain; GFLD = Growth factor like
domain; RERMS and 17-mer = amino acid sequences (APP32s-332 and APP319.335 respectively)

which bound neuronal cells and promoted neurite outgrowth (Jin et al. 1994).

1.7.1. sAPPa improved neuronal survival in the presence of toxic levels of AB.

The exact mechanisms through which AB or tau cause neuronal death are varied and remain
under investigation. Treatment of rat hippocampal neurons with 20 uM ABa4o for 4 days
reduced cell survival to around 40% in a time- and concentration-dependent manner
(Goodman and Mattson 1994). However, co-application of AR with 10 nM sAPPaegs or
sAPPays; significantly reduced the toxicity of AB and improved neuronal survival to around
75% in a concentration-dependent manner (Goodman and Mattson 1994). Another study
showed that APa4z oligomers caused the death of between 25% and 40% of primary mouse
cortical neurons (Dorard et al. 2018). However, co-incubation with 60 nM sAPPa reduced cell
death from A4, oligomers by over 95% (Dorard et al. 2018). These results were highly

promising and highlighted the potential of sSAPPa for the treatment of AD.

1.7.2. sAPPa protected neurons against glucose deprivation and glutamate excitotoxicity.

As early research progressed, studies began to identify the specific mechanisms through
which AB induced neuronal cell death. One of the toxic effects of AB is the dysregulation of
calcium homeostasis in neurons, leading to higher vulnerability to glutamate excitotoxicity
(Arbel-Ornath et al. 2017; Mattson et al. 1992). Glutamate is the primary excitatory
neurotransmitter in the brain, and the overstimulation of glutamate receptors can result in
neuronal cell death through mechanisms involving calcium influx, oxidative stress and

mitochondrial dysfunction (Armada-Moreira et al. 2020). This process is called excitotoxicity
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(Armada-Moreira et al. 2020). The N-methyl-D-aspartate (NMDA) receptor is a key glutamate
receptor which, when activated, increases the permeability of the cell membrane to calcium
and results in calcium influx (Choi 1987; MacDermott et al. 1986). NMDA-receptor mediated
calcium influx and excitotoxicity is implicated in many neurodegenerative diseases, including
AD (Armada-Moreira et al. 2020). Treatment of rat primary hippocampal neurons with up to
500 uM glutamate for 24 hours reduced survival in a concentration-dependent manner
(Mattson et al. 1993). However, 24 hour pre-treatment with 10 nM sAPPaegs or sAPPays1
significantly increased neuronal survival in the presence of up to 200 uM glutamate (Mattson
et al. 1993). Linking excitotoxicity to AD, pre-treatment of rat hippocampal cell cultures with
ABao increased neuronal calcium sensitivity to glutamate, but this effect was reduced through
co-application with 10 nM of sAPPasgs or sSAPPai7s1 (Goodman and Mattson 1994). Therefore,
sAPPa appeared to increase the resistance of neuronal cultures to glutamate excitotoxicity
by increasing the threshold before which significant calcium influx occurred, combatting an
important pathogenic mechanism in neurodegenerative diseases such as AD (Mattson et al.

1993).

Glucose deprivation of cultured neuronal cells resulted in cell damage and death within 30
hours (Mattson et al. 1993). Glucose deprivation appeared to particularly damage neurons,
with less impact on glial cells (Monyer et al. 1989). Blockage of the N-methyl-D-aspartate
(NMDA) receptor significantly improved mouse cortical neuronal survival from glucose
deprivation, suggesting that neuronal damage through glucose deprivation may act through
the activation of NMDA receptors and calcium influx (Monyer et al. 1989). Hypoglycaemia
induced a significant increase in intracellular calcium in rat hippocampal neurons and the
death of around 95% of cells within 20 hours (Cheng and Mattson 1992). However, rat
hippocampal neurons grown in calcium-deficient media had significantly lower intracellular
calcium in response to hypoglycaemia and exhibited approximately 90% survival after 20
hours of hypoglycaemic culture (Cheng and Mattson 1992). Therefore, an influx of calcium,
linked to NMDA receptors, may be involved in neuronal death under hypoglycaemic
conditions. 16 hours of pre-treatment with 10 nM sAPPasgs or SAPPas1 significantly increased
the survival of cultured human cortical neurons, rat hippocampal neurons and rat cerebral
cortex in hypoglycaemic conditions (Mattson et al. 1993). This effect was time-dependent and

concentration-dependent (Mattson et al. 1993). Treatment with SAPPasgs or SAPPays1 rapidly
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and significantly reduced intracellular calcium in cultured rat hippocampal neurons and
human cortical neurons, within 1 min of application of 1 nM sAPPa, in a concentration-
dependent manner (Mattson et al. 1993). Washing cells to remove sAPPa caused a swift
increase in intraneuronal calcium concentration but the re-introduction of sAPPa significantly
and rapidly reduced calcium concentration again (Mattson et al. 1993). The protective effect
of sAPPaegos and sAPPays1 against hypoglycaemia-induced neuronal death was mapped to

amino acids 444-592 (sAPPasgs numbering) (Mattson et al. 1993).

1.7.3. sAPPa protected neuronal cells against AB-induced oxidative stress and reduced AB and
ptau levels.

Another mechanism by which AB causes neurotoxicity is through oxidative damage (Section
1.5) (Behl et al. 1994; De Felice et al. 2007). Incubation of AB4o with rat hippocampal neurons
for 24 hours significantly increased levels of an oxidation marker by over 200% (Goodman and
Mattson 1994). Co-treatment of AB with vitamin E, a potent antioxidant, abolished the
oxidative effect of ABso (Goodman and Mattson 1994). Co-treatment of AP with sAPPaggs or
sAPPas;1 also significantly reduced the oxidative effect of ABso (Goodman and Mattson 1994).
In a separate study, overexpression of sAPPa in APPswe/PS1dE9 AD mouse models
significantly reduced soluble ABao, ABs2 and overall plague load in the hippocampus and
cortex (Fol et al. 2016). Overexpression of sSAPPa in AD mice also significantly increased the
expression of insulin degrading enzyme, a protease which degrades AB (Fol et al. 2016). sAPPa
also inhibited the activity of GSK3B, a serine/threonine kinase which promotes the
hyperphosphorylation of tau, and AD mice overexpressing sAPPa exhibited reduced tau
phosphorylation in vivo (Deng et al. 2015). Thus, sAPPa protected neurons against oxidative
stress and reduced both AB levels and the hyperphosphorylation of tau, which are the two

primary neuropathological hallmarks of AD.

Iron is raised in specific regions within aged brains and in many neurodegenerative diseases
(including AD, Parkinson’s disease, dementia with Lewy bodies and Huntington’s disease) iron
colocalises with protein inclusions present in the brain (Ndayisaba et al. 2019). As iron
catalyses the production of ROS, it likely contributes to neurodegeneration (Zhao and Zhao
2013). Treatment with 10 uM iron induced significant oxidative damage and cell death in rat
hippocampal neurons (Goodman and Mattson 1994). However, treatment with 2 nM

sAPPaeos and sAPPays: significantly improved cell survival (Goodman and Mattson 1994). In
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contrast, 20 UM ABao augmented the toxic oxidative effect of iron in neurons (Goodman and
Mattson 1994). Therefore, the protective effect of sAPPa against iron-induced oxidative
stress and the subsequent increase in neuronal survival could have therapeutic relevance for

a range of different neurodegenerative diseases including AD (Goodman and Mattson 1994).

1.7.3. sAPPa is neurotrophic and stimulates neuronal growth.

sAPPa exhibits neurotrophic properties and several studies have noted its similarity with
certain growth factors (Caillé et al. 2004; Dar and Glazner 2020; Rossjohn et al. 1999). Two
weeks in vivo infusion of a 17 amino acid peptide, termed 17-mer and corresponding to Alasig
to Metsss of SAPPassgs, significantly increased synaptic density in the frontoparietal cortex (but
not the hippocampus) of rats (Roch et al. 1994). This increase in synaptic density was
accompanied by a significant increase in memory retention in rats that did not have initial
impaired learning (Roch et al. 1994). This increase in memory retention correlated
significantly with a worsening in reversal learning, perhaps due to improved memory
interfering with the learning of a new platform location (Roch et al. 1994). This study
demonstrated that infusion of a peptide within sAPPasgs directly improved memory in rats in
vivo. Addition of sAPPasgs also significantly increased the proliferation of rat neural stem cells
in a concentration-dependent manner (Ohsawa et al. 1999). This effect on neural stem cell
proliferation was blocked by the antibody 22C11, which binds to a region within amino acids
66-81 of sSAPPa (Ohsawa et al. 1999). A 16-amino acid peptide containing amino acids 66-81
of sSAPPa was also sufficient to significantly increase neural stem cell proliferation (Ohsawa et

al. 1999).

Neurogenesis is reduced throughout adulthood, with reduced neural progenitor cells in the
subventricular zone (SVZ) and subgranular layer (SGL), and this is linked to impaired learning
and memory (Demars et al. 2013). APP and ADAM10 are highly expressed in the SVZ of adult
mice (Demars et al. 2011). In vivo, sAPPa bound to cells specifically within the mouse
subventricular zone and increased the proliferation of adult neural progenitor cells (Caillé et
al. 2004). A separate study found that sAPPa (isoform not stated), injected
intracerebroventricularly, significantly increased neural progenitor cell proliferation in the
SVZ and SGL in mice of all ages (Demars et al. 2011; Demars et al. 2013). Interestingly,
intracerebroventricular injection of sAPPB (isoform not stated) had the opposite effect, and

significantly reduced the proliferation of neural progenitor cells in the SVZ and SGL (Demars
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et al. 2013). Treatment with 1 to 5 nM sAPPa for 24 hours significantly increased neurite
outgrowth in mouse primary cortical neurons (Hasebe et al. 2013), whilst treatment of B103
neuroblastoma cells with a 17-amino acid peptide corresponding to amino acids 319-335 of
sAPPasos significantly increased neurite number at concentrations above 4 nM (Jin et al.

1994). In summary, there is strong evidence that sAPPa promotes neuronal growth.

Plasma levels of sAPPa were found to be significantly elevated in patients with severe autism
and aggression (Ray et al. 2011; Sokol et al. 2006). As sAPPa is neurotrophic, it was suggested
that increased levels of sAPPa could contribute to the brain overgrowth linked to autism
through the establishment of an anabolic brain environment (Ray et al. 2011; Sokol et al.
2006). This exemplifies the potential dangers of an over-stimulation of sAPPa activity, but also
indicates the potentially beneficial neurotrophic properties of sAPPa (Blinkouskaya and
Weickenmeier 2021). Increasing our understanding of the neurotrophic effects of SAPPa, such
as the receptors with which sAPPa interacts, could elucidate viable mechanisms through
which this anabolic brain environment could be utilised to combat the neuronal loss and brain
atrophy seen in neurodegenerative diseases such as AD (Blinkouskaya and Weickenmeier

2021).

1.7.4. sAPPa enhanced memory and LTP.

sAPPa was demonstrated to improve memory and LTP in vivo (Tan et al. 2018).
APPswe/PS1dE9 AD mouse models exhibited significant impairments in hippocampal LTP,
spatial memory and spatial learning but viral expression of sAPPasos rescued those effects
without improving underlying amyloid plaque pathology (Tan et al. 2018). Similarly, knockout
of APP resulted in significant losses in spatial learning and LTP in mice but knock-in of sSAPPaegs
rescued those memory deficits (Ring et al. 2007). A third study found that overexpression of
sAPPa in APPswe/PS1dE9 AD mouse models rescued spatial memory but not spatial learning
(Fol et al. 2016). Intracerebroventricular administration of sAPPasss or sAPPaysi in mice
significantly improved memory retention in object recognition tasks and significantly
protected against memory deficits caused by the amnestic drug scopolamine (Meziane et al.
1998). sAPPa levels have been shown to correlate negatively with age in rats but correlate
positively with cognitive ability and memory tasks (Anderson et al. 1999). A positive

correlation was also found between CSF sAPPa levels and cognitive ability in neurological
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tests in familial AD patients (Anderson et al. 1999). Therefore, sAPPa may have significant

beneficial effects on cognition in both AD and non-AD subjects.

1.7.5. sAPPa protected neurons against proteasomal stress.

Proteasomal impairment has been linked to the neuropathology of neurodegenerative
amyloidoses like AD, as proteins such as AB and tau aggregate rather than being degraded
(Tseng et al. 2008). In fact, AB oligomers inhibited proteasomal activity and further enhanced
the aggregation of AB and tau in a toxic positive feedback loop which likely occurs in the brains
of AD patients (Tseng et al. 2008). The 20S proteasome inhibitor epoxomicin induces neuronal
apoptosis in vitro due to impaired proteasomal activity (Copanaki et al. 2010). However,
approximately 80 pM sAPPa, harvested from HEK cells overexpressing APP, significantly
reduced cell-death and apoptosis markers following epoxomicin treatment in rat PC12
neuronal model cells (Copanaki et al. 2010). sAPPa decreased caspase-3 apoptotic activity in
a concentration-dependent manner, whereas sAPP had no effect (Copanaki et al. 2010). This
protective effect of SAPPa was facilitated through the phosphoinositide 3-kinase (P13K)/AKT

pathway, which promotes cell survival and proliferation (Copanaki et al. 2010).

1.7.6. sAPPa is significantly more protective than sAPPB and therefore has higher therapeutic
potential.

Fewer studies have investigated sAPPB than sAPPaq, likely due to its reduced neuroprotective
activity and therefore lower therapeutic potential (Chasseigneaux and Allinquant 2012;
Furukawa et al. 1996). In a key study, sAPPa was found to be 100 times more potent than
sAPPPB at protecting against glutamate excitotoxicity, AB toxicity and glucose deprivation in
rat hippocampal neurons (Furukawa et al. 1996). As sAPPasgs only differs from sAPPBsos by 16
amino acids at its C-terminus, the C-terminal region of sAPPa is likely crucial in facilitating this
greater level of neuroprotection (Habib et al. 2017). Consistent with this hypothesis, a peptide
composed of the twenty C-terminal amino acids of SAPPa (amino acids 591-612) was similarly
protective as full-length sAPPa (Furukawa et al. 1996). Additionally, a peptide composed of
sAPPa peptides 444-612 bound to rat hippocampal neurons to a greater degree than a
peptide composed of sAPPa peptides 444-596, suggesting that SAPPa may bind to neurons
with higher affinity than sAPPPB as a result of the extra amino acids at its C-terminus, which
could also explain the difference in their neuroprotective abilities (Furukawa et al. 1996). Pre-

treatment with heparinase reduced the binding of sAPPa to rat hippocampal neurons and its
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protective effect against excitotoxicity in a concentration-dependent manner, suggesting that
the heparin-binding domain within amino acids 597-612 may play a critical role in sAPPa
binding and neuroprotection (HBD2, Figure 1.5) (Furukawa et al. 1996). Crucially, the C-
terminal heparin-binding domain is absent from sAPPB, which could explain why sAPPj
cannot induce the same beneficial effects (Furukawa et al. 1996). However, 150 nM sAPPdegs
and sAPPBeos both induced axon outgrowth to a similar degree in primary mouse cortical
neurons, so they do share certain functions (Chasseigneaux et al. 2011). In summary, sAPPj
was less protective than sAPPa and bound with lower affinity to neurons, but it remains
comparatively understudied (Furukawa et al. 1996). There are also relatively few studies
which include a direct comparison of the activity of sSAPPa and sAPPf, making conclusions
difficult (Chasseigneaux and Allinquant 2012). sAPPB may also have more unwanted
deleterious effects, as sAPPa and sAPPB had opposite significant effects on the number of
neural progenitor cell proliferation in the SVZ and SGL in mice (Demars et al. 2013). The higher
therapeutic potential of SAPPa over sAPPB exemplifies why sAPPa was chosen as the focus of
this project. Several examples of observed effects of sAPPa in the published literature are

stated in Table 1.1.
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Table 1.1 A summary of the characteristics and effects of sAPPa in the published literature

Protein isoform

Observed effect

Reference

‘Secreted APP’: sAPPasss and
sAPPags1; SAPP[3579 and SAPPBegs,

purified from HEK cells.

Significantly protected rat hippocampal
neurons against AB-induced calcium

elevation and oxidative damage.

(Goodman and Mattson

1994)

Total sAPPa Significantly elevated in plasma samples | (Ray et al. 2011; Sokol et
of patients with severe autism, linked to | al. 2006)
excessive brain growth.

sAPPages amino acids 319-335 | Significantly increased neurite numberin | (Jin et al. 1994)

named ’17-mer’. Prokaryotic | B103 neuroblastoma cells.

SAPP3.574

Commercial sAPPaos (Sigma)

Promoted neurite outgrowth by 18.7%.

(Hasebe et al. 2013)

SAPPasgs and sAPPa7s;

Intracerebral administration improved
mouse long term memory retention in
mice. Prevented scopolamine-induced

learning defects.

(Meziane et al. 1998)

SAPPagos Knock-in rescued hippocampal LTP | (Ring et al. 2007)
deficits resulting from APP knockout.
SAPPagos Overexpression in  APPswe/PS1dE9 | (Fol et al. 2016)

double transgenic AD mouse model
rescued spatial memory deficits and
significantly increased expression of
insulin degrading enzyme, a protease

which degrades AB.

Recombinant sAPPa, isoform not

described

Significantly increased the inhibitory

phosphorylation of GSK3B in SHSY5Y
cells, Hela cells and tau
hyperphosphorylation mouse models in

a dose dependent manner.

(Deng et al. 2015)

Recombinant sAPPa, isoform not

described

Significantly decreased tau
phosphorylation, including in
neuroblastoma cells over-expressing

BACE1.

(Deng et al. 2015)

44



1.8. Known sAPPa receptors.

Due to the beneficial effects of sAPPa listed above (Section 1.7; Table 1.1), several studies
have attempted to identify the receptors and mechanisms through which sAPPa exerts
specific effects such as neurotrophy and neuroprotection (Dorard et al. 2018; Hasebe et al.
2013; Rice et al. 2019). Several studies have identified binding partners for sAPPa, including
those responsible for facilitating beneficial neurotrophic processes such as neurite
outgrowth, but none have yet identified the receptor responsible for facilitating the
neuroprotective activity of sAPPa against damaging processes such as oxidative stress.
Utilising the beneficial effects of sAPPa through stimulation of a specific receptor could be a
promising alternative therapeutic option for AD (Habib et al. 2017). The main proteins which

sAPPa has been shown to interact with sAPPa at the cell surface are discussed below.

GABA4R1a p75NTR
a.a. 204-220 a.a.304-612
Aepie E1 domain | | Acidic linker E2 J““"::;':nb'a"e
SAPPGtgs | 17! T18 190 227 2941295 500 L__Je12
numbering Extension 1A1BG
domain SORLA i
a.a.316-498

Figure 1.6. The sites within sAPPa that bind to different receptor candidates.

A map of the amino acid regions previously identified as being responsible for the binding
of sAPPa to putative receptors. The potential binding site within APP for SORLA is also
shown. The binding of a3-NKA was not narrowed down to a specific region in sAPPaq, so it

is not shown.

1.8.1. p75 neurotrophin receptor.

sAPPa and sAPPP co-precipitated with human p75 neurotrophin receptor (p75N™) in targeted
pull-down experiments (Hasebe et al. 2013). A C-terminal peptide composed of sAPPa amino
acids 304-612 (C-sAPPa) also precipitated p75NR, suggesting the binding site was towards the
C-terminus (Figure 1.6) (Hasebe et al. 2013). sAPPa, sAPPB and C-sAPPa all bound to the
surface of COS-7 cells transfected to express p75N™R on their cell surface, but not to wild-type

cells (Hasebe et al. 2013). sAPPa bound with the highest affinity, with an ECso of 90 nM,
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followed by sAPPB at 120 nM and finally C-sAPPa at 150 nM (Hasebe et al. 2013). Treatment
with sAPPa for 24 hours significantly increased neurite outgrowth in mouse cortical neurons,
but siRNA-mediated knockdown of p75N™® abolished that effect (Hasebe et al. 2013). The
induction of neurite outgrowth through the binding of sAPPa to p75N™® was facilitated by
protein kinase A (Hasebe et al. 2013). Together, the results from this study convincingly
showed that p75N™R acted as a cell surface receptor for sSAPPa to promote neurite extension
in cortical neurons. However, as sSAPPB was also found to bind to p75N™R with a similar affinity
and produced a similar effect on neurite outgrowth, this receptor is unlikely to be responsible
for the enhanced protective effects of sAPPa over sAPPB which could make sAPPa so

therapeutically valuable (Hasebe et al. 2013).

1.8.2. SORLA and Sortilin.

Sorting protein related receptor A (SORLA) is a type | transmembrane protein that was shown
to sequester APP in the Golgi, which reduced both ADAM10 and BACE1 cleavage and sAPPaq,
SAPPB and ABao production (Andersen et al. 2005; Andersen et al. 2006). SORLA levels were
found to be significantly lower in the grey matter of human AD frontal cortexes (Andersen et
al. 2005). Knockout of SORLA in mice also significantly increased cortex ABao and ABa4 levels
(Andersen et al. 2005). The binding site within APP for SORLA was suggested to be within
amino acids 316-498 (APPess numbering), which is within the E2 domain (Figure 1.6)
(Andersen et al. 2006). As sAPPa also contains that domain, it was suggested that SORLA may
also bind to sAPPa (Andersen et al. 2006). In fact, a later study confirmed that transfection of
HEK cells with SORLA, or a related protein called Sortilin, significantly increased the
endocytosis of sSAPP7s1 (Gustafsen et al. 2013). SORLA appeared to shuttle sAPPa to the TGN,
whereas sortilin shuttled it to lysosomes (Gustafsen et al. 2013). However, the functions of
sAPPa binding to SORLA or sortilin remain unknown and the major apparent benefit of APP
binding to SORLA, reduced BACE1 cleavage, would not impact sAPPa. Therefore, SORLA and
Sortilin appear, at least for now, to have limited benefit regarding the neuroprotective actions
of sAPPa. Their sequestration of APP could be beneficial to reduce APP cleavage by BACE]1,

but further study is required.

1.8.3. a3-Na, K-ATPase.
Pulldown experiments using membrane-enriched cortico-hippocampal samples from mice

followed by mass spectrometry identified a3-Na, K-ATPase (a3-NKA) as a potential interactor
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for sAPPasgs-Fc (Dorard et al. 2018). This finding was confirmed in co-immunoprecipitation
studies (Dorard et al. 2018). sAPPa bound to the cell surface of mouse cortical neurons
rapidly, within 1 min of addition, and co-localised with a3-NKA within 3 minutes (Dorard et
al. 2018). Both knockdown and pharmacological inhibition of a3-NKA in primary mouse
cortical neurons significantly reduced the induction of neurite elongation by sAPPa (Dorard
et al. 2018). However, knockdown or pharmacological inhibition of a3-NKA did not reduce the
neuroprotective ability of sAPPa to increase cell survival against oligomeric AB42 in mouse
cortical neurons, suggesting a different receptor is responsible for facilitating sAPPa-
mediated neuroprotection (Dorard et al. 2018). The binding site within sAPPa for a3-NKA was

not investigated, and sAPPB was not included in the study (Dorard et al. 2018).

1.8.4. GABAgR1a.

The y-aminobutyric acid type B receptor subunit 1la (GABAgR1la) was identified as an
interactor of sAPPaggs in synaptosome-enriched homogenates from rat brains through co-
precipitation experiments (Rice et al. 2019). Specifically, sSAPPases amino acids 204-220, within
the extension domain of sAPPa (Figure 1.6), were identified as binding to the sushi-1 domain
of GABAgR1a (Rice et al. 2019). The binding of sAPPases to GABAsR1a enhanced short term
facilitation and inhibited the release of pre-synaptic vesicles (Rice et al. 2019). However,
crucially, this study found no difference between sAPPa and sAPPB, meaning GABAgR1a is not
responsible for the enhanced beneficial effects of SAPPa (Rice et al. 2019). The sAPPa protein
used in the study was tagged at the C-terminus with a large Fc tag, which could have
interfered with crucial C-terminal interactions which may have identified sAPPa-specific
receptors (Rice et al. 2019). In addition, GABABR1a was shown to reduce the cleavage of APP
into AB (Dinamarca et al. 2019).

1.9. Thesis aims.

sAPPa induces a wide range of beneficial effects in neurons which have significant therapeutic
potential in neurodegenerative diseases such as AD. However, the receptor through which
sAPPa mediates its neuroprotective activity against oxidative stress, excitotoxicity and ApB-
induced neuronal death in humans remains unknown. GABAgR1a and p75N™® exhibited no
clear differences in the binding of sAPPa or sAPPB (Hasebe et al. 2013; Rice et al. 2019),
meaning they are unlikely to contribute to the enhanced neuroprotective effect of sAPPa

(Furukawa et al. 1996). In addition, a3-NKA was demonstrated not to be responsible for
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sAPPa-mediated neuroprotection (Dorard et al. 2018). Therefore, there were likely
unidentified receptors which bound to sAPPa to mediate effects such as neuroprotection. As
neuronal damage through mechanisms such as oxidative stress and excitotoxicity is known to
play a critical role in the progression of AD (Cheignon et al. 2018), harnessing the
neuroprotective effect of SAPPa could have great therapeutic potential. If the responsible
receptor(s) were identified, stimulation of such specific receptors or its downstream signalling
mechanisms could increase neuronal resistance to damage to slow or even stop

neurodegeneration and cognitive decline in AD.

SH-SY5Y cells, a human neuroblastoma cell line, are commonly used to study
neurodegenerative diseases in laboratories across the world because of their neuron-like
characteristics, ease of culture and rapid growth rate (Slanzi et al. 2020). However, more
physiologically accurate models of native human neurons are also available, such as iPSC-
derived human cortical neurons (hiPSC-derived neurons), which derive from reprogrammed
adult somatic cells (Slanzi et al. 2020). hiPSC-derived neurons provide a more physiologically
accurate model of native patient neurons than immortalised cells do (Engle et al. 2018).
However, hiPSC-derived neurons are fragile, challenging and time-consuming to culture, so
they are not appropriate for use in all experiments (Engle et al. 2018). Therefore, experiments

within this thesis used either SH-SY5Y cells or hiPSC-derived neurons where appropriate.

The main aim of this thesis was to perform unbiased screens to identify novel sAPPa binding
partners in neuronal cells. This project utilised human N-terminally his-tagged recombinant
sAPPa and repurposed methods previously used to successfully identify cell surface integrins
using known ligands as bait (Jones et al. 2015). This was used in combination with a second,
quartz crystal microbalance with dissipation monitoring (QCM-D) based, unbiased receptor
isolation method. The in vitro effects and binding characteristics of sSAPPa were studied using
hiPSC-derived neurons and SH-SY5Y neuroblastoma cells. Identified receptors were validated
through siRNA-mediated knockdown studies. Successful identification of novel sAPPa binding
partners not only increased our understanding of the mechanisms of sAPPa but could also
lead to novel potential therapeutic targets for a disease which is in critical need of safe and

effective disease-modifying treatments.
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2. Materials and Methods

2.1. Immortalised cell culture.

Human embryonic kidney 293 cells containing the T antigen (HEK293T) and SH-SY5Y human
neuroblastoma cells were maintained in 75 cm? cell culture flasks (Thermo Scientific #132913)
containing 10 mL Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
foetal bovine serum (FBS). Cells were incubated in a 5% CO; 37 °C humidified incubator. Upon
reaching approximately 80-90% confluency, cells were passaged into new 75 cm? cell culture
flasks (Thermo Scientific #132913). To passage, cells were detached using 10 mL Dulbecco’s
phosphate-buffered saline (DPBS) (- metals), centrifuged at 3000 rpm for 5 min, the
supernatant discarded and the cell pellet resuspended in 10 mL DMEM+10% FBS (v/v)
medium. For routine maintenance, 1 mL of the resuspended pellet was transferred into a
fresh cell culture flask (Thermo Scientific #132913) containing 9 mL DMEM+10% FBS (v/v).
When necessary, cells were counted using a Cell Countess Il (ThermoFisher) and trypan blue
stain according to the manufacturer’s instructions. Cells were checked regularly for

mycoplasma infection using the EZ-PCR mycoplasma test kit (Geneflow #K1-0210).

2.2. Construct generation and transfection into cells.

A pcDNA3.1+ plasmid encoding sAPPaess under the transcriptional control of a 5 kozak
enhancer sequence and with an N-terminal hexahistidine His-tag, positioned downstream of
the APP signal peptide coding region, was provided by Dr. Kate Fisher at the start of the
project. Dr. Kate Fisher also provided HEK cells which had been stably transfected with the
SAPPasgs plasmid. A stop codon was introduced 48 nucleotides upstream of the 3’ sAPPa stop
codon using the Q5 site-directed mutagenesis kit (New England Biolabs, E0554S) (forward
primer 5’-3’: TAGGATGCAGAATTCCGACATG; reverse primer 5’-3’: CATCTTCACTTCAGAGATC)
to produce a plasmid coding for SAPPfegs. Briefly, 12.5 pL Q5 mastermix, 1.25 pL F primer (10
M), 1.25 pL R primer (10 uM), 25 ng sAPPa template DNA in 1 uL and 9 pL DNAse free H,0
were mixed and amplified through PCR. The PCR cycles were: 98 °C for 30 s; followed by 25
cycles of 98 °Cfor 10s,57 °Cfor 30's, 72 °C for 240 s. 2 pL PCR product was analysed through
gel electrophoresis on a 1% agarose gel (0.01% SYBR Safe [v/v]) at 90V for 45 min. 1 uL PCR
product was ligated using KLD reaction mix (New England Biolabs M0554) according to the
manufacturer’s instructions. Briefly, 1 uL PCR product, 5 pL 2x KLD reaction buffer, 1 pL 10x

KLD enzyme and 3 pL DNase free H,O were mixed and incubated for 5 min at RT. 50 plL
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chemically competent E. coli cells were transformed with 5 pL KLD reaction mix through heat
shock (30 min on ice, heat shock 30 sec at 42 °C, recovery 3 min on ice, 1 h at 37 °C in SOC
outgrowth medium). Transformed colonies were identified through overnight plating on LB
agar plates containing 0.1 mg/ml ampicillin. Single colonies were selected and the plasmid
was purified using the QIAprep Spin Miniprep kit (Qiagen 27104) according to the
manufacturer’s instructions. Eluted DNA was stored at -20 °C. Insertion of the stop codon was
confirmed through analysis of the DNA sequence (sequencing performed by Eurofins
Genomics). HEK293T cells were stably transfected with the plasmid encoding sAPPBegs
through nucleofection according to the manufacturer’s instructions (4D-Nucleofactor, Lonza).
Transformed cells were selected with DMEM+10% FBS (v/v) containing 1 mg/ml geneticin. A

plasmid map of sAPPa within pcDNA 3.1+ is presented in Supplementary Figure 7.4.

2.3. Purification of secreted hexahistidine-tagged recombinant sAPPa and sAPPJ.

A protocol was developed for the purification of hexahistidine-tagged protein from cell
medium using immobilised metal affinity chromatography (IMAC). The protocol is
summarised in Figure 2.1. HEK cells, transfected to overexpress either SAPPasgs or SAPPBegs,
were grown to 100% confluency in four 500 cm? multilayer flasks (Thermo Scientific #132913)
and, upon reaching confluence, were then incubated for 72 h in 60 mL OptiMEM medium
(Gibco) per flask. The media was harvested and centrifuged for 5 min at 3000 rpm. The media
was concentrated from a total of 240 mL to approximately 10 mL using several Vivaspin 20
10,000 MWCO centrifugal concentrators at 4 °C (Generon #VS2002) (Figure 2.1a). A sample
of this media, termed ‘input’, was taken for analysis. The concentrated media sample was
adjusted to a final concentration of 20 mM Tris pH 8, 300 mM NaCl and incubated with 200
uL 50% slurry Nickel-NTA agarose (Qiagen) on a roller overnight at 4 °C (Figure 2.1b). The
media was then centrifuged at 3000 rpm for 5 min (Figure 2.1c), the supernatant was
removed and a sample was kept for analysis (termed ‘unbound’). The nickel-NTA agarose was
resuspended in 5 mL wash buffer 1 (20 mM Tris pH 8, 1 M NaCl) (Figure 2.1d), placed on a
roller for 5 min at RT and centrifuged for 5 min at 3000 rpm (Figure 2.1e). The supernatant
was removed (termed ‘wash 1’) and the nickel-NTA agarose was resuspended in 5 mL wash
buffer 2 (20 mM Tris pH8, 300 mM NaCl, 10 mM imidazole). The sample was placed on a roller
for 5 min at RT and centrifuged for 5 min at 3000 rpm. The supernatant was removed (termed

‘wash 2’) and the nickel-NTA agarose was resuspended in 2 mL wash buffer 3 (20 mM Tris pH
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8, 300 mM NacCl, 20 mM imidazole). The nickel-NTA agarose was placed on a roller for 5 min
at RT, centrifuged for 5 min at 3000 rpm and the supernatant removed (termed ‘wash 3’). The
nickel-NTA agarose was resuspended in 2 mL elution buffer (20 mM Tris pH 8, 300 mM Nacl,
500 mM imidazole) (Figure 2.1f) and incubated on a roller at RT for 10 min. The sample was
centrifuged at 3000 rpm for 5 min (Figure 2.1g), the supernatant containing the purified
protein was collected and a sample kept for analysis (termed ‘elution 1’). All centrifugation

steps were performed at 4 °C.

The purified protein sample was transferred to four Ultra-0.5 mL 10,000 MWCO centrifugal
filter devices (Amicon) and centrifuged at 14,000 for 13 min. The flow through was removed,
the 50 uL protein sample diluted in 450 pL DPBS and centrifuged again at 14,000 for 13 min.
This buffer exchange process was performed a total of four times and the 200 uL protein
sample was left concentrated following the fourth centrifugation step (Figure 2.1h). The
concentration of purified protein was determined through a bicinchoninic acid assay using

BSA (1 mg/mL) as a protein standard (Section 2.6).
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Figure 2.1. The process for purifying hexahistidine-tagged recombinant sAPPa or sAPPj
from complex cell medium through immobilised metal affinity chromatography (IMAC).

(a) HEK cells, transfected to overexpress either sAPPaess or SAPPBsgs, were grown to 100%
confluency and incubated for 72 h in OptiMEM medium. The media was harvested, cell
debris was removed through centrifugation and the media was concentrated from a total
of 240 mL to approximately 10 mL through centrifugation. (b) The concentrated media
sample was adjusted to a final concentration of 20 mM Tris pH 8, 300 mM NacCl and
incubated with 50% slurry Nickel-NTA agarose (Qiagen) on a roller overnight at 4 °C. (c-e)
The media was centrifuged and the supernatant removed. The nickel-NTA agarose was
washed in wash buffers 1, 2 and 3. (f) The nickel-NTA agarose was resuspended in elution
buffer and incubated on a roller at RT for 10 min. (g) The sample was centrifuged at 3000
rom for 5 min and the supernatant containing the purified protein was removed. (h)

Imidazole was removed through buffer exchange using DPBS and centrifugal filter devices.
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2.4. Preparation of whole cell lysates.

1x10° SH-SY5Y cells were seeded in 2 mL DMEM (containing 10% FBS) per well overnight in a
6 well plate. Cells were washed three times with 1 mL DPBS and incubated in 2 mL OptiMEM
per well at 37°C for 48 hours. Cells were washed three times with 1 mL ice-cold DPBS, scraped
in 1 mL ice-cold RIPA lysis buffer (0.5% [w/v] sodium deoxycholate, 1% [v/v] Nonidet P-40, 50
mM Tris, 150 mM NaCl, pH 8, 4% [v/v] cOmplete EDTA-free protease inhibitor cocktail [Sigma
#11873580001]), collected and incubated on ice for 30 min. Samples were centrifuged at
14,000 xg for 10 min at 4 °C and the supernatant was collected and stored at -20 °C until

analysed.

2.5. Biophysical analysis of recombinant purified sAPPa and sAPPJ.

The biophysical analysis of 100 ug purified sAPPa and sAPPB was performed by Dr. Thomas
Jowitt at the University of Manchester Biomolecular Analysis Facility. Protein oligomerisation
was determined through multi-angle light scattering using a DAWN EOS 18-angle light
scattering detector (Wyatt) and through analytical ultracentrifugation using an OptiMA XLA
analytical ultracentrifuge (AUC) (Beckman Coulter). AUC sedimentation was performed at 230

nm and 40,000 rpm.

2.6. Bicinchoninic acid (BCA) assay.

Control samples (10 pL total volume) of BSA (2-10 pg/uL) were diluted in dH,0 and loaded in
duplicate alongside a 10 puL dH,0 blank control in a clear 96-well plate. Various volumes of
experimental samples were diluted in dH,0 (10 uL total volume) and loaded in duplicate. 200
uL of a 1:50 mixture of 4% CuSOa (v/v) and BCA assay reagent A (ThermoFisher #23228) was
added to each well, plates were sealed and then incubated for 20 min at 37 °C. Absorbance
was read at 562 nm using an ELx800 microplate reader (BioTek). The mean protein
concentration of each experimental sample was determined using a standard curve

generated from the BSA control standards through Gen5 data analysis software (BioTek).

2.7. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE).

Protein samples were diluted to the desired concentration in 1x loading buffer (100 mM Tris-
HCl, 2% [w/v] SDS, 10% [v/v] glycerol, 100 mM DTT, 0.02% [w/v] bromophenol blue, pH 6.8)
and heated at 95 °C for 5 min. Proteins were resolved through gel electrophoresis in 1.5 mm
10% Tris-Glycine polyacrylamide gels. A stacking gel of 3% Tris-Glycine polyacrylamide was
used. PageRuler prestained protein ladder (ThermoFisher #26616), 10-180 kDa, was run
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alongside samples to determine the molecular weight of protein bands. Electrophoresis was
performed at 45 mA per gel for ~50 min using 1x Tris/Glycine/SDS protein electrophoresis
buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS [v/v], pH 8.3) (BioRad #1610772EDU).
Electrophoresed SDS gels containing separated protein samples were either analysed through

immunoblotting (Section 2.8) or stained with coomassie brilliant blue (Section 2.9).

2.8. Immunoblotting.

Electrophoresed SDS gels containing separated protein samples were transferred to Immuno-
Blot PVDF membrane (BioRad #1620177), which had been pre-activated with a rinse in 100%
methanol. Protein transfer was achieved via a wet-transfer system at 120 V for 80 min in
transfer buffer (20% methanol [v/v], 150 mM Glycine, 20 mM Tris). The PVDF membrane was
then blocked in 10 mL 5% (w/v) milk in DPBS containing 0.1% (v/v) Tween-20 (DPBST) for 1 h
at RT, rinsed with DPBS and incubated with 5-10 mL primary antibody in 2% BSA (w/v) PBST
overnight at 4 °C with rocking motion. A list of the antibodies and concentrations used are
shown in Table 2.1. The membrane was washed in ~10 mL DPBST for 10 min at RT, followed
by two washes in ~10 mL DPBS for 10 min each at RT. Washed PVDF membrane was incubated
in 5-10 mL secondary antibody (horseradish peroxidase conjugate, Table 2.1) for 1 h at RT.
The membrane was washed three times in ~10 mL DPBS for 10 min per wash and protein
bands were visualised using the Pierce enhanced chemiluminescence detection system
(ThermoFisher #32106) with a Syngene Gbox XT4. Data were analysed using GeneTools
(Syngene). To control for protein loading, PVDF membranes were re-probed with 5-10 mL of

antibody directed against B-actin (Table 2.1) and re-imaged.
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Table 2.1. List of antibodies used in this thesis.

Concentration/dilution

Antibody Raised in | Source; catalogue no.
used

AB 1-16 (6E10) Mouse BioLegend; SIG-39320 0.25 pg/mL
APP 66-81 (22C11) Mouse Millipore; MAB348 0.5 ug/mL
sAPPf neoepitope SmithKline Beecham |
(1A9) Mouse Pharmaceuticals 1:2500
sAPPa neoepitope Immuno-Biological

M 1 L
(2B3) ouse Laboratories; 11088 ug/m
Hexahistidine tag Mouse Abcam; ab18184 1 ug/mL
VGLUT1 Rabbit Synaptic Systems; 135303 | 2 ug/mL
Synaptophysin Rabbit Abcam; ab68851 1:200
Anti-Mouse secondary . . .
HRP conjugated Rabbit Sigma-Aldrich; A9044 2.5-5 pg/mL
Anti-Rabbit secondary . )
HRP conjugated Goat Invitrogen; A16096 0.25 pg/mL
PSD-95 Mouse Abcam; ab2723 10 pg/mL
B-actin (AC-15) Mouse Abcam; ab6276 0.21-0.23 pg/mL
Calsyntenin-3 Rabbit Proteintech; 13302-1-AP | 1.5 pug/mL
MAP2 Chicken Ab5392 1:10,000
Anti-Mouse 1gG H&L
Alexa Fluor 488 | Donkey Abcam; ab150105 2 ug/mL
conjugated
Anti-Rabbit I1gG H&L
Alexa Fluor 594 | Donkey Abcam; ab150076 2 ug/mL
conjugated
Anti-Chicken IgL H&L
Alexa Fluor 647 | Goat Invitrogen; A-21449 2 ug/mL
conjugated
SATB2 Mouse Abcam; ab51502 0.5 pug/mL
S1008 Rabbit ThermoFisher; BS-2015R | 5 pg/mL
BlIl tubulin Mouse Elabscience; E-AB-20093 | 5 pg/mL
GFAP Chicken Abcam; ab4674 1:1000
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2.9. Coomassie blue total protein gel stain.

Electrophoresed SDS gels containing separated protein samples were fully submerged in
SimplyBlue SafeStain (Thermo LC6060) for at least 30 min at RT with gentle rocking, followed
by overnight destaining in dH,0O at RT.

2.10. Bioinformatics.

Protein sequences were obtained from UniProt (available at www.uniprot.org). DNA
sequence data provided by Eurofins Genomics were translated bioinformatically using ExPASy
ProtParam (available at https://web.expasy.org/protparam/). Alignments were performed

using Clustal Omega (available at www.ebi.ac.uk/tools/msa/clustalo).

2.11. The isolation of ligand-specific adhesion complexes using tosylactivated microbeads.

The following protocol is described in detail in Jones et al.,, 2015. The constituents of the
required buffers are listed in Table 2.2. A summary of the protocol is shown in Figure 2.2.
Approximately 5x107 beads per experimental condition were prepared. 125 ulL Tosylactivated
M-450 microbeads (Invitrogen #14013) were washed with 125 pL 0.1M sodium phosphate
buffer pH 8 (0.1M PB) and incubated with sAPPa, sAPPB, OKT9 or TS216 so that 25 g of ligand
was present per 5x107 beads at a final concentration of 200 pg/mL. The coated beads were
incubated at 1400 rpm at 25 °C for 15 min, followed by the addition of BSA to a final
concentration of 0.5% (w/v). The coated beads were left incubating overnight at 1400 rpm,
25 °C. The coated beads were then magnetically separated, washed twice with 125 pL 0.1%
BSA (w/v) in DPBS (- metals) and incubated overnight in 125 pL 0.2M Tris-HCI pH 8.5
containing 0.1% BSA (w/v) at 1400 rpm, 25 °C. The coated and blocked beads were then
washed twice with 125 pL DPBS (- metals) containing 0.1% BSA (w/v) and used immediately

for receptor pulldown experiments.

SH-SY5Y neuroblastoma cells were passaged until approximately 1x108 cells were present per
experimental condition on the day of the experiment. Cells were detached through
incubation with DPBS (- metals) and counted using a Cell Countess Il (ThermoFisher) with
trypan blue stain. Detached cells were centrifuged at 3000 rpm for 5 min and resuspended to
a final concentration of 1x107 cells/mL in DMEM-HEPES containing 0.2% BSA (w/v). Per
condition, 1x108 cells were incubated with 5x107 coated beads to achieve a cell-to-bead ratio
of 2:1. Beads and cells were incubated together for 30 min with gentle rotation at 70 rpm, 37

°C. Dimethyl 3,3’-dithiobispropionimidate (DTBP) (ThermoFisher #20665) protein crosslinker
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was then added to a final concentration of 3 mM followed by a further 30 min incubation at
70 rpm, 37 °C. Tris-HCI pH 8.5 was added to a final concentration of 20 mM for 3 min, followed
by magnetic separation of beads and two washes with 5 mL cytoskeletal stabilising buffer
(CSK) containing 200 mM Tris (CSK™ with Tris) (Table 2.2). Beads were magnetically separated,
resuspended in 2.5 mL CSK buffer containing 0.5% Triton X-100 (v/v) (CSK*) (Table 2.2) and
sonicated using a Qsonica Sonicator Q700 (20% amplitude, 4 x 5 sec). Following sonication,
beads were separated magnetically and washed four times with 5 mL CSK*. The beads were
separated magnetically and incubated in 150 puL 2x loading buffer (200 mM Tris-HCl, 4% [w/V]
SDS, 20% [v/v] glycerol, 200 mM DTT, 0.04% [w/v] bromophenol blue, pH 6.8) at 1400 rpm,
70 °C for 30 min followed by incubation at 1400 rpm, 95 °C for 5 min. Beads were magnetically
separated, 100 pL of the supernatant was collected and stored at -80 °C until required for

analysis.

Table 2.2. Composition of the cytoskeletal stabilising buffers used in the tosylactivated
microbead pulldown.

Adapted from Jones, M. C., Humpbhries, J. D., Byron, A., Millon-Frémillon, A., Robertson, J.,
Paul, N. R., Ng, D. H. J., Askari, J. A. and Humphries, M. J. (2015) 'Isolation of integrin-based

adhesion complexes', Curr Protoc Cell Biol, 66, pp. 9.8.1-9.8.15.

CSK" 150 mM sucrose
500 mM NacCl
10 mM PIPES pH 6.8

CSK" with Tris 150 mM sucrose

500 mM NacCl

10 mM PIPES pH 6.8
200 mM Tris-HCI pH 8.5

CSK* 150 mM sucrose

500 mM NacCl

10 mM PIPES pH 6.8

0.5% Triton X-100 (v/v)

1 x cOmplete mini protease inhibitor cocktail (#11836153001)

Abbreviations: CSK, cytoskeletal stabilising buffer without Triton; CSK*, cytoskeletal

stabilising buffer with Triton.
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Figure 2.2. A summary of the protocol which facilitated the isolation of binding partners

for specific ligands immobilised on the surface of tosylactivated microbeads.

Figure taken from Jones, M. C., Humpbhries, J. D., Byron, A., Millon-Frémillon, A., Robertson,

J., Paul, N. R., Ng, D. H. J., Askari, J. A. and Humphries, M. J. (2015) 'Isolation of integrin-

based adhesion complexes', Curr Protoc Cell Biol, 66, pp. 9.8.1-9.8.15.
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2.12. GeLC-MS/MS analysis.

Liquid chromatography-tandem mass spectrometry (GeLC-MS/MS) analyses were performed
by the Biological Mass Spectrometry (BioMS) Core Facility at the University of Manchester.
Numbers shown in this thesis are total peptide counts, unless stated otherwise. Samples from
microbead-based receptor pulldown (Section 2.11) or QCM-D based receptor pulldown
(Section 2.21) experiments were heated at 95 °C for 5 min. Proteins were run into the top of
a 1.5 mm 10% Tris-Glycine polyacrylamide gel via electrophoresis at 45 mA for 5 min using 1x
Tris/Glycine/SDS protein electrophoresis buffer (25 mM Tris, 192 mM Glycine, 0.1% SDS [v/v],
pH 8.3) (BioRad #1610772EDU).

Digestion

Bands of interest were excised from the gel and dehydrated using acetonitrile followed by
vacuum centrifugation. Dried gel pieces were reduced with 10 mM dithiothreitol and
alkylated with 55 mM iodoacetamide. Gel pieces were then washed alternately with 25 mM
ammonium bicarbonate followed by acetonitrile. This was repeated, and the gel pieces dried

by vacuum centrifugation. Samples were digested with trypsin overnight at 37 °C.
Mass Spectrometry
Orbitrap Elite machine

Digested samples were analysed by LC-MS/MS using an UltiMate® 3000 Rapid Separation LC
(RSLC, Dionex Corporation, Sunnyvale, CA) coupled to an Orbitrap Elite (Thermo Fisher
Scientific, Waltham, MA) mass spectrometer. Peptide mixtures were separated using a
gradient from 92% A (0.1% FA in water) and 8% B (0.1% FA in acetonitrile) to 33% B, in 44 min
at 300 nL/min, using a 75 mm x 250 um i.d. 1.7 mM BEH C18, analytical column (Waters).

Peptides were selected for fragmentation automatically by data dependant analysis.
QE HF machine

Digested samples were analysed by LC-MS/MS using an UltiMate® 3000 Rapid Separation LC
(RSLC, Dionex Corporation, Sunnyvale, CA) coupled to a QE HF (Thermo Fisher Scientific,
Waltham, MA) mass spectrometer. Mobile phase A was 0.1% formic acid in water and mobile
phase B was 0.1% formic acid in acetonitrile and the column used was a 75 mm x 250 um i.d.

1.7 mM CSH C18, analytical column (Waters).
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A 1 pl aliguot of the sample was transferred to a 5 plL loop and loaded on to the column at a
flow of 300 nL/min for 5 min at 5% B. The loop was then taken out of line and the flow was
reduced from 300 nL/min to 200 nL/min in 0.5 min. Peptides were separated using a gradient
that went from 5% to 18% B in 34.5 min, then from 18% to 27% B in 8 min and finally from
27% B to 60% B in 1 minute. The column is washed at 60% B for 3 min before re-equilibration
to 5% B in 1 min. At 55 min the flow is increased to 300 nL/min until the end of the run at 60

min.

Mass spectrometry data was acquired in a data directed manner for 60 min in positive mode.
Peptides were selected for fragmentation automatically by data dependant analysis on a basis
of the top 12 peptides with m/z between 300 to 1750 Th and a charge state of 2, 3 or 4 with
a dynamic exclusion set at 15 s. The MS Resolution was set at 120,000 with an AGC target of
3e6 and a maximum fill time set at 20 ms. The MS2 Resolution was set to 30,000, with an AGC
target of 2e5, a maximum fill time of 45 ms, isolation window of 1.3 Th and a collision energy

of 28.
Data Analysis

Data produced were searched using Mascot (Matrix Science UK), against the [Swissprot and
Trembl] database with taxonomy of [human] selected. Data were validated using Scaffold

(Proteome Software, Portland, OR).

2.13. The differentiation of induced pluripotent stem cells into cortical neurons.

The media used for iPSC-derived cortical neuronal differentiation are listed in Table 2.3. The
protocol used was based on the study by Shi et al., (2012). A timeline of the workflow is shown
in Figure 4.1. Human OX1-19 induced pluripotent stem cells (hiPSCs) (derived from a healthy
male age 35-39 and provided to the Hooper lab by Sally Cowley [University of Oxford]) were
passaged 2:1 in the presence of 10 uM Rho kinase Y-27632 inhibitor (#ab120129) into a
matrigel-coated well and incubated at 37 °C for 24 h. The medium was changed to neural
induction medium (NIM) and the date was recorded as day 0. NIM was refreshed daily until
day 12, when the cells were detached using 10% dispase Il solution (v/v) (Gibco 17105041)
and transferred to two wells of a 6-well plate pre-coated with 10 pg/mL laminin (Sigma
L2020). The cells were incubated overnight at 37 °C in neuronal maintenance medium (NMM)

containing 20 ng/mL fibroblast growth factor (FGF). Following 4 days of FGF treatment, FGF
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was withdrawn and cells were incubated in NMM alone. Upon the appearance of neuronal
rosettes the cells were split 1:2 using dispase ll, as previous. At approximately day 25, the cells
were passaged to single cells accutase (Gibco A1110501) and transferred to new wells pre-
coated with 10 pg/mL laminin (Sigma L2020). NMM was changed after 24 h and every
subsequent 48 h. The cells were repeatedly passaged 1:2 upon confluence until day 35, when
they were passaged for the final time into plates coated with 0.01% poly-L-ornithine solution
(v/v) (Sigma P4957) to a density of 50-150,000 cells/cm?. The NMM medium was changed
every 3-4 days until the neurons were used for experiments at day 70+. The expression of
cellular markers Blll tubulin, MAP2, SATB2, synaptophysin, S100B and GFAP were determined

through immunofluorescence microscopy (Figure 4.1) (Section 2.19).
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Table 2.3. Recipes for iPSC-derived human neuron cortical media.

Reagent Recipe Volume/ Catalogue
concentration

N2 medium DMEM/F12 glutamax 500 mL Life Tech 31331028
1 x N-2 supplement 5mL Life Tech 17502048
5 pg/mL insulin 0.25mL Sigma 19278
200 mM L-glutamine 5.5 mL Life Tech 25030024
100 pM non-essential amino acids 5mL Life Tech 11140050
100 uM 2-mercaptoethanol 0.1mL Life Tech 21985023
Pen/Strep 2.5mL Life Tech 15140122

B27 medium Neurobasal 500 mL Life Tech 12348017
1xB27 10 mL Life Tech 17504044
200 mM L-glutamine 2.5mL Life Tech 25030024
Pen/Strep 2.5mL Life Tech 15140122

Neural 1:1 mix of N2 and B27 media

maintenance (+/-) Fibroblast Growth Factor 20 ng/mL Merck-Millipore GFO03

medium

Neural NMM 10 mL

induction SB431542 10 uM R&D Systems #1614

medium Dorsomorphin 1uM R&D Systems #3093
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2.14. ROS assay.

H,0; generation was measured using the ROS-Glo assay (Promega #G8820) according to the
manufacturer’s instructions. Briefly, 10,000 SH-SY5Y cells per well were seeded into a 96-well
cell culture plate (ThermoFisher #165305) overnight in 100 uL DMEM (10% FBS [v/v]),
followed by one wash in 100 pL DPBS and incubation in 80 uL sAPPa or DPBS-only vector
control in OptiMEM for 48 h at 37 °C. H,0, substrate was added to a final concentration of 25
UM for the final 6 h of the 48 h treatment. For the final 90 min of incubation, menadione
(diluted in 100% ethanol) or a vehicle-only control were added at specified concentrations
(uM) in a final volume of 100 pL. 50 puL media from each well was transferred to a separate
white opaque plate and mixed with 50 uL ROS-Glo detection solution. The mixture was
incubated for 20 min at RT in the dark, and luminescence was read using a Synergy HT

microplate reader (BioTek).

2.15. Assessing the binding of sSAPPa to human cells through immunoblotting.

SH-SY5Y cells or day 70+ iPSC-derived human cortical neurons, seeded in 6-well plate format
as described previously (Section 2.4; Section 2.13), were incubated with 50 nM sAPPa or
DPBS-only vector control in 500 pL for specified times. The cells were washed three times
with 1 mL DPBS, cell lysates were harvested (Section 2.4) and lysates analysed by SDS-PAGE
(Section 2.7) followed by immunoblotting with a site-specific SAPPa neoepitope antibody
(2B3) (Section 2.8). Bands were quantified using ImagelJ and normalised against B-actin band

intensity.

2.16. Assessing the binding of sAPPB to human cells through Mesoscale Discovery SH
multiplex immunoassay.

SH-SY5Y cells or day 70+ iPSC-derived human cortical neurons, seeded in 6-well plate format
as described previously (Section 2.4; Section 2.13), were incubated with 50 nM sAPPB or
DPBS-only vector control in 500 uL. The cells were washed three times with 1 mL DPBS and
cell lysates were harvested (Section 2.4). The cell lysates were probed for sAPPB using the
multiplex immunoassay sAPPp kit (mesoscale discovery) by Dr. Kate Fisher according to the

manufacturer’s instructions.

2.17. siRNA knockdown of calsyntenin-1, calsyntenin-3 and GABABRL1.
1x10°® SH-SY5Y cells were seeded in 2 mL DMEM (containing 10% FBS [v/v]) in 6-well plates
overnight. Cells were washed once in 1 mL OptiMEM and incubated in 500 pL OptiMEM for
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30 min at 37 °C. Gene-targeted siRNA (Ambion #439240) or control non-targeting (NT) siRNA
(Invitrogen #4390843) were prepared according to the manufacturer’s instructions in 1x
siRNA buffer using nuclease-free water, mixed with Dharmafect 1 reagent to a final
concentration of 50 nM siRNA and incubated for 15 min at RT. The siRNA sequence for
calsyntenin-1 was 5° GGAACAACAGGAUUGAGUALtt 3’ (sense) and for calsyntenin-3 was 5’
GGAACAAAAGGAUCGAAUALt 3’ (sense). The GABABR1 siRNA used was Silencer Select
#4392420 siRNA assay ID s5464 (ThermoFisher). The siRNA mixture was diluted 1:5 in DMEM
containing 10% FBS (v/v) and 1 mL 50 nM siRNA was added to cells for 48 hr. Whole cell lysates
were collected (as described in Section 2.4) and gene expression was quantified by Dr. Kate

Fisher through real-time qPCR (RT-qPCR) (Section 2.18).

2.18. RT-qPCR.

Following siRNA-mediated gene knockdown, total RNA was extracted using the RNeasy kit
(Qiagen #74004) according to the manufacturer's instructions. cDNA was synthesised using
the iScript cDNA Synthesis kit (BioRad #1708890) according to the manufacturer’s
instructions. Gene expression levels were measured through RT-qPCR using the SYBR Green
method. The primer sequences for GABAgR1a were F: 5° ACAAGGGGCTGCTGCTGCTG 3’ and
R: 5° GATAGCCATGCCCACGGCCC 3’. The primer sequences for calsyntenin-1 were F: 5
CATCCAGGCCTATGATTGTGG 3’ and R: 5 TACTCATTCACGTCGTTCACC 3’. The primer
sequences for RPL13 were F: 5 TCAAAGCCTTCGCTAGTCTCC 3’ and R: 5
GGCTCTTTTTGCCCGTATGC 3. Reaction mixtures containing 50 ng cDNA, 200 uM dNTPs, 1x
SYBR Green, 200 nM forward primer and 200 nM reverse primer were amplified in triplicate
using a QuantStudio 3 thermal cycler (Applied Biosystems). The gPCR cycle parameters were
50 °C for 2 min, 95 °C for 10 min; followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min;
followed by 95 °C for 15 s and finally 60 °C for 15 s. Gene expression was normalised against

RPL13 reference gene expression. Gene expression in the NT sample was set as 100%.

2.19. Immunofluorescence microscopy.

5,000 SH-SY5Y cells in 50 uL DMEM (+10% FBS) were seeded for 3 h onto coverslips in a 24-
well plate format, followed by incubation in 1 mL DMEM (+10% FBS). Seeding with iPSC-
derived neurons was performed as previously described (section 2.13). When confluent,
coverslips were washed three times with 300 uL DPBS and fixed with 300 uL 4%

paraformaldehyde (v/v) for 10 min at RT. Coverslips were then washed three times with 300

64



uL DPBS and permeabilised using 300 puL DPBS containing 0.2% Triton X100 (v/v) for 4 min at
RT. Coverslips were washed twice with 300 pL and incubated in 300 uL 10% Donkey serum
(v/v) in DPBS for 3 h at RT. Coverslips were transferred to a moist chamber and incubated
with 60 pL primary antibody overnight at RT. Coverslips were washed three times with 300
uL DPBS and incubated with fluorescently-conjugated secondary antibody in 300 pL puL 10%
Donkey serum (v/v) for 1 h (Table 2.1). Coverslips were washed twice with 300 uL DPBS and
once with 300 puL dH;0. Coverslips were allowed to dry and mounted onto slides using a drop
of ProLong Gold Antifade Mountant with DAPI (Invitrogen #P36931). A Z-stack of images were
captured at 60x using an Olympus IX83 inverted microscope with MetaMorph and DeltaVision
software using the appropriate wavelengths for the secondary antibodies. Images were

processed using Image) (http://imagej.net/Fiji/Downloads).

2.20. Detergent-free membrane enrichment.

Cells were scraped from three confluent 75 cm? cell culture flasks (Thermo Scientific #132913)
in 1 mL ice-cold DPBS containing 1x protease inhibitor cocktail cOmplete EDTA-free protease
inhibitor cocktail (Sigma #11873580001). The sample was sonicated using a Qsonica Sonicator
Q700 (20% amplitude, 3 x 5 sec). Nuclei and large debris were removed through
centrifugation at 800 xg for 10 min. The pellet was discarded and the supernatant was
centrifuged (22,000 xg for 30 min at 4°C). The supernatant, containing the cytosolic fraction,
was retained. The pellet, containing the membrane fraction, was resuspended in 200 uL DPBS

containing 1x PIC (Sigma #11873580001).

2.21. Quartz Crystal Microbalance with Dissipation Monitoring

Bilayers of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were produced with
head group-functionalised lipid (1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap
biotinyl) (Biotinyl Cap PE). Below is described the preparation of a 5-mol% head group-

functionalised lipid layer.
Multilamellar vesicles preparation

10 mg/mL POPC stock suspension of lyophilised POPC within a glass bijoux with air tight lid
dissolved in 1 mL chloroform and 1 mg/mL head-group functionalised lipid stock suspension
of lyophilised Biotinyl Cap PE within a glass bijoux with air tight lid was dissolved in 1 mL

chloroform and swirled to homogenise.
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A molar 5% biotinylated biotinyl cap PE lipids was made (95% POPC) and chloroform removed
under a continuous gentle nitrogen stream to produce a thin lipid film ensuring all chloroform

was removed by drying under vacuum overnight.

Lipids were rehydrated in 1 mL 0.2 uM filtered 10 mM HEPES, 150 mM NaCl, 2 mM CaCl2, pH
7.4 (final molar concentration of 1.3 mM) and incubated at room temperature for a minimum
of 30 min before sonicating with a tip sonicator 14-Hz 12 second intervals on ice. Unilamellar

vesicle size was determined using DLS prior to using (vesicles under 80 nm).

QCM-D sensors (SiO2) were sonicated in 2% SDS (w/v) for approximately 15 min to remove
bound particles before being rinsed both sides with copious amounts of ultrapure water then

ethanol and dried under a nitrogen stream to ensure no streaks were present.
Sensors were placed in a UV Ozone cleaner for 30 mins and used immediately.
Lipid bilayer formation using QCM-D

0.2 mM unilamellar lipid solution was used for bilayer deposition. ~200 uL of sample in the
calcium containing buffer was injected over the sensor. Fully formed bilayers should produce

final frequency and dissipation values of approximately -25 Hz and 0.1 x 10°%, respectively.

Once bilayer formed and signals had stabilised, running buffer was used to flush through the

system to ensure removal of free lipid (approximately 10 mins).

10 pg/mL avidin/streptavidin solution was injected over the surface (200 pL) for 10 min until
a saturated layer had formed, followed by a wash of the surface with buffer. This surface was

ready for addition of biotinylated molecules to be adhered to the streptavidin.
Capture of ligands to the surface and identification of binders

Purified recombinant sAPPa or sAPPB samples were flowed over the surface until a saturated
level was formed, followed by the desired cell lysate. The lysate was flowed at a constant rate
of 5 uL/min for 20 min. Immediately following this there was a 1 min buffer wash to ensure
all non-bound material was washed from the flow-cell, and the chip was recovered. The lipid-
layer was collected using 25 pl 2% SDS gel loading buffer. The sample was then analysed

through GeLC-M/MS.
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2.22. Statistics.

GraphPad Prism 7 (version 7.04) was used to perform all statistical tests and a normal
distribution was assumed for all sample populations. A value of p<0.05 was considered
statistically significant. For experiments with more than one independent variable, a one-way
ANOVA with Tukey’s multiple comparison test was performed. For experiments with one
independent variable, an unpaired t-test with Welch’s correction was performed. All error

bars represent standard deviation from the mean, unless otherwise indicated.
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3. The purification and biophysical characterisation of
recombinant soluble amyloid precursor proteins alpha and
beta

3.1. Introduction.

Many of the known functions of APP may be exerted by its secreted cleavage products sAPPa
or sAPPB, rather than the full-length protein itself (Dawkins and Small 2014). Cleavage of the
transmembrane protein APPegss by ADAMI10 between Lyssi2 and Leusiz results in the
extracellular release of sAPPaegs (Kuhn et al. 2010). Cleavage by BACE1 between Metsgs and
Aspsoz results in the extracellular release of SAPPBsgs (Kimura et al. 2016; Vassar et al. 1999).
sAPPa was found to protect against excitotoxicity, AB toxicity and glucose deprivation 100
times more effectively than sAPPB (Furukawa et al., 1996). However, the molecular
mechanisms and receptor interactions through which sAPPa exerted its enhanced protective
effects were unknown. In addition, the causes of the critical functional differences between
sAPPa and sAPPB were also unknown. For example, knock-in of sAPPa rescued APP/APLP2
double knockout postnatal lethality in the majority of mice (Weyer et al. 2011), whereas
sAPPB knock-in did not (Li et al. 2010). A peptide consisting solely of those C-terminal 16
amino acids of sAPPa, which sAPPB lacks, was sufficient to rescue long-term potentiation
deficits in APP/APLP2 double knockout mice, whilst full-length sAPPB had no effect (Richter
et al. 2018). Therefore, it was hypothesised that the C-terminal sequence was critical in the
different effects of the two proteins, perhaps by facilitating interaction with different
receptors. ldentification of the receptor(s) responsible for the protective effect of sAPPa
could help discover new treatment options for neurodegenerative diseases. Therefore, in this
study, sAPPB was included for comparison with sAPPa in the receptor identification
experiments because binding partners isolated using sAPPB may not be responsible for the
specific neuroprotective and neurotrophic effects of sAPPa. However, there is also the
potential that sAPPa and sAPPB bind to the same receptor yet exert different effects or with

different affinities.

Due to the C-terminus being the sole difference between the two proteins, a hexahistidine
tag (added to facilitate protein purification) was added at the N-terminus, downstream of the
signal peptide, to prevent functional disruption. The identities of the purified proteins were

confirmed through immunoblotting and GeLC-MS/MS. The biophysical characteristics of each
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protein were assessed, which demonstrated high solubility and little aggregation. Producing
the proteins in human cells ensured that appropriate physiological post-translational
modifications (PTMs) would be present, which could be relevant for protein stability and
receptor interaction (Madsen et al. 2020). Similar previous receptor studies of sAPPa all either
used C-terminally tagged protein or protein produced in E. coli (Dorard et al. 2018; Hasebe et
al. 2013; Rice et al. 2019). Rice et al (2019) also used an Fc tag at the C-terminus, which is
much larger than a His-tag and therefore more likely to interfere with protein function. To
date, no study had used N-terminal hexahistidine tagged sAPPa and sAPPB produced in
human cells, in combination with two different unbiased receptor identification methods, to

identify and compare novel binding partners in human cells.

3.1.1. Chapter aims.

To isolate potential binding partners and characterise the effect of human sAPPa and sAPPf
in vitro, large quantities of each protein would be required. Additionally, both the sAPPa and
sAPPB proteins available commercially were produced in E. coli, meaning they lacked
potentially important post-translational modifications found on the eukaryotic proteins.
Because of this, it was decided to produce both sAPPa and sAPPB to allow sufficient
production of human proteins with the appropriate post-translational modifications and to
minimise potential supply disruptions. These proteins were referred to as ‘in-house’ proteins.

Therefore, the aims of this chapter were to:

e Generate HEK cells overexpressing N-terminal His-tagged recombinant sAPPa and
SAPPB.

e Confirm overexpression and secretion of sAPPa and sAPPf in each respective HEK cell
line.

e Purify each His-tagged protein from the complex HEK cell medium under non-
denaturing conditions.

e Confirm the identities of in-house His-tagged proteins as sAPPa and sAPPB.

e Compare in-house sAPPa with commercially acquired sAPPa.

e Analyse the biophysical characteristics of in-house sAPPa and sAPP.
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3.2. Generation of recombinant plasmids coding for sAPPa or sAPPB with N-terminal His-tags.
The three major alternatively spliced isoforms of APP are APPsgs, APP751 and APP770. A Kunitz
protease inhibitor domain is present in both APP751 and APP770, whilst APP770 also contains an
additional OX-2 antigen domain (Cappai 2014). As APPggs is the dominant neuronal isoform
(Kang et al. 1987; Rohan de Silva et al. 1997), the DNA sequence of sAPPa deriving from
human APPggs, with an additional N-terminal hexahistidine tag, was engineered to be

overexpressed in human cells.

A plasmid coding for human sAPPasss under the control of kozak enhancer sequence was
available in the lab, provided by Dr. Kate Fisher. To produce it, briefly, a stop codon had been
inserted into an APPggs plasmid through site directed mutagenesis between codons 612 and
613, which is the ADAM10 cleavage site. A tag of six histidine residues and a glycine-serine-
glycine spacer sequence were added through site-directed mutagenesis immediately
following the N-terminal signal peptide. Following amplification through E. coli, the plasmids
were sequence verified, translated using ExPASy Translate

(https://web.expasy.org/translate/) and aligned to the known APPsgs amino acid sequence

(Figure 3.1). Sequencing and alignment confirmed successful insertion of a hexahistidine-tag
and spacer sequence between the APP signal peptide and the N-terminus of the mature
sAPPa protein. The sequence alignment also confirmed insertion of a stop codon between
codons 612 and 613 of the APP sequence, confirming the production of a plasmid encoding

N-terminal hexahistidine SAPPasggs.

To produce a plasmid encoding sAPPBess, a stop codon was inserted immediately after the B-
secretase cleavage site of the sAPPagos plasmid sequence, between APP codons 596 and 597.
Following amplification through E. coli, the sAPPBegs plasmid was purified and sequence
verified. The DNA sequence was translated and aligned to the APPggs and sAPPasgs plasmid
sequences (Figure 3.1). Translated sequence alignment confirmed successful insertion of a
stop codon at the desired position, between APP codons 596 and 597, resulting in a plasmid
encoding sAPPBess with an N-terminal hexahistidine tag and spacer sequence. sAPP
sequences were placed downstream of a kozak consensus sequence to enhance translation.
Thus, these data showed successful generation of recombinant plasmids for both

recombinant sAPPasgs and sAPPBegs, hereafter simply referred to as sAPPa and sAPP.
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https://web.expasy.org/translate/

APP MLPGLALLLLAAWTARA--————-——— LEVPTDGNAGLLAEPQIAMFCGRLNMHMNVQONGK 51

r SAPPa MLPGLALLLLAAWTA GSGLEVPTDGNAGLLAEPQIAMFCGRLNMHMNVQNGK 60

r sAPPP MLPGLALLLLAAWTA GSGLEVPTDGNAGLLAEPQIAMFCGRLNMHMNVQNGK 60
hkkkkk kK kK kkokok ok k I I I ITI I I I %k kkkkkhkhkhkhkkkkkkkkhhkkhkhkhkhkhkhkxxkk k%

APP WDSDPSGTKTCIDTKEGILQYCQEVYPELQITNVVEANQPVTIQNWCKRGRKQCKTHPHFE 111

r SAPPa WDSDPSGTKTCIDTKEGILQYCQEVYPELQITNVVEANQPVTIQNWCKRGRKQCKTHPHFE 120

r sAPPP WDSDPSGTKTCIDTKEGILQYCQEVYPELQITNVVEANQPVTIQNWCKRGRKQCKTHPHFE 120

LR R RS SRS S SRS RS R SRR R SRR R R R R R R R R R R R R R R R R R R R R R R R R R

APP VIPYRCLVGEFVSDALLVPDKCKFLHQERMDVCETHLHWHTVAKETCSEKSTNLHDYGML 171
r SAPPa VIPYRCLVGEFVSDALLVPDKCKFLHQERMDVCETHLHWHTVAKETCSEKSTNLHDYGML 180
r sSAPPP VIPYRCLVGEFVSDALLVPDKCKFLHQERMDVCETHLHWHTVAKETCSEKSTNLHDYGML 180

KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A ARk Ak Ak Ak Ak Ak kA Ak kA kA kk ko, k%

APP LPCGIDKFRGVEFVCCPLAEESDNVDSADAEEDDSDVWWGGADTDYADGSEDKVVEVAEE 231

r_ sAPPa LPCGIDKFRGVEFVCCPLAEESDNVDSADAEEDDSDVWWGGADTDYADGSEDKVVEVAEE 240

r sSAPPP LPCGIDKFRGVEFVCCPLAEESDNVDSADAEEDDSDVWWGGADTDYADGSEDKVVEVAEE 240
Ak hkhkhkkhkhkkhkhhkhhkhhhkhhkhhkhhkhhkhkhhkhhkhhkhhhkhkhkhhkhkhkhkhhkhkhkkhkhkkhkhkhkhkhkhkhkkhkhkkhkhkxkx

APP EEVAEVEEEEADDDEDDEDGDEVEEEAEEPYEEATERTTSIATTTTTTTESVEEVVRVPT 291

r sAPPx EEVAEVEEEEADDDEDDEDGDEVEEEAEEPYEEATERTTSIATTTTTTTESVEEVVRVPT 300

r sAPPP EEVAEVEEEEADDDEDDEDGDEVEEEAEEPYEEATERTTSIATTTTTTTESVEEVVRVPT 300

B R R R R R I R S S S S S S

APP TAASTPDAVDKYLETPGDENEHAHFQKAKERLEAKHRERMSQVMREWEEAERQAKNLPKA 351
r SAPPa TAASTPDAVDKYLETPGDENEHAHFQKAKERLEAKHRERMSQVMREWEEAERQAKNLPKA 360
r sAPPP TAASTPDAVDKYLETPGDENEHAHFQKAKERLEAKHRERMSQVMREWEEAERQAKNLPKA 360

B R R R R R R R R R R R I I S S

APP DKKAVIQHFQEKVESLEQEAANERQQLVETHMARVEAMLNDRRRLALENYITALQAVPPR 411
r SAPPa DKKAVIQHFQEKVESLEQEAANERQQLVETHMARVEAMLNDRRRLALENYITALQAVPPR 420
r sAPPP DKKAVIQHFQEKVESLEQEAANERQQLVETHMARVEAMLNDRRRLALENYITALQAVPPR 420

KA A A A A A A A A A A A A Ak Ak A Ak Ak Ak Ak kA kA Ak Ak Ak Ak kA kA kA kA kA kA Ak k ok kK%

APP PRHVENMLKKYVRAEQKDRQHTLKHFEHVRMVDPKKAAQIRSQVMTHLRVIYERMNQSLS 471
r SAPPa PRHVENMLKKYVRAEQKDRQHTLKHFEHVRMVDPKKAAQIRSQVMTHLRVIYERMNQSLS 480
r SAPPP PRHVENMLKKYVRAEQKDRQHTLKHFEHVRMVDPKKAAQIRSQVMTHLRVIYERMNQSLS 480

KA A A A A A A A A A A A A A Ak Ak kA kA Ak Ak kA kkkkkkkhkkkkkhkkhkhkkkkk ok ok ok ok ok ok ok k k%

APP LLYNVPAVAEEIQDEVDELLQKEQNYSDDVLANMISEPRISYGNDALMPSLTETKTTVEL 531
r sAPPx LLYNVPAVAEEIQDEVDELLQKEQNYSDDVLANMISEPRISYGNDALMPSLTETKTTVEL 540
r sSAPPP LLYNVPAVAEEIQDEVDELLQKEQNYSDDVLANMISEPRISYGNDALMPSLTETKTTVEL 540

B R R R R R R R I I S S S S S S S

APP LPVNGEFSLDDLQPWHSFGADSVPANTENEVEPVDARPAADRGLTTRPGSGLTNIKTEETL 591
r sAPPx LPVNGEFSLDDLOQPWHSFGADSVPANTENEVEPVDARPAADRGLTTRPGSGLTNIKTEETL 600
r_SAPPQ LPVNGEFSLDDLQPWHSFGADSVPANTENEVEPVDARPAADRGLTTRPGSGLTNIKTEET 600

R R R R R R R R R R R R I S S S S

APP ATVIVITLVMLKKK 651
r_SAPPa 621
r_ sAPPp 605
ddddk IFIFIFIFIFIF I I IE IE PF PF UE UF 0F Y
APP QYTSIHHGVVEVDAAVTPEERHLSKMQQONGYENPTYKEFEFEQMQON 695
r SAPPX ~  —o--m oo oo oo oo oo oo oo oo oo 621
r SAPPp ~  —o--moom oo oo oo oo oo oo 605
= Signal peptide
Bl - 6x His tag
= Glycine spacer
* = Consensus between three amino acid sequences

= Consensus between two amino acid sequences
- = No open reading frame

I - 2nyloid-B sequence

Figure 3.1. Amino acid sequence alignment of the N-terminal His-tagged sAPPagss and
sAPPBeos with APPegs.

A pcDNA3.1 plasmid encoding sAPPagsss under the transcriptional control of a 5’ kozak

enhancer sequence and with an N-terminal (Figure legend continues on following page)
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(continuation of Figure 3.1 legend) hexahistidine His-tag, positioned downstream of the
APP signal peptide coding region, was generated by Dr. Kate Fisher. To produce a plasmid
encoding sAPPBegs, a stop codon was introduced 48 nucleotides upstream of the 3’ sAPPa
stop codon through site directed mutagenesis. Insertion of the stop codon was confirmed
through analysis of the plasmid DNA sequence (performed by Eurofins Genomics). DNA
sequence data were translated using ExPASy, available at: https://www.expasy.org/.
Alignment against the APPsos sequence was performed using Clustal Omega, available at

https://www.ebi.ac.uk/Tools/msa/clustalo/.

APP, amyloid precursor protein; r_sAPPa, recombinant sAPPa; r_sAPPB, recombinant
sAPPB. The sAPPa plasmid and DNA sequence data were generated and provided by Dr.
Kate Fisher. The APPsgss amino acid sequence was obtained from Uniprot (available at

https://www.uniprot.org/).

3.3. Expression and purification of recombinant his-tagged sAPPa and sAPPf.

Due to the potential importance of eukaryotic PTMs in the function of sAPPa and sAPPS,
recombinant plasmids encoding human sAPPa and sAPPB were stably transfected into
HEK293 cells rather than a prokaryotic cell line. The resulting cell lines were referred to as

‘HEK-sAPPa’ and ‘HEK-sAPPP’ cells, respectively.

The expression of sAPPa and sAPPJ in the HEK-sAPPa and HEK-sAPP cell lines, respectively,
was confirmed through immunoblotting. Transfection greatly increased the secretion of
either sAPPa or sAPPB from each respective cell line compared to untransfected HEK cells
(Figure 3.2a). Following this, a protocol was optimised for the non-denaturing purification of
His-tagged secreted proteins from the HEK cell conditioned medium though immobilised
metal affinity chromatography (IMAC) using Ni-NTA resin (Figure 3.2b, Figure 3.2c). Samples
were taken at each relevant point of the purification process and analysed by SDS-PAGE and
coomassie staining (Figure 3.2b, Figure 3.2c). The protocol successfully purified sAPPa (Figure
3.2b) and sAPPp (Figure 3.2c) to a high degree of purity. This purification process yielded
approximately 0.6 mg/mL in 200 puL of sAPPa, and 1.2 mg/mL in 200 uL of sAPPB per

experiment.
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Figure 3.2. The purification of N-terminal His-tagged recombinant human sAPPa and
sAPPB from HEK cells.

(a) HEK293 cells, either untransfected or stably transfected with the cDNA encoding His-
tagged sAPPa or His-tagged sAPPJ, were incubated in OptiMEM medium for 72 h at 37 °C.
Total medium was harvested and 30 ug total protein was analysed through immunoblotting
using either an antibody directed against the human sAPPa neoepitope (2B3) or the human
sAPPB neoepitope (1A9), as indicated. Technical replicates from each respective flask were
loaded in duplicate. (b) A representative gel image from a single sAPPa purification. (c) A
representative gel image from a single sAPPB purification. Extra lanes were included to
determine protein loss during buffer exchange (buffer exchange flow throughs ‘BE FT’ 1-4).
Black arrows indicate the desired recombinant protein.
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The proteins purified from the HEK-sAPPa and HEK-sAPPB cell lines through IMAC were
confirmed as sAPPa and sAPPB, respectively, through immunoblotting with site-specific
antibodies (Figure 3.3) and GelLC-MS/MS (Figure 3.4; Table 3.1). An antibody specifically
directed against the neoepitope formed on the C-terminus of sAPPa following cleavage by
ADAM10 successfully recognised the protein purified from HEK-sAPPa cells, but not the
protein purified from HEK-sAPP@ cells (Figure 3.3a). Similarly, an antibody (6E10) directed
against APP 599-604, an epitope present in SAPPa but not SAPPB, only recognised the protein
purified from HEK-sAPPa cells (Figure 3.3b). Conversely, antibodies directed against the
neoepitope formed on the C-terminus of sAPP following cleavage by BACE1 only recognised
the protein purified from HEK-sAPP cells (Figure 3.3c). Both purified sAPPa and sAPPf were
recognised by an antibody directed towards the N-terminus of APP (amino acids 66-81) with
a slight molecular weight shift visible between the two proteins (Figure 3.3d), consistent with
SAPPB being 16 amino acids smaller than sAPPa. These results confirmed that the identities

of the proteins overexpressed and purified from the two HEK cell lines were sAPPa and sAPPg.

a) b) c) d)
kDa sAPPa sAPPp  KDa sAPPa  sAppp  kDa sAPPoa sAppp  kDa sAPPa  sAPPB
130 — 130 — 130 — 130 —
100 — 100 — 100 — 100 —
283 6E10 1A9 22€11
sAPPa neo APP 599-604 sAPPB neo APP 66-81

Figure 3.3. Characterisation of recombinant human sAPPa and sAPPB through
immunoblotting.

Immunoblot analysis of protein purified from the conditioned medium of HEK-sAPPa and
HEK-sAPPB cells. Samples were subjected to SDS-PAGE and immunoblotting. The
membranes were incubated with the indicated primary antibodies (a) sAPPa C-terminal
neoepitope (2B3); (b) APP 599-604 (6E10) (c) sAPPB C-terminal neoepitope (1A9); (d) APP
66-81 (22C11) and imaged using the Pierce enhanced chemiluminescence detection

system. 0.5 ug of purified protein was loaded per lane.
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Samples from the IMAC purification of conditioned medium from HEK-sAPPa cells samples
were interrogated further through SDS-PAGE and GeLC-MS/MS. Samples from a single sAPPa
purification were analysed through SDS-PAGE with coomassie blue staining (Figure 3.4). Four
protein bands of interest were excised and their protein components were identified through
GelLC-MS/MS (Figure 3.4; Table 3.1). The band predicted to contain purified sAPPa was
analysed (Figure 3.4a, band B), along with the band of corresponding molecular weight from
the pre-purification ‘input’ lane (Figure 3.4a, band A). Band A was identified as ‘APP’ and
contained peptide spectra located within the KPl and OX-2 domains present in APP and
sAPPa/B derived from the APP7s1 and APP;7o isoforms, likely due to the production of
endogenous APP and sAPPa/B in HEK cells (Figure 3.4 band A; Figure 3.5a). However, the
protein purified by IMAC did not contain any peptide spectra within the KPlI and OX-2
domains, indicating that only the His-tagged sAPPasgs isoform was purified as desired (Figure
3.4 band B; Figure 3.5b). Band D was also of interest because it persisted following the IMAC
purification process, so it and the corresponding band in the input medium (band C) were also
analysed by GeLC-MS/MS. Band D was identified as a mid-to-C terminal fragment of APP;
likely a fragment of His-tagged sAPPa that was purified due to its overexpression in the cell
line (Table 3.1; Figure 3.5c). The corresponding band from the ‘input’ pre-purification lane did
not identify APP, though this could be due to the presence of other proteins masking the low

spectral count of the APP fragment (Figure 3.4 band C; Table 3.1).
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Figure 3.4. The protein purified from HEK-sAPPa cells was identified as APP through GeLC-
MS/MS.

Conditioned medium from HEK cells expressing sAPPa was harvested over a 72 h period
and His-tagged protein was purified through IMAC (Section 2.3). Samples were subjected
to SDS-PAGE and the gel was stained with coomassie blue. Bands A-D were excised from
the gel and their protein components were interrogated through GeLC-MS/MS (Table 3.1),

performed by the BioMS core facility at the University of Manchester.
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Table 3.1. Spectral counts for GeLC-MS/MS analysis of the protein purified from HEK-
sAPPa cells.

Conditioned medium from HEK cells expressing SAPPa was harvested over a 72 h period
and His-tagged protein was purified using IMAC (Section 2.3). Samples were subjected
to SDS-PAGE and the gel was stained with coomassie blue. Bands A-D were excised from
the gel and protein identities interrogated through GeLC-MS/MS (Figure 3.4), performed
by the BioMS core facility at the University of Manchester. GeLC-MS/MS results were
processed and viewed using Scaffold (99.9% protein threshold, 80% peptide threshold,
min #2 peptides). Numbers shown correspond to total spectral counts for each excised

protein band.

Protein band (total spectral counts)

Protein identity A B C D

APP (Homo sapiens) 110 118 0 6
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(a)Band A

11 exclusive unique peptides, 19 exclusive unique
spectra, 110 total spectra, 125/770 amino acids (16%
coverage)

MLPGLALLLLAAWTARALEVPTDGHAGLLAE PQIAMFCGRLNMHAMNVONCX NDSDESETR

[EIBERF 1 LoYCOEVYPELQI TNVVEANQPVT IQNWCKRGREKQUKTHPHFVI PYREENG

EEVSDEEEVEDE 5 F LECERMDVCET HLHWHTVAKET C SEKSTNLHDY GMLLPCGIDKFR
GVEFVCCPLAEESDNVDSADAEEDDS DVWWGGADT DYADGSEDKVVEVAEEEEVAEVEEE
EADDDEDDEDGDEVEEEAEEPYEEATERTT SIATTTTTTTESVEEVVREVCSEQRE TGP

[ERLPTTAZSTPDAVDRYLET PGDENEHAHF QXAKERLEAKHRERM S OVMR REEBNR 07
KNLPKADKEAV L OHF QF KBS NSRS o 0L VET 1A R ERMINDR RRLA LENYI TAL
QRVPPRPRHVENMLKKYVRAEQKDRQET LKHFEHVRMVDPKEARQIRSQVMTELRVIYER
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ITT\"ELLR’NGEFSLDDLQPWHSFEADS\’PANTEN’E\’T PVDARPARADRGLTTRPGSGLTN
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(b)Band B

9 exclusive unique peptides, 17 exclusive unique
spectra, 118 total spectra, 99/770 amino acids (13%
coverage)

MLPGLALLLLAAWIARALEVPTDENAGLLAE PQIAMF CGRLNMEMNVONCE NDSDES IR

[EEEDEEE GILOYCOEVYPELQITHVVEANOEVT IQNWCKRERKQUKT HPEF VI P YREENG
EFVSDANEVPDE ¥ FLEQERMDVCE THLEWHTVAKE TCSEXSTNLEDYGMLLECGIDKFR

GVEFVCCPLAEESDNVDSADAEEDDSDVWWGGADT DY ADGSEDKVVEVAEEEEVAEVEEE

EADDDEDDEDGDEVEEEAFE PYEFATERTTSIATTTTTTTESVEEVVIREVCSECQAETGP

[REMISRWYFDVIEGKCAPFF Y GGCGGNRNNE DTEE ¥ CMAVCGSAMSQSLLKT TQE PLART

[PeLPTT2AS TP DAV DKY LE T PG DENER AR FQRAKERLEARHRERMS OVHR ENERARE L

EHNLPKADKKAVICGHFOE KBS NEQEARNER 00T VET HMA REBMINDR RRLALEN YT TAL

QAVPPRPRHVFNMLEKYVRAEQKDRQHT LKHFEHVRMVDPRKARQTRSQVMTHLRVIYER

MNQSLSLLYNVEAVAEE TCDEVDEL L O OOV AR SRS CRDRIESETEY

ITT\"ELT_k NGEFSLDDLOPWHSFGADSVEANTENEVE PVDARPAADRGLTTRPGSGLIN

IKTEEISEVKMDAEFEH

KLVFFAEDVGSNEGAL IGIMVGGVVIATVIVITL

VMLKEEQYT STHHGVVEVDAAVT PEERHLSEMOONGYENPT YKFFEQMON

Figure 3.5. Spectra identified from sAPPa purification excised bands.

(c)Band D
3 exclusive unique peptides, 5 exclusive unique
spectra, 6 total spectra, 45/770 amino acids (6%
coverage)

MLPGLALLLILAAWTARALFVPTDGNAGLLAEPQTAMFCGRLNMHMNVONGEWDS DPSGTK

TCIDTKEGILQYCQEVYPELQITHVVEANQFVT IONWCKRGREQCKTHPHFVIPYRCLVG
EFVSDALLVPDKCKFLHQERMDVCETHLHWHTVAKETCSEKSTNLHDYGMLLPCGIDKFR
GVEFVCCPLAEESDNVDSADAEEDDS DVWWGGADT DYADGSEDKVVEVAEEEEVAEVEEE

EADDDEDDEDGDEVEEEAFE PYEFATERTTSIATITTTTTESVEEVVIREVCSEQAE TGP

[RAMISRWYFDVIEGKCAPEF ¥ GGLGGNRNNEDIEE Y CHAVCGSAMS QS LLET TGEPLART]
[P B TT AR S TP DAY DY LETEGDENEHAR FOXAKERLEAKHRERMS Q(VMREWE EAERQR.
KNLPKADEKAY I OHF QE KBS BB R BNNER 0 LVET HMARVEAMINDRRRLALENYITAL
CAVPPRPREVFNMLEKYVRAEQKDROHT LKHFERVRMVDPRKAAQIRSQVMTELRVIYER

MNQSLSLLYNVEAVAEE I QDEVDEL LK BNV SDOVEANNESEPRESYEDATMESTTET

ITT\’"ELLP\"NGEFSLDDLQPWZ‘ISFGADS\’PANTENE\’EP\’DRRPRADRGLTTRP GSGLTN

MMLKEKQYT S THHGVVE VDAAVT PEERHLSKMOONGYENPT YEF FEQMON

Conditioned medium from HEK cells expressing sAPPa was harvested and His-tagged protein was purified through IMAC (Section 2.3). Samples

were subjected to SDS-PAGE and the gel was stained with coomassie blue. Bands of interest (Figure 3.4) were excised from the gel and protein

identities were interrogated through GeLC-MS/MS (Table 3.1). GeLC-MS/MS results were processed and viewed using Scaffold (99.9% protein

threshold, 80% peptide threshold, min #2 peptides) for (a) band A; (b) band B; (c) band D. Identified peptide spectra are highlighted in green

within the APP770 sequence. The KPl and OX-2 domains, which are not present in sAPPaegs, are surrounded by a black box. The final 16 amino

acids of sAPPa (AB1-16) are shown in red font. The signal peptide, not present in mature sAPPq, is highlighted in yellow.
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3.4. Immunoblot comparison of the purified sAPPa with commercial sAPPa.

The sAPPa produced and purified in the lab was compared to N-terminal His-tagged sAPPa
purchased commercially (Sigma #59564) through immunoblotting (Figure 3.6). Both proteins
were recognised by an N-terminal region antibody (APP 66-81), but there was a slight
molecular weight shift between them (Figure 3.6a). This shift in molecular weight could be
due to the presence of human PTMs on the sAPPa purified in the lab, as it was produced in
HEK cells rather than in E. coli. There was also a discrepancy between band intensity, despite
equal protein loading. The antibody directed against APP 599-604 (6E10), near the C-terminus
of sAPPa, had an even larger discrepancy in band intensity between the two proteins (Figure
3.6b). Finally, there was almost no relative staining of commercial sAPPa with the C-terminal
neoepitope antibody (2B3) (Figure 3.6c), though a band in the commercial sAPPa lane became
did become visible with a longer exposure time. These results suggested that the C-terminal
end of the commercial protein may have been acted on by carboxypeptidases and further

highlighted the potential superior characteristics of the in-house lab sAPPa.

a) b) c)

Lab Commercial Lab Commercial lab Commercial
kDa  sAPPa SAPPa kDa  sAPPa SAPPa kDa  sAPPa SAPPa
180 —] 180 —] 180 —]

- o 130 | —

130 — 130 — 70
APP 66-81 APP 599-604 sAPPa C-terminal

neoepitope

Figure 3.6. Immunoblot comparison of lab purified sAPPa with commercial sAPPa.

Lab purified sAPPa and commercial sAPPa (Sigma #59564) were subjected to SDS-PAGE and
immunoblotting. 0.5 ug total protein was loaded per lane. The membranes were incubated
in different primary antibodies: (a) APP 66-81 (22C11); (b) APP 599-604 (6E10); (c) sAPPa

C-terminal neoepitope (2B3).

3.5. Biophysical analysis of lab purified sAPPa and sAPPp.
The biophysical characteristics of the lab-purified sAPPa and sAPPJ, such as protein solubility
and aggregation, were analysed through multi-angle light scattering (MALS) (Figure 3.7). Light

scattering (LS) (red) indicated with aggregated protein and the refractive index (dRlI) (blue)
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indicated soluble protein. The UV (green) trace indicated the total protein present in each
fraction. The vast majority of both sAPPa and sAPPB UV traces overlayed with the dRI curve,
showing that both proteins were predominantly soluble and did not form aggregates in

solution (Figure 3.7).

® S ® UV edRl

a)
1.0
1 SAPPa
0.5
o i
mn
A
Q
= 1
< 007*
o i
-0.57
1 1
— y — — T ; —T — —
0.0 5.0 10.0 15.0
volume (mL)
1.0 A
| SAPPB A
. ‘ :il:
- - ; HERW
@ i AR
g 057 : .-". i
é ;_ \\k /_j 4
0.0 = — —

O.IO - 5.|0 | 1(;.0 | 15:.0
volume (mL)
Figure 3.7. Analysis of purified sAPPa and sAPPB using multi-angle light scattering.
Multi-angle light scattering analysis was performed by Dr. Thomas Jowitt at the University
of Manchester Biomolecular Analysis Facility using a DAWN EOS 18-angle light scattering
detector (Wyatt) (a) MALS analysis of recombinant sAPPa. (b) MALS analysis of
recombinant sAPPP. LS = light scattering; UV = absorbance at 280 nm; dRI = differential

refractive index. The predominantly soluble protein fraction is highlighted in dark blue.

Axes were re-labelled for clarity of presentation.
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Further biophysical analysis of sAPPa, the main protein of interest for this study, was
performed through analytical centrifugation (AUC) (Figure 3.8). The sigmoidal nature and
distinct boundaries of the sedimentation curves indicated a highly pure protein sample
(Figure 3.8a). A single sedimentation coefficient peak indicated that the vast majority of
sAPPa was homogenous in solution, as different aggregates would have given several defined

peaks (Figure 3.8b).
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Figure 3.8. Analysis of purified sAPPa using analytical ultracentrifugation.

Analytical ultracentrifugation was performed by Dr. Thomas Jowitt at the University of
Manchester Biomolecular Analysis Facility. Sedimentation was performed with a purified
sample of 100 pug sAPPa and a wavelength of 230 nm at 40,000 rpm using an OptiMA XLA

analytical ultracentrifuge (Beckman Coulter).
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3.6. Discussion.
This chapter describes the production and purification of sSAPPa and sAPP(3 from human cells

for use in downstream functional assays and unbiased receptor identification experiments.

3.6.1. Generation of HEK293 cell lines overexpressing N-terminal hexahistidine tagged sAPPa
or sAPPB.

Certain previous studies, such as (Rice et al. 2019), used sAPPa produced in E. coli for receptor
identification experiments. Whilst the use of E. coli has benefits, such as the rapid production
of large amounts of protein, there are also limitations. For example, proteins produced in E.
coli lack potentially important eukaryotic (PTMs) (Tan et al. 2021). Several phosphorylation
sites (Serios and Serios) and O-glycosylation sites (Thrae1, Thraez and Thrsys) have been
identified in sAPPa and sAPPPB in vitro (Perdivara et al. 2009). At least two further N-
glycosylation sites have also been predicted in both proteins (Asnss7 and Asnags) (Yazaki et al.
1996). Additional sites have been identified in human samples such as Tyreos, Which lies within
the sAPPa-specific C-terminal 16 amino acid region, which was O-glycosylated in human CSF
samples (Halim et al. 2011). Though PTMs were found not to be necessary for the promotion
of axon outgrowth by either sAPPa or sAPPB (Chasseigneaux et al. 2011), O-glycosylation is
known to potentially modulate protein stability and receptor interaction and so could be
critical for other functions (Madsen et al. 2020). Thus, the sAPPa-specific O-glycosylation site
of Tyrsse could contribute to sAPPa-specific effects. Therefore, producing a protein with
physiologically accurate PTMs could be critically important to protein activity and therefore
receptor identification in human cells. Therefore, human His-tagged sAPPa and sAPPJ were

produced and purified using HEK cells.

Because the C-terminus appears critical in the enhanced neuroprotective activity of sAPPa
over sAPPB (Richter et al. 2018), it was hypothesised that the C-terminus may play a crucial
role in binding to the unknown neuroprotective receptor. Thus, a hexahistidine tag was
attached at the N-terminus to prevent possible interference with neuroprotective activity and
receptor binding at the C-terminus. A previous study identified GABAgR1 as an sAPPa receptor
in synaptosomes (Rice et al. 2019), however it used sAPPa with a large C-terminal Fc tag which
could have impacted important C-terminal interactions. The study which identified p75N™® as
a receptor used mouse sAPPa rather than the human sAPPa sequence (Hasebe et al. 2013).

Human sAPPa differs from mouse sAPPa at several sites, including three amino acid changes
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within the AB 1-16 sequence specific to sAPPa over sAPPPB (sAPPa 601 R->G, 606 Y->F and 609
H->R) (Xu et al. 2015). These amino acids changes at the mouse sAPPa C-terminus could
impact the protein activity or receptor binding which facilitates the greater level of
neuroprotection by sAPPa over sAPPB (Furukawa et al. 1996). Thus, we hypothesised that
previous studies, though the use of C-terminally tagged sAPPa, mouse sAPPa or protein
produced in E. coli, may not have facilitated the optimal identification of receptors
responsible for the neuroprotective actions of sAPPa. Therefore, we used sAPPa produced in

human cells and tagged at the N-terminus with a small hexahistidine tag.

DNA sequence verification and translation using online tools confirmed successful generation
of both sAPPa and sAPPB encoding plasmids with N-terminal hexahistidine tags and glycine-
serine-glycine spacers (Figure 3.1). The DNA sequences encoding sAPPa and sAPPB were
positioned downstream of a kozak enhancer sequence to increase protein production.
Comparison of media samples between HEK-untransfected, HEK-sAPPa and HEK-sAPPp cells
confirmed a large increase in the secretion of each specific protein following transfection

(Figure 3.2a).

3.6.2. IMAC-facilitated purification of hexahistidine tagged sAPPa and sAPP.

The hexahistidine tag facilitated protein purification through IMAC. IMAC was chosen due to
its non-denaturing conditions, ensuring the maintenance of correct protein folding and
function (Hemdan et al. 1989). Following protein elution the imidazole, which is toxic and
would also interfere with the BCA protein assay used to measure protein concentration, was
replaced with DPBS using centrifugal concentrators which allowed buffer exchange but
retained the protein sample. DPBS was chosen because the pH was more basic than the
predicted isoelectric point of recombinant sAPPa (theoretical isoelectric point = 4.74)

(https://web.expasy.org/protparam), which should result in high solubility (Zayas 1997). This

high level of solubility was confirmed through biophysical analyses of purified sAPPa and

sAPPB (Figures 3.7 and 3.8).

Protein identities were confirmed through immunoblotting with site-specific antibodies and
GelLC-MS/MS (Figures 3.3, 3.4 and 3.5; Table 3.1). Hexahistidine sAPPa and sAPPB had
predicted molecular weights of around 68.7 kDa and 66.8 kDa respectively, however they
migrated on SDS-PAGE at much higher molecular due to their elongated nature and PTMs

(Gralle et al. 2002). Immunoblotting confirmed that each purified protein bound their
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respective highly specific neoepitope antibodies, giving strong evidence of their identity
(Figure 3.3). The slight molecular weight shift seen between the two proteins suggested that
the purified sAPPa was slightly larger than sAPP, as expected due to the extra 16 amino acids
(Figure 3.3d). The use of an antibody with an epitope towards the N-terminus (22C11) and C-

terminal antibodies indicated that the full-length proteins were present.

GelLC-MS/MS results showed the presence of endogenous untagged APP/sAPP of larger
isoforms (likely 751 and 770 isoforms) expressed by the HEK cells prior to purification, due to
the presence of spectra identified within the KPI/OX-2 domains (Figure 3.5a, black boxes).
However, no spectra were identified within the KPI or OX-2 domains in the purified protein
band (Figure 3.5b) suggesting that only the His-tagged sAPPasgs isoform was purified, as
desired. Identified fragments were distributed across the sAPPa sequence and no spectra
were identified outside of the sAPPa sequence within APP. Interestingly, the same fragments
were identified, apart from spectra within the KPI/OX-2 domain, between bands A and B. This
could indicate that those specific spectra were the most sTable peptide fragments generated
through this specific GeLC-MS/MS method and therefore most likely to be identified. These
data provided strong evidence that the purified 110 kDa ‘band B’ was hexahistidine-tagged
sAPPasgs, as it survived the purification process and did not contain any spectra from within
the KPI/OX-2 domains. Interestingly no spectra from APP were identified in band C (Table 3.1),
however a small number of spectra from APP were identified in band D (Table 3.1; Figure
3.5c). The ~30 kDa band visible post-purification was identified as a fragment of APP/sAPP,
though it was unexpectedly C-terminal (away from the hexahistidine tag) rather than N-
terminal. This fragment could therefore not contain the His-tag as it is not large enough when
considering the location of the spectra identified (Figure 3.5c). It may have associated with
the full-length His-tagged protein and therefore bound to the Ni-NTA column indirectly,
surviving the purification process until eluted and separated through SDS-PAGE. It was
decided that the smaller fragment was unlikely to cause problems with receptor
identification, as the amount of the fragment was often low relative to the amount of full-

length protein (Figure 3.2c+d).

3.6.3. Comparison of lab-produced and commercially-acquired sAPPa.
The slight molecular weight shift seen between the in-house and commercial proteins (Figure

3.6a) is likely due to a lack of eukaryotic PTMs on the commercial protein. There is also an
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indication of possible carboxypeptidase action at the C-terminus of the commercial sAPPa, as
it was recognised to a much lesser degree by the site-specific SAPPa neoepitope antibody
(2B3) (Figure 3.6¢). Finally, though the same amount of total protein was loaded per lane, the
bands for lab-produced sAPPa were more intense which suggested a purer sample. These
results demonstrated that the in-house sAPPa was likely superior to the commercially

available sAPPa for the purposes of this study.

3.6.4. Biophysical analyses of sAPPa and sAPP( confirmed expected solubilities and lack of
aggregation.

Following the successful purification and identification of sAPPa and sAPP(, the final
important step in protein production and validation was the verification of solubility and lack
of aggregation or precipitation prior to downstream experiments. The small UV peak (green)
which correlated with the light scattering peak (red) showed that a small amount of sAPPa
aggregated; however, the much larger UV peak which correlated with the refractive index
peak (blue) demonstrated that most of the protein was soluble (Figure 3.7a). Similar
biophysical characteristics were found with sAPPB, which exhibited even less aggregation
(Figure 3.7b). As sAPPa was the main protein of interest, it was further interrogated
biophysically through AUC. AUC analysis showed a highly pure and homogenous protein
sample, as shown by sigmoidal curves with distinct boundaries (Figure 3.8a). Sedimentation
analysis showed that the protein was homogenous in solution, as a single main peak was
resolved. A non-homogenous protein with several different aggregates would have resolved
into several different peaks. Taken together, these biophysical analyses confirmed high

solubility and a lack of aggregation for the purified sAPPa and sAPPB, as desired.

3.7. Chapter summary

This chapter demonstrated the robust production and purification of highly soluble
recombinant N-terminal hexahistidine tagged sAPPa and sAPPB from human HEK cells. This
resulted in the reliable production of physiologically relevant sAPPa and sAPPPB for use in

downstream experiments investigating protein activity and protein interactions.

e HEK293 cells were transfected with plasmids encoding N-terminal His-tagged sAPPa

and sAPP under the transcriptional control of a 5’ kozak enhancer sequence.
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Overexpression and secretion of sSAPPa and sAPPB in each respective HEK cell line was
demonstrated, confirming successful plasmid transfection.

Each His-tagged protein was successfully purified from the complex HEK cell medium
under non-denaturing conditions.

The identity of each purified protein was confirmed as sAPPa or sAPPB through
immunoblotting and GeLC-MS/MS.

In-house sAPPa was compared with commercially acquired sAPPa and found to be
likely superior for the purposes of this study.

Biophysical analyses of in-house sAPPa and sAPPB demonstrated protein solubility.

sAPPa was found to be highly homogenous in solution.
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4. The binding and protective effects of soluble APP to neuronal
cells

4.1. Introduction.

The lack of success in clinical trials for disease-modifying AD treatments has emphasised the
need for novel therapies and drug targets (Cummings et al. 2014). The ongoing loss of neurons
in AD results in progressive cognitive decline (Arendt et al. 2015). For example, compared
with healthy aged brains, the mean number of neurons in the nucleus basalis of Meynert (a
major source of cholinergic neurons into the cerebral cortex) was 33% lower in mild dementia,
61% lower in moderate dementia and 83% lower in severe dementia (Arendt et al. 2015).
Synaptic loss correlates with cognitive decline in AD and, more specifically, pre-synaptic
markers appear to be more affected than post-synaptic markers (de Wilde et al. 2016). The
correlation between synaptic loss and cognitive decline was particularly pronounced in the
hippocampus (de Wilde et al. 2016). The loss of hippocampal synaptophysin, a presynaptic
vesicle protein and marker of synaptic density (Roch et al. 1994), correlated directly with
cognitive decline in AD (Sze et al. 1997). Similarly, the loss of the presynaptic vesicular
glutamate transporter VGLUT1 also correlated with the progression of cognitive decline in AD
(Kashani et al. 2008). Thirdly, the level of the post-synaptic scaffold protein PSD95 was also
significantly reduced in an age-dependent manner in the apical dendrites of the
hippocampus, known for excitatory synapses, in the 5xFAD mouse model (Shao et al. 2011).
Therefore, increasing neuron density and specifically synaptic density with neurotrophic
molecules could help to slow cognitive decline in AD. sAPPa has been shown to promote
neurotrophy (Habib et al. 2017). Three days of subcutaneous infusion with amino acids 319-
336 of sAPPaeos significantly increased the number of presynaptic terminals, marked by
synaptophysin immunoreactivity, in the frontoparietal cortex of rats (Roch et al. 1994). This
resulted in significantly improved memory retention in a subset of aged rats (Roch et al. 1994),
demonstrating a direct link between sAPPa treatment and improvements in memory in vivo.
Thus, sAPPa could potentially slow synaptic loss in AD and therefore the associated cognitive

decline.

Another mechanism through which neurons are damaged during neurodegeneration is

oxidative stress (Huang et al. 2016). The brain has a high oxygen consumption rate, which
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results in the production of a large amount of ROS, and therefore it is exposed to high levels
of oxidative stress throughout an individual’s lifespan (Huang et al. 2016). In fact, the free
radical theory of ageing suggested that aged tissues progressively accumulated oxidatively
damaged molecules over time, leading to adverse alterations in cell structure and function
(Huang et al. 2016). This effect could be particularly pronounced in neurons, which are
generally considered to be post-mitotic, terminally differentiated cells that would therefore
accumulate oxidatively-damaged molecules (Aranda-Anzaldo 2012). Oxidative stress is one of
the key mechanisms of neuronal damage in neurodegenerative diseases such as AD, and is
linked with both AB and tau accumulation (Huang et al. 2016). Consistently, markers of
oxidative stress were increased in AD brains compared to healthy controls (Butterfield and
Lauderback 2002; Mandal et al. 2012). AB increased the generation of ROS in astrocytes
(Abramov et al. 2004) and ROS such as H,0, may also contribute to the aggregation of AB
(Dyrks et al. 1993), which could lead to a toxic positive feedback loop. H,0, also reduced
neuron viability by 50% within 3 h (Whittemore et al. 1995). sAPPa has been shown in
previous studies to protect against oxidative stress (Goodman and Mattson 1994). For
example, incubation of cultured neurons with sAPPa for 24 h significantly reduced the
generation of ROS upon treatment with AP oligomers (ABOs) (Goodman and Mattson 1994).
In contrast, sSAPPB was shown to be 100-times less neuroprotective than sAPPa (Furukawa et
al. 1996). If such a protective effect of SAPPa against oxidative stress could be harnessed, it
could help protect against neuronal damage and therefore slow cognitive decline in

neurodegenerative diseases such as AD.

Chapter 3 demonstrated the successful production and purification of human hexahistidine-
tagged sAPPa and sAPPB. Following this, it was important to confirm that purified sAPPa
bound to cells and exhibited effects consistent with the published literature. The ability to
produce both sAPPa and sAPPB also allowed for a direct comparison of both proteins, to
investigate the possible causes for the enhanced protective effect of sAPPa (Goodman and
Mattson 1994). Therefore, this chapter investigated several potential effects of sAPPa and,
where possible, compared sAPPa and sAPPB using hiPSC-derived cortical neurons and
immortalised neuroblastoma cells. The effects of sSAPPa have only been directly compared

with sAPPB in a small number of studies (Chasseigneaux et al. 2011; Furukawa et al. 1996).
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4.1.1. Chapter aims.

The aims of this chapter were to:

e Generate and characterise iPSC-derived human cortical neurons.

e Demonstrate that sAPPa and sAPPP bind effectively to iPSC-derived human cortical
neurons.

e Compare the effects of sSAPPa and sAPPB on the expression of synaptic proteins in
iPSC-derived human cortical neurons.

e Demonstrate that sSAPPa and sAPPJ bind to neuroblastoma cells. Determine whether
successful binding is specific to the active form of the protein. Compare the binding
properties, such as effective concentration and speed of binding, of sSAPPa with sAPPf.

e Investigate the neuroprotective ability of SAPPa to reduce the generation of reactive

oxygen species in neuroblastoma cells following chemical insult.
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4.2. The generation of iPSC-derived human neurons.

iPSC-derived human cortical neurons were differentiated from 0OX1-19 human induced
pluripotent stem cells following an established protocol (Section 2.13) (Figure 4.1a) (Shi et al.
2012). Briefly, human OX1-19 iPSCs were passaged in the presence of Rho kinase inhibitor,
followed by incubation in neural induction medium until day 12 (Figure 4.1a). Then, cells were
passaged and incubated in neuronal maintenance medium (NMM) containing FGF for 4 days
(Figure 4.1a). The FGF was removed and cells were incubated in NMM until the appearance
of neuronal rosettes, at which point they were passaged and incubated in NMM until day 35.
Finally, the cells were passaged for the last time and fed with NMM as required until at least
day 70, when they were ready for experimental use. A summary of the iPSC-derived neuron
differentiation workflow is shown in Figure 4.1a. Following differentiation, the expression of
the various cell markers was investigated through immunofluorescence microscopy (Figure
4.1b, 4.1c). S1008B is primarily an astrocyte and oligodendrocyte marker, whilst GFAP is widely
used as a marker of activated astrocytes (Du et al. 2021; Jurga et al. 2021). Bl tubulin and
MAP2 are markers of neuronal differentiation (Person et al. 2017; Soltani et al. 2005). SATB2
is a neuronal marker which binds DNA (Alcamo et al. 2008). Synaptophysin confirms the
presence of nerve terminals and has previously been used to measure synaptic density
(Dawson et al. 1999; Sze et al. 1997; Togo et al. 2021). Therefore, following the differentiation
protocol, iPSC-derived neurons were generated as shown by the high expression of Blll
tubulin, MAP2 and SATB2 (Figure 4.1). Nerve terminals were formed, as demonstrated by the
expression of synaptophysin (Figure 4.1b). However, other cells were also present, including

astrocytes as shown by the positive GFAP staining (Figure 4.1b).
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Figure 4.1. Generation and characterisation of iPSC-derived human cortical neurons.
(a) A summary of the workflow to generate hiPSC-derived cortical neurons from 0X1-19
hiPSCs. Human OX1-19 iPSCs were passaged 2:1 in the presence of Rock Y-27632 inhibitor

(#ab120129) into a single matrigel (Figure legend continues on following page)
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(continuation of Figure 4.1 legend) coated well for 24 h. The medium was changed to
neural induction medium (NIM) and the date recorded as day 0. NIM was refreshed daily
until day 12, when the cells were detached using 10% dispase solution (v/v) and
transferred plates previously coated with 1 ml 0.01% poly-L-ornithine solution (v/v)
(Sigma P4957). The cells were incubated in neuronal maintenance medium (NMM)
containing 20 ng/mL FGF for 4 days. FGF was then withdrawn and cells were incubated
in NMM alone. Upon the appearance of neuronal rosettes, the cells were split 1:2 using
dispase. At approximately day 25, the cells were passaged to single cells using accutase
(Gibco A1110501), transferred to new wells coated using 10 pg/mL laminin (Sigma L2020)
and incubated in NMM. The cells were passaged 1:2 upon confluence until day 35, when
they were passaged for the final time into plates coated with 0.01% poly-L-ornithine
solution (v/v) (Sigma P4957) to a density of 50-150,000 cells/cm?. Cells were incubated
in NMM until the neurons were used for experiments at day 70+. NMM was changed as
required. (b) Day 93 iPSC-derived neurons were fixed in 4% PFA (v/v) and probed for
GFAP, BllIl tubulin and synaptophysin. Cells were imaged using an Olympus IX83 inverted
microscope and images were processed using Image) (false coloured). (c) Day 93 iPSC-
derived neurons were fixed in 4% PFA (v/v) and probed for SATB2, MAP2 and S100B. Cells
were imaged using an Olympus IX83 inverted microscope at 60x magnification with
Metamorph and Deltavision software. The imaging settings were as follows: GFAP, 300
ms exposure; Bl 300 ms exposure; DAPI, 150 ms exposure; Synaptophysin, 100 ms
exposure; SATB2, 150 ms exposure; MAP2, 300 ms exposure; DAPI, 150 ms exposure;

S100B, 100 ms exposure. Images were processed using Imagel (false coloured).
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4.3. Investigation of the binding of purified sAPPa and sAPPpB to iPSC-derived human cortical
neurons.

Prior to assessing the effects of sAPPa and sAPPf, the binding of each protein to hiPSC-
derived neurons cells was investigated using a novel binding assay. First, various
concentrations of purified sAPPa were incubated with iPSC-derived neurons. The cells were
then washed and cell lysates were collected. The lysates were probed through
immunoblotting using a specific SAPPa neoepitope antibody to detect sAPPa that had bound
to the neurons and been retained. Concentrations of SAPPa above 30 nM were detected as
binding to iPSC-derived neurons in this assay (Figure 4.2a). As sAPPa bound to iPSC-derived
neurons within 30 min, the speed of binding was further interrogated. Purified recombinant
sAPPa was incubated with iPSC-derived neurons for various times (Figure 4.2b). sAPPa bound
rapidly to the neurons, within 10 min of administration (Figure 4.2b). These results
demonstrated that recombinant sAPPa bound to iPSC-derived human neurons rapidly and at
nanomolar concentrations. SAPPB was not able to be visualised through immunoblotting
using the protocol develop for sAPPa, possibly due to the lower sensitivity of the sAPPf
neoepitope antibody (1A9), so neuron lysates treated with sAPPB were analysed through a
more sensitive multiplex immunoassay (Mesoscale Discovery) using an sAPPB-specific probe
(Figure 4.2c). The immunoassay analysis established that sAPPB bound to the neurons (Figure
4.2c). Following this, the effects of sAPPa and sAPPB on hiPSC-derived neurons were

investigated.
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Figure 4.2. Recombinant sAPPa and sAPP bind to iPSC-derived human neurons.

(a) hiPSC-derived cortical neurons were incubated with purified recombinant sAPPa at the
concentrations indicated for 30 min at 37 °C. The neurons were washed three times in DPBS,
followed by lysate harvesting. Whole cell lysate (30 ug total protein) was loaded per lane in
SDS-PAGE. Proteins were transferred to PVDF membrane and probed using the sAPPa
neoepitope antibody (2B3). The membrane was re-probed for Actin. (b) hiPSC-derived
cortical neurons were incubated with 80 nM sAPPa for 10 or 30 min alongside a vehicle
control (-sAPPa). Three washes in DPBS were followed by lysate collection. 30 pg total lysate
was loaded per lane in SDS-PAGE. Proteins were transferred to PVDF membrane and probed
using a highly specific SAPPa neoepitope antibody. The membrane was re-probed for Actin.
(c) 80 nM sAPPB in OptiMEM was incubated with hiPSC-derived cortical neurons for 30 min.
The neurons were washed three times in DPBS, followed by lysate harvesting. The presence
of sAPPB in the lysates was determined by Dr. Kate Fisher through multiplex immunoassay
(mesoscale discovery) using an sAPPB-specific probe (n = 4 per condition). Lysates were
diluted 3:1 prior to analysis and the data was normalised to total protein amount. Error bars

represent standard error of the mean.
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4.4, Comparison of the effect of SAPPa and sAPPB on synaptic protein expression.

To measure and compare the effects of sAPPa and sAPPB on the expression of synaptic
proteins in vitro, iPSC-derived human cortical neurons were incubated with either sAPPaq,
SsAPPB or a vehicle control for 48 h. A total of three neuronal inductions were analysed with
two wells per treatment condition. The concentrations of sAPPa or sAPPB used were either
15 nM or 50 nM. The cells were then harvested, lysates were prepared the expression of the
synaptic proteins synaptophysin (Figure 4.3), VGLUT1 (Figure 4.4) and PSD95 (Figure 4.5) were
investigated through immunoblotting. There was variability in the effect of sAPPa on
synaptophysin expression between the three different inductions. In induction 3, 15 nM
sAPPa significantly increased synaptophysin expression compared with the vehicle control (p
= 0.0201), whilst 15 nM sAPPB had no significant effect (p = 0.3614) (Figure 4.3c;
supplementary Table 7.4). 50 nM sAPPa also had no effect compared with vehicle in induction
3 (p =>0.999), so the observed effect on synaptophysin expression was specific to the lower
dose of sAPPa (supplementary Table 7.4). There was no significant effect of any treatment
compared to the vehicle control in the other two inductions (supplementary Tables 6.2; 6.3),
and the effect on synaptophysin expression was just below significance when the data from

all inductions were combined (Figure 4.3d; p = 0.0869, supplementary Table 7.1).

The expression of the pre-synaptic vesicle glutamate transporter protein VGLUT1 was also
measured following the incubation of neurons with either sAPPa or sAPP( at concentrations
of 15 nM or 50 nM for 48 h (Figure 4.4). There were no significant differences in the expression
of VGLUT1 compared to the vehicle control following any of the treatments in induction 1,
induction 2 or induction 3 (supplementary Tables 7.6-7.8). There was no significant effect
compared to the vehicle control on VGLUT1 expression when all data was normalised and

combined (Figure 4.4; p = 0.9993, supplementary Table 7.5).

Finally, the expression of PSD95 was measured through immunoblotting following 48 h
incubation with either sAPPa or sAPP at concentrations of 15 nM or 50 nM (Figure 4.5). One-
way ANOVA analysis found no significant difference in PSD95 expression following any
treatment compared to the vehicle control in any of the individual inductions (supplementary

Tables 7.9-11) or when all inductions were combined (p = 0.2302, supplementary Table 7.12).
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Figure 4.3. sAPPa significantly increased the expression of synaptophysin in certain hiPSC-
derived neuron inductions.

hiPSC-derived cortical neurons were grown to day 73 and incubated with sAPPa or sAPPf
at concentrations of 15 nM or 50 nM for 48 h in NMM. Cells were washed three times in
DPBS (+ metals), lysates were collected and subjected to SDS-PAGE with 30 g total protein
loaded per lane. Proteins were transferred to PVDF membrane and probed with anti-
synaptophysin antibody (Table 2.1). Membranes were washed, blocked with 5% milk (w/v)
and re-probed with anti-actin antibody. All lanes within each panel are from the same blot
image, at the same brightness and contrast (full blots shown in supplementary Figure 7.1),
but irrelevant lanes were removed for clarity of presentation. Dotted lines denote where
irrelevant lanes were removed. Three inductions were used, with two wells of neurons per
induction. (a) Induction 1; (b) Induction 2; (c) Induction 3. (d) Quantification of all inductions
combined. Error bars represent standard deviation. Band intensity was quantified using
Imagel), normalised against actin and made relative to the mean expression of
synaptophysin in the vehicle control. Statistics were performed using a one-way ANOVA
with Tukey’s post-hoc test in GraphPad Prism 7. Neurons treated with 50 nM sAPPp for
induction 3 were infected and so were not used. Synaptophysin estimated molecular weight

= 34-39 kDa.
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Figure 4.4. sAPPa did not increase the expression of VGLUT1 in hiPSC-derived neurons.

hiPSC-derived cortical neurons were grown to day 73 and incubated with sAPPa or sAPP(
at concentrations of 15 nM or 50 nM for 48 h in NMM. Cells were washed three times in
DPBS (+ metals), lysates were collected and subjected to SDS-PAGE with 30 ug total protein
loaded per lane. Proteins were transferred to PVDF membrane and probed with anti-
VGLUT1 antibody (Table 2.1). Membranes were washed, blocked with 5% milk (w/v) and
re-probed with anti-actin antibody. All lanes within each panel are from the same blot
image, at the same brightness and contrast (full blots shown in supplementary Figure 7.2),
but irrelevant lanes were removed for clarity of presentation. Dotted lines denote where
irrelevant lanes were removed. Three inductions were used, with two wells of neurons per
induction. (a) Induction 1; (b) Induction 2; (c) Induction 3. (d) Quantification of all inductions
combined. Error bars represent standard deviation. Band intensity was quantified using
Imagel, normalised against actin and made relative to the mean expression of VGLUT1 in
the vehicle control. Statistics were performed using a one-way ANOVA with Tukey’s post-
hoc test in GraphPad Prism 7. Neurons treated with 50 nM sAPPp for induction 3 were

infected and so were not used. VGLUT1 estimated molecular weight = 62 kDa.
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Figure 4.5. sAPPa did not increase the expression of PSD95 in hiPSC-derived neurons.

hiPSC-derived cortical neurons were grown to day 73 and incubated with sAPPa or sAPPJ
at concentrations of 15 nM or 50 nM for 48 h in NMM. Cells were washed three times in
DPBS (+ metals), lysates were collected and subjected to SDS-PAGE with 30 ug total protein
loaded per lane. Proteins were transferred to PVDF membrane and probed with anti-PSD95
antibody (Table 2.1). Membranes were washed, blocked with 5% milk (w/v) and re-probed
with anti-actin antibody. All lanes within each panel are from the same blot image, at the
same brightness and contrast (full blots shown in supplementary Figure 7.3), but irrelevant
lanes were removed for clarity of presentation. Dotted lines denote where irrelevant lanes
were removed. Three inductions were used, with two wells of neurons per induction. (a)
Induction 1; (b) Induction 2; (c) Induction 3. (d) Quantification of all inductions combined.
Error bars represent standard deviation. Band intensity was quantified using Image),
normalised against actin and made relative to the mean expression of PSD96 in the vehicle
control. Statistics were performed using a one-way ANOVA with Tukey’s post-hoc test in
GraphPad Prism 7. Neurons treated with 50 nM sAPP for induction 3 were infected and so

were not used. PSD95 estimated molecular weight = 95 kDa.
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4.5. Demonstration of the binding of purified sAPPa and sAPP[ to immortalised SH-SY5Y cells.
Prior to the characterisation and receptor identification studies using SH-SY5Y cells, it was
necessary to determine that the recombinant purified sAPPa and sAPPJ proteins bound to
the cell line. The same protocol that was used to identify the binding of sAPPa to iPSC-derived
neurons through immunoblotting (Section 4.3) was used here. Briefly, SH-SY5Y cells were
incubated with sAPPa at 37 °C, followed by three wases. Then, lysates were collected and
probed specifically for sAPPa through immunoblotting with a neoepitope-specific antibody
(2B3). First, increasing concentrations of sAPPa, up to 80 nM, were incubated with SH-SY5Y
cells for 30 min at 37 °C. Concentrations of sAPPa as low as 15 nM could be visualised as
binding to SH-SY5Y cells in this assay (Figure 4.6a). sAPPa bound to cells in a dose dependent
manner, with a large increase in the binding of sAPPa at 80 nM (Figure 4.6a). Following
determination that concentrations as low as 15 nM of sAPPa visibly bound to SH-SY5Y cells
within 30 min at 37 °C, the required incubation time was further investigated. 80 nM sAPPa
was incubated with cells at 37 °C for various lengths of time between 5 min and 30 min, as
indicated. sAPPa was shown to bind to SH-SY5Y cells within 5 min of application (Figure 4.6b).
To determine whether the binding visualised by this assay was specific to the active form of
sAPPa, rather than a result of non-specific binding, a sample of sAPPa was boiled for 30 min
prior to dilution and incubation with cells. The boiled, denatured sAPPa had a significantly

reduced ability to bind to cells compared with the native protein (Figure 4.6c).
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Figure 4.6. Recombinant sAPPa bound to SH-SY5Y cells, but binding was significantly reduced by
denaturation.

(a) SH-SY5Y cells were incubated with purified recombinant sAPPa at the concentrations indicated
for 30 min at 37 °C, along with a vehicle control (0 nM). The cells were washed three times in DPBS,
followed by lysate harvesting. 30 ug whole cell lysate was loaded per lane in SDS-PAGE. Proteins
were transferred to PVDF membrane and probed using the sAPPa neoepitope antibody (2B3). The
membrane was re-probed for Actin. (b) SH-SY5Y cells were incubated with 80 nM sAPPa for various
lengths of time (min), as indicated, along with a vehicle control (-sAPPa). Three washes in DPBS
were followed by lysate collection. 30 ug total lysate was loaded per lane in SDS-PAGE. Gels were
transferred to PVDF membrane and probed using the sAPPa neoepitope antibody (2B3). (c) sAPPa
was either denatured through boiling or left in its native form prior to dilution to 50 nM in OptiMEM.
50 nM sAPPa was then incubated with SH-SY5Y cells for 30 min at 37 °C. The cells were washed
three times in DPBS, followed by lysate harvesting. 30 ug whole cell lysate was loaded per lane in
SDS-PAGE. Proteins were transferred to PVDF membrane and probed using the sAPPa neoepitope
antibody (2B3). The membrane was re-probed for Actin. Band intensity was quantified using Image)
(quantification shown to the right), with error bars representing standard deviation (n = 2). Statistics

were performed using a one-way ANOVA with Tukey’s post-hoc test in GraphPad Prism 7.
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The assay developed to measure the binding of sAPPa to SH-SY5Y cells (Figure 4.6) was also
used to compare the binding of sAPPa and sAPPJ to cells. SH-SY5Y cells were incubated with
sAPPa or sAPPB for 30 min and immunoblot analysis was performed using an N-terminal APP
antibody (22C11) which would recognise sAPPa, sAPPB, and APP (Figure 4.7). SH-SY5Y cells
treated with sAPPa had significantly higher mean 22C11 band intensity, by a factor of
approximately 2.91, than cells treated with vehicle (Figure 4.7b; supplementary Table 7.13).
sAPPB treatment also increased mean 22C11 band intensity, but to a lesser factor of
approximately 1.46 and not significantly (p =0.1567) (Figure 4.7b; supplementary Table 7.13).
When probed with highly specific neoepitope antibodies, sAPPB was not visualised binding to
the cells (Figure 4.7c), whereas sAPPa was (Figure 4.6). Taken together, these data suggested
that sAPPa bound more effectively to SH-SY5Y cells than sAPPB under the conditions tested
in this assay. As sAPPB was not able to be visualised through immunoblotting using its
neoepitope antibody using this protocol (Figure 4.7c), the binding of sAPPB was investigated
using a more sensitive multiplex immunoassay (Mesoscale Discovery) using an sAPP-specific
kit. Analysis of whole cell neuron lysates incubated with sAPPB using the multiplex
immunoassay demonstrated that addition of sAPPB to SH-SY5Y cells significantly increased

the mean intensity of sSAPPB-specific antibody by approximately 2.83 times (Figure 4.7d).
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Figure 4.7. sAPPa binds to SH-SY5Y cells more readily than sAPP.

(a) SH-SY5Y cells were incubated with 50 nM sAPPa, sAPPpB or vehicle control in OptiMEM for 30
min at 37 °C. The cells were washed three times in DPBS, followed by lysate harvesting. 30 ug total
protein was loaded per lane in SDS-PAGE. Proteins were transferred to PVDF membrane and probed
using the N-terminal APP antibody 22C11 (APP amino acids 66-81). The membrane was re-probed
for Actin. (b) The intensity of bands from panel (a), normalised against actin, were quantified using
Imagel. Both bands in each single lane were quantified together. Error bars show standard deviation
(n = 2). Statistics were performed using a one-way ANOVA with Tukey’s post-hoc test in GraphPad
Prism 7. * = p<0.05. (c) 50 nM sAPPa or sAPPB or vehicle control in OptiMEM were incubated with
SH-SY5Y cells for 30 min. Three washes in PBS (+ metals) were followed by lysate collection. 30 ug
total lysate was loaded per lane in SDS-PAGE. Proteins were transferred to PVDF membrane and
probed using an sAPPB specific neo-epitope antibody (1A9). Each membrane was re-probed for
Actin. (d) The binding of 80 nM sAPPB to SH-SY5Y cells was analysed by Dr. Kate Fisher through
multiplex immunoassay (mesoscale discovery) using an sAPPB-specific kit. Lysates were diluted 3:1
prior to analysis and data was normalised to total protein amount. Error bars represent standard

error of the mean (n = 2 per condition). Statistics were performed using an unpaired t-test with

Welch'’s correction in GraphPad Prism 7. * = p<0.05.
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4.6. sAPPa reduced oxidative stress in SH-SY5Y cells.

Oxidative stress, a key driver of AD pathology, is caused by damaging oxidative molecules
such as the ROS H,0; (Huang et al. 2016). sAPPa has been shown to protect against oxidative
stress in neurons (Goodman and Mattson 1994). Additionally, stimulation of ADAM10 activity
in SH-SY5Y cells overexpressing the prion protein (SH-PrP) reduced the generation of ROS by
ABOs (Jarosz-Griffiths et al. 2019). Here, the neuroprotective effect of sAPPa on H,0;
production by the redox-cycler menadione was investigated using SH-SY5Y and SH-PrP cells.
First, the concentration of menadione required to induce significant H,O, production was
determined in both SH-SY5Y (Figure 4.8a) and SH-PrP (Figure 4.8b) cells. Cells were incubated
in OptiMEM for 48 h before menadione was added to final concentrations of between 1 uM
and 100 uM. (Figure 4.8). The generation of the ROS H,0, was measured using the ROS-GLO
kit following the manufacturer’s instructions. In SH-SY5Y cells, menadione upwards from 5
UM significantly increased mean H,O; generation in a concentration-dependent manner
(Figure 4.8a). 10 uM menadione increased mean H,0; production by a factor of approximately
5.17, whilst 100 uM menadione increased mean H,0; production by a factor of approximately
12.30 (Figure 4.8a). A similar effect of menadione was seen in SH-PrP cells, where 10 uM
menadione increased H,0; production by a factor of approximately 7.14 (Figure 4.8b). For
downstream studies, 10 M menadione was chosen to induce a significant but potentially

reversible ROS response.
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Figure 4.8. Menadione induces the significant production of H.0; in SH-SY5Y and SH-PrP
cells in a concentration-dependent manner.

(a) SH-SY5Y or (b) SH-PrP cells were seeded in 96 well plates overnight, followed by 48 h
incubation in OptiMEM. Various concentrations of menadione, as indicated, were added
for 90 min and the generation of H,0; measured using the ROS-GLO kit according to the
manufacturer’s instructions. Data was analysed with a one-way ANOVA with Tukey’s

multiple comparison test, n = 4-5 wells per condition. PrP, overexpressing prion protein.

Following the finding that menadione significantly increased H,0, generation in a dose-
dependent manner, the protective effect of sAPPa was investigated. SH-SY5Y cells were
incubated with 5, 15 or 50 nM sAPPa for 4, 24 or 48 h. Following this, 10 uM menadione was
added and the production of ROS was measured (Figure 4.9). 10 uM menadione significantly
increased mean H;0; generation by a factor of approximately 4.74, compared to the vehicle
control, in SH-SY5Y cells (Figure 4.9a-c). Pre-incubation with 5 nM sAPPa significantly
decreased mean H;0, generation by menadione in the SH-SY5Y cells in a time-dependent
manner by approximately 15%, 38% and 45% at 4 h, 24 h and 48 h timepoints, respectively
(Figure 4.9a). Similarly, pre-incubation with 15 nM sAPPa for 24 h and 48 h significantly
reduced mean H,0; production by menadione by approximately 30% and 45%, respectively,
in a time-dependent manner (Figure 4.9b). Finally, pre-incubation with 50 nM sAPPa for 4, 24
and 48 h also significantly reduced mean H,0, production by menadione by approximately

27%, 13% and 56%, respectively (Figure 4.9c).

A similar effect of sSAPPa was observed in SH-PrP cells, though to a lesser degree (Figure 4.9d-

f). 10 uM menadione significantly increased mean H,0; generation, compared to its vehicle
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control, by a factor of approximately 4.09 (Figure 4.9d-f). 48 h incubation of 5 nM sAPPa
significantly reduced mean H;0, generation by menadione by approximately 31% (Figure
4.9d). Similarly, 24 h incubation of 15 nM sAPPa significantly reduced mean H,0, generation
by menadione by approximately 23% (Figure 4.9¢e). Finally, 48 h incubation of 50 nM sAPPa
significantly reduced mean H;0, generation by menadione by approximately 21% (Figure
4.9f). Taken together, these results demonstrated that pre-incubation with sAPPa
significantly reduced the generation of H,02 by menadione in both SH-SY5Y and SH-PrP cells.

These data demonstrated the ability of sSAPPa to reduce oxidative stress in neuronal cells.
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Figure 4.9. Pre-incubation of sAPPa reduces ROS production in a time-dependent

manner.

SH-SY5Y (a-c) and SH-PrP cells (d-f) were seeded in 96 well plates overnight. sSAPPa was then

incubated with cells for timepoints of either 4 h, 24 h or 48 h at concentrations of 5 nM, 15

nM or 50 nM. 10 uM menadione were added for the final 90 min of sAPPa incubation and

the level of H,0; was measured using the ROS-GLO kit according to the manufacturer’s

instructions. Statistics were performed using a one-way ANOVA with Tukey’s multiple

comparison test. N = 5 wells per condition. PrP, overexpressing prion protein.
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4.7. Discussion

This chapter described efforts to characterise the activity of the recombinant sAPPa and
sAPP purified in chapter 3. The binding of sAPPa and sAPPf to both SH-SY5Y cells and hiPSC-
derived neurons was demonstrated. 15 nM sAPPa, but not sAPPB, significantly increased the
expression of synaptophysin in one induction of hiPSC-neurons and almost reached
significance when all inductions were combined. sAPPa was also shown to significantly reduce
H.0, generation in SH-SY5Y and SH-PrP cells in a time-dependent manner. These data
demonstrated the potential enhanced neurotrophic effect of sAPPa over sAPPB and
demonstrated the neuroprotective activity of sAPPa against ROS. Such activities could be

highly beneficial in the treatment of neurodegenerative diseases.

4.7.1. The interaction between sAPPa, sAPPB and iPSC-derived human cortical neurons

Prior to investigating and comparing the effects of sAPPa or sAPPB on synaptic protein
expression, the binding of both proteins to hiPSC-derived neurons was investigated. These
initial experiments also allowed the optimisation of appropriate concentrations and
incubation times for later experiments. Firstly, iPSC-derived cortical neurons were generated
using an established protocol (Figure 4.1a) (Shi et al. 2012) and the expression of the neuronal
differentiation markers MAP2, Blll tubulin, synaptophysin and SATB2 was confirmed by
immunofluorescence microscopy (Figure 4.1b, 4.1c). iPSC-derived neurons were used in this
thesis because some studies consider them to be a more physiologically similar model of the
native neurons within patients than undifferentiated immortalised cells are (Engle et al. 2018;
Lopes et al. 2017). One study found that large proportions of iPSC-derived cortical neurons
expressed genes associated with synaptic function, NMDA receptor genes and over 90% of
cells tested expressed neuronal-specific markers such as MAP2 (Handel et al. 2016). The
expression of the neuronal marker MAP2 was similarly confirmed in iPSC-derived neurons in
figure 4.1 of this thesis. In addition, 0X1-19 iPSC cell lines were readily available in the Hooper
lab, along with extensive experience of performing neuronal differentiation. However, one
negative of iPSC-derived neurons is they can have a high degree of variation between
inductions, and particularly between stem cells sourced from different donors with distinct
genetic backgrounds, potentially leading to variable results (Schwartzentruber et al. 2018). In
addition, some studies suggested that iPSC-derived neurons were more similar in gene

expression to foetal neurons rather than adult neurons (Handel et al. 2016). However, the
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use of iPSC-derived neurons in this thesis provided an interesting comparator to immortalised
SH-SY5Y cells to validate the reliability of results in later chapters, when data derived from
the two cell types were compared. Unlike hiPSC-derived neurons, undifferentiated SH-SY5Y
cells have a high proliferative rate (Lopes et al. 2017), are variable in electrophysiological
activity (Santillo et al. 2014) and are generally considered to be a less accurate neuronal
model (Engle et al. 2018). However, in some cases SH-SY5Y cells are preferable because hiPSC-
derived neurons are much more fragile, challenging and time-consuming to culture, meaning
hiPSC-derived neurons are not always appropriate for high-throughput studies or studies

requiring large amounts of cellular material.

Another cell model which could have been used was differentiated SH-SY5Y cells, which
possess a more mature neuronal phenotype than undifferentiated SH-SY5Y cells (Kovalevich
and Langford 2013). Future experiments could repeat or build on the experiments listed in
this discussion using differentiated cells. However, the use of iPSC-derived human neurons in
this thesis provided a different model and somewhat mitigated the lack of differentiated

immortalised cells.

Following confirmation of the expression of neuronal differentiation markers in iPSC-derived
human neurons, the binding of sAPPa to the neurons was investigated. Previous studies
reported sAPPa activity at nanomolar concentrations such as 10-40 nM (Goodman and
Mattson 1994), 1-100 nM (Mattson et al. 1993) and 10 nM (Claasen et al. 2009). Thus, a range
of concentrations ranging from 5 nM to 80 nM sAPPa were incubated with iPSC-derived
neurons for 30 min at 37 °C. Concentrations of 30 nM sAPPa and above resulted in visible
sAPPa binding when probed through immunoblotting using a neoepitope antibody (2B3)
(Figure 4.2a). There was a degree of variation in the sAPPa band intensity between the wells
of each condition above 30 nM, perhaps due to slight differences in cell composition between
wells during neuronal differentiation (Figure 4.2a). Concentrations of sAPPa below 30 nM
may also have bound to iPSC-derived cortical neurons, but this binding could have been below
the detection limit of the sAPPa neoepitope antibody used in this assay. However, these data
indicated that sAPPa bound to hiPSC-derived neurons visibly at concentrations of 30 nM and
above. This was consistent with previous studies, which demonstrated sAPPa activity on cells
at a variety of concentrations between 1 nM and 100 nM (Dorard et al. 2018; Furukawa et al.

1996; Goodman and Mattson 1994; Mattson et al. 1993).
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Following determination that sAPPa bound to hiPSC-derived neurons at concentrations
comparable to previous studies, the time required for sAPPa to bind to the neurons was also
investigated. 80 nM sAPPa bound rapidly to neurons, within 10 min, which was the shortest
timepoint tested (Figure 4.2b). This rapid binding of sAPPa to cells was consistent with a
previous study, which showed binding by 1 min (Dorard et al. 2018). Similar experiments were
performed with sAPPB for comparison; however, no sAPPB binding was visualised through
this immunoblotting assay using the sAPPJ neoepitope antibody (Figure 4.7c). This could be
attributed to sAPPB having a lower binding ability to cells, or the specific SAPPB neoepitope
antibody (1A9) having a lower sensitivity than the sAPPa neoepitope antibody (2B3) in the
immunoblotting assay. To confirm that sAPPB also bound to neurons, prior to downstream
experiments, hiPSC-derived neurons were treated with 80 nM sAPP and the resulting lysates
were probed using a multiplex immunoassay (Figure 4.2c). The immunoassay was a more
sensitive method to detect an increase in SAPPPB compared to the vehicle control, if binding
had occurred. Analysis through the multiplex immunoassay confirmed that sAPPB bound to

iPSC-derived neurons (Figure 4.2c).

Previous studies found that sAPPa increased the expression of synaptic markers such as
synaptophysin in vivo (Roch et al. 1994). sAPPa was also suggested to be more neurotrophic
than sAPPB with regards to inducing axon outgrowth (Chasseigneaux et al. 2011). A direct
comparison of sAPPa and sAPPB on synaptic protein expression in neurons had not previously
been performed. The loss of synaptophysin and VGLUT1 were shown to correlate significantly
with cognitive decline in AD, so increasing their expression levels could be therapeutically
beneficial (Kashani et al. 2008; Sze et al. 1997). APP and sAPPa were previously shown to
accumulate at presynaptic terminals, suggesting a role in synapse function (Buxbaum et al.
1998). Injection of 500 nM of a peptide containing the C-terminal 17 amino acids of sAPPq,
absent from sAPPB, led to a significant increase in synaptophysin-like immunoreactivity in a
rabbit spinal cord ischaemia model (Bowes et al. 1994). Subcutaneous infusion of a different
peptide, consisting of sAPPagss amino acids 319-335 called '17-mer’, significantly increased
synaptophysin immunoreactivity in rat frontoparietal cortexes (Roch et al. 1994). Therefore,
the effect of sAPPa or sAPPB on the expression of the pre-synaptic markers synaptophysin,

VGLUT1 and the post-synaptic marker PSD95 in hiPSC-derived neurons was investigated.
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Three different inductions of hiPSC-derived neurons were used, with two biological replicate
wells per treatment condition. First, the effect of sAPPa or sAPPB on the expression of
synaptophysin was measured. There was a large degree of variation between different
inductions of iPSC-derived neurons. 15 nM sAPPa had a significant effect on synaptophysin
expression in the third induction of neurons compared to the vehicle control, whilst 15 nM
sAPPB had no significant effect (Figure 4.3c). This supported data in the literature showing
enhanced neurotrophic effects of sSAPPa relative to SAPPB (Bowes et al. 1994; Chasseigneaux
et al. 2011). Interestingly, 50 nM sAPPa had no effect on the expression of synaptophysin in
induction 3 neurons (Figure 4.3c), so the effect was specific to the lower 15 nM dose.
However, neither sAPPa nor sAPPP had a significant effect on the expression of synaptophysin
in the other two inductions of neurons, but the effect of SAPPa was close to significance when
all inductions were combined (p = 0.0869). No significant effect of sSAPPa or sAPPf3 was found
on the expression of either VGLUT1 or PSD95 in any induction. As synaptophysin expression
was previously used as a marker of synaptic density (Roch et al., 1994), the data in this chapter
potentially support a neurotrophic effect of sAPPa. However, this effect was only observed
clearly in one induction of neurons. This variation between neuronal inductions could be due
to the growth of different cell populations following the 70-day differentiation protocol. For
example, inductions 1 and 2 could have had a higher proportion of non-neuronal cells
differentiate from the 0X1-19 iPSC precursors, leading to lower synaptic density and
therefore a reduced effect of sSAPPa. Thus, further investigation of the effect of sAPPa in iPSC-
derived neurons is required. Future work should repeat this experiment to determine
whether the observed effect of SAPPa on synaptophysin expression in iPSC-derived neurons

is accurate and replicable.

4.7.2. The interaction between sAPPa, sAPPB and SH-SY5Y neuroblastoma cells

While hiPSC-derived neurons are more physiologically accurate models of human neurons,
immortalised cells offer a more high-throughput and faster method of measuring cellular
effects. Thus, the binding of sSAPPa and sAPP to SH-SY5Y immortalised cells was investigated
and compared. A range of concentrations between 5 nM and 80 nM sAPPa were added to
cells to test binding ability through immunoblotting. Concentrations of 15 nM sAPPa and
above were visualised binding to SH-SY5Y cells using this protocol (Figure 4.6a). Following this,

the speed of binding of sAPPa to the cells was also assessed, which determined that 80 nM
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sAPPa bound within 5 min of application, which was the shortest timepoint tested (Figure
4.6b). These findings were consistent with previous studies demonstrating rapid binding of
sAPPa to cells at nanomolar concentrations (Dorard et al. 2018; Mattson et al. 1993).
Following these results, the effect of protein denaturation through boiling on the binding of
sAPPa to SH-SYS5Y cells was investigated and compared to that of native sAPPa. Boiling sAPPa
for 30 min significantly reduced the amount of binding to SH-SY5Y cells (Figure 4.6¢). This
finding confirmed that native protein folding was required for the successful binding of sSAPPa
to SH-SY5Y cells. These data suggested that the binding of sAPPa to SH-SY5Y cells was
facilitated through an interaction which required correct protein folding, such as binding to a

receptor at the cell surface.

Following demonstration of the binding of sAPPa to SH-SY5Y cells, a comparison of the
binding ability of SAPPa was compared with the binding ability of SAPPB. The use of the 22C11
antibody, which has an epitope in the N-terminal region of APP, allowed for a direct
comparison of the binding of sAPPa and sAPPB. Addition of 50 nM sAPPa significantly
increased the intensity of 22C11 staining, whereas addition of 50 nM sAPPB did not (Figure
4.7a). The staining of 22C11 was slightly increased following sAPPB incubation, possibly
indicating a smaller amount of binding relative to sAPPa (Figure 4.7b). These results suggested
that sAPPa bound more readily to SH-SY5Y cells than sAPPB. However, a future experiment
could probe equal amounts of purified sAPPa and sAPPB with 22C11 to confirm that they are
recognised to the same degree by the antibody. In addition, the statistical power of the
experiment was limited due to the low n number, so future studies could repeat this
experiment with higher n numbers. Some limited previous data in the literature suggested
that sAPPa bound more readily to receptors than sAPPB, with one study showing that mouse
sAPPa bound to mouse p75N™® with a half maximal effective concentration (ECso) of 90 nM,
whereas mouse sAPPB had a higher ECso of 120 nM (Hasebe et al. 2013). The increased
binding of sAPPa to cells over sAPPB shown in Figure 4.7a, along with limited data from the
literature, suggested that some of the enhanced neuroprotective and neurotrophic effects of
sAPPa compared with sAPPB could be due to the increased ability of sAPPa to bind to
neuronal cells (Chasseigneaux and Allinquant 2012). The data suggesting differences in the

binding abilities of SAPPa and sAPPB further justified the placement of the hexahistidine tag
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at the N-terminus of recombinant sAPPa in chapter 3, to minimise its interference with C-

terminal activity and potential sAPPa-specific interactions.

In addition to the novel binding assay, other assays were also considered to identify and
guantify the binding of sAPPa or sAPP to cells in vitro. One possible alternative assay was
immunofluorescence microscopy using specific SAPPa, sAPPJ or His-tag antibodies following
the addition of sAPPa or sAPPB to live cells. This assay was repeatedly attempted, but the
antibodies had excessive background fluorescence such that no binding could be discerned.
Due to this, one strength of the novel immunoblotting binding assay was the clear difference
between untreated and treated cells following the addition of sAPPa or sAPPB due to low
levels of background staining. However, one strength of immunofluorescence microscopy
over the novel immunoblotting binding assay would have been the ability to visualise the
location of sSAPPa or sAPPB at the cell surface and within cells, along with the potential for co-
staining for candidate receptors to investigate ligand-receptor co-localisation which would
indicate protein interactions. One weakness of the novel immunoblotting binding assay was
that the higher levels of sSAPPa or sAPP staining did not necessarily indicate binding but could
reflect higher levels of endogenous protein production following the addition of sAPPa or
sAPPB to cells. The use of a His-tag antibody in immunoblotting could be used in future
experiments to show that any staining visualised is caused by exogenous recombinant His-

tagged protein and not due to higher levels of endogenously produced protein.

As the addition of 50 nM sAPP for 30 min did not significantly increase the band intensity of
APP in SH-SY5Y cell lysates, as detected by immunoblotting, a different approach was used to
demonstrate the binding of sAPPB to SH-SY5Y cells prior to receptor pulldown studies
(chapter 5). The sAPP specific neoepitope antibody was not sensitive enough to visualise the
retention of sAPPB in SH-SY5Y lysates through immunoblotting (Figure 4.7c). Therefore, a
more sensitive multiplex immunoassay was used to determine whether sAPPB bound to SH-
SY5Y cells. Multiplex immunoassay analysis of whole cell lysate from SH-SY5Y cells incubated
with sAPPPB, using an sAPPB-specific immunoassay probe, indicated that sAPPB bound
successfully to the SH-SY5Y cells (Figure 4.7d). The statistical power of this experiment was
low, due to the use of duplicates, and could be improved with the use of triplicates in future.
However, the effect was strong enough to reach statistical significance with an n number of

just two.

112



Previous studies touted the neuroprotective activity of sSAPPa as a potential mechanism to
reduce neurodegeneration (Fol et al. 2016; Goodman and Mattson 1994). If the protective
effect of sAPPa could be harnessed, it could help protect neurons from oxidative stress to
reduce neuronal damage and therefore cognitive decline. Several studies have linked
oxidative stress to AD, and sAPPa to neuroprotective effects (Goodman and Mattson 1994;
Huang et al. 2016). Mechanisms such as excitotoxicity, oxidative stress and proteasomal
stress are key drivers of AD pathology (Section 1.5) (Copanaki et al. 2010; Furukawa et al.
1996). Treatment of hippocampal neurons with 10 nM sAPPaess for 24 h significantly
attenuated ABa4z-induced ROS production (Goodman and Mattson 1994). Pre-treatment of rat
PC12 immortalised cells with 25 nM and 50 nM sAPPa also significantly protected against
apoptosis from proteasomal stress in a concentration dependent manner (Copanaki et al.
2010). 50 nM sAPPP had no protective effect against proteasomal-stress induced apoptosis,
demonstrating a critical difference between the neuroprotective abilities of sSAPPa and sAPPf
(Copanaki et al. 2010). sAPPa also provided 100-times greater protection of hippocampal
neurons against cell death induced by AB toxicity, excitotoxicity and glucose deprivation
compared with sAPPB (Furukawa et al., 1996). Treatment with 1 nM sAPPa significantly
reduced hippocampal cell death due to NMDA excitotoxicity (Ryan et al. 2013).
Overexpression of APP significantly reduced the production of H,O; from rotenone in SH-SY5Y
cells (Cimdins et al. 2019). The overexpression of APP would consequently lead to increased
secretion of sAPPa, which could have been responsible for the reduced production of H;0;
from rotenone (Cimdins et al. 2019). Building on such previous data in the literature, the
ability of recombinant sAPPa to reduce H,0; production from menadione in SH-SY5Y cells was

investigated.

The protective effect of SAPPa against oxidative stress was determined using an assay which
measured the production of H,03, a long-lived ROS (Huang, Zhang and Chen, 2016). SH-SY5Y
cells, rather than hiPSC-derived cortical neurons, were chosen to measure sAPPa-mediated
neuroprotection because cell density was a critical variable in the ROS-GLO assay. SH-SY5Y
cells exhibit less variation in cell number between wells because they are experimented on
within 72 h of seeding, whereas hiPSC-derived neurons necessitate 40 days of maturation.
Post-experiment cell density quantification was unreliable because the cells detached very

easily following the ROS-GLO assay. As a result, SH-SY5Y cells were determined to be a more
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appropriate model for use with the ROS assay. A previous study demonstrated that treatment
with ABOs significantly increased ROS production in SH-PrP cells (Jarosz-Griffiths et al. 2019).
However, this increase in ROS was ablated through stimulation of ADAM10 activity. Whilst
the authors attributed this effect to ADAM10-mediated cleavage of the prion protein from
the surface of cells and subsequently reduced ABO binding, the reduced ROS could also have
been contributed to by increased sAPPa production due to increased ADAM10 activity
(Jarosz-Griffiths et al. 2019). Therefore, SH-PrP cells were also included to investigate the

protective effects of SAPPa.

To stimulate the production of H,0, and therefore induce oxidative stress, SH-SY5Y cells were
incubated with menadione. Menadione is a potent generator of ROS in cells through redox
cycling (Criddle et al. 2006). Incubation with menadione significantly increased H,0;
generation in SH-SY5Y cells (Figure 4.8a) and SH-PrP cells (Figure 4.8b) in a concentration
dependent manner. 10 uM menadione was chosen for later experiments as it was one of the
lower concentrations that still provided a significant and robust ROS response. It was deemed
important not to overload the cells with high concentrations of menadione, so that its effect
on ROS production was still reversible. Following this, the putative protective effect of SAPPa
pre-treatment on ROS production was investigated. The incubation time of sAPPa treatment
appeared to be more important than sAPPa concentration, with time-dependent reductions
in H20; production at 5 nM, 15 nM and 50 nM sAPPa concentrations. This is consistent with
a study which found that sAPPa induced gene expression changes in a time-dependent
manner, including activating the transcription factors of protective immediate early genes
and the enhanced activation of NFkB, which may be involved in neuroprotection in AD (Guo
et al. 1998; Ryan et al. 2013). Similar results were seen in SH-PrP cells (Figure 4.9d-f), but
sAPPa appeared to have a reduced effect in those cells compared to SH-SY5Y cells. As APP is
known to bind to the prion protein, sAPPa could also bind in a similar manner due to its large
sequence overlap with APP (Bai et al. 2008). Therefore, the over-expression of the prion
protein on the surface of SH-PrP cells may have competed for the binding of sSAPPa with the
receptor(s) responsible for the facilitating the reduction in H202, which would reduce the
protective effect of SAPPa in SH-PrP cells relative to wild-type SH-SY5Y cells (as seen in Figure
4.9). The ROS experiment was also attempted with sAPPB, but the assay was repeatedly

unsuccessful. ROS assays can be troublesome to perform, due to the transient and extremely
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reactive nature of ROS (Pavelescu 2015). Future work should repeat this ROS experiment to
directly compare the protective effects of sSAPPa and sAPPB on H,0; production. In summary,
sAPPa significantly reduced ROS production in a time-dependent manner in both SH-SY5Y
cells and SH-PrP cells, demonstrating its possible therapeutic potential to reduce neuronal

oxidative stress in neurodegenerative diseases.

4.8. Chapter summary

The data in this chapter demonstrated that the recombinant sAPPa and sAPPB proteins
purified in chapter 3 bound to both hiPSC-derived cortical neurons and SH-SY5Y cells. The
binding of sSAPPa was rapid, within 5 min and 10 min of application to SH-SY5Y cells and hiPSC-
derived neurons respectively (the shortest timepoints tested in both cases). sAPPa also bound
to both cell types at nanomolar concentrations. These results were consistent with previous
studies (Dorard et al. 2018; Mattson et al. 1993). The binding of sAPPa to SH-SY5Y cells was
significantly reduced by heat denaturation. sAPPa bound more readily to SH-SY5Y cells than
sAPPB when measured with an N-terminal APP antibody through immunoblotting. 15 nM
sAPPa significantly increased the expression of synaptophysin in one induction of hiPSC-
derived neurons, indicating a potential beneficial neurotrophic effect at synapses, whilst 15
nM sAPPB had no significant effect. Pre-incubation of SH-SY5Y cells and SH-PrP cells with
sAPPa was shown to be neuroprotective and significantly reduced H;0, production from
menadione in a time-dependent manner. Together, these results demonstrated the
neuroprotective and potentially neurotrophic effects of sAPPa and validated the biological

activity of the sAPPa purified in chapter 3.
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5. The unbiased identification of sAPPa and sAPPB binding
partners

5.1. Introduction.

5.1.1. Putative sAPPa and sAPPJ receptors.

The reciprocal cleavage of APP by a-secretase or B-secretase produces sAPPa or sAPPS,
respectively (Kuhn et al. 2010; Vassar et al. 1999). In the B-secretase cleavage pathway,
downstream cleavage by y-secretase releases the neurotoxic AR protein, which is heavily
implicated in AD (Chow et al. 2010). Conversely, following its release through a-secretase
cleavage of APP, sAPPa has a range of protective effects on neuronal cells, such as protection
against AB-induced oxidative stress (Goodman and Mattson 1994), enhancement of synaptic
growth (Roch et al. 1994) and protection against AB-induced neuronal cell death (Furukawa
et al. 1996). Strikingly, sAPPa is around 50- to 100-times more neuroprotective than sAPPS,
despite only possessing an extra 16 amino acids at its C-terminus (Chasseigneaux and
Allinquant 2012; Furukawa et al. 1996). sAPPB is less well-studied than sAPPa, likely due to
its decreased neuroprotective effect and therefore reduced clinical potential (Chasseigneaux
and Allinquant 2012). To facilitate its enhanced neuroprotective properties relative to sAPPJ,
we hypothesised that sAPPa may bind to a different receptor, or bind to cells with a higher
affinity, because of its different C-terminus. Due to its reduced protectivity, SAPPB was chosen
as a control protein for receptor identification experiments aiming to identify receptors
responsible for sAPPa-specific protective effects. The identification of receptor(s) which are
responsible for protective effects of sAPPa could translate into clinical benefits. The
responsible receptor(s) could be targeted pharmacologically, with the aim of harnessing

precise beneficial properties of sSAPPa and minimising off-target toxicity.

Several studies have attempted to identify the cell surface neuronal receptors that mediate
the neuroprotective and neurotrophic effects of sAPPa, though fewer have investigated and
compared sAPPa and sAPP directly (Dorard et al. 2018; Hasebe et al. 2013; Rice et al. 2019).
The binding of sAPPa to p75 neurotrophin receptor (p75N™®) stimulated neurite outgrowth in
cultured mouse cortical neurons, an effect that was lost following p75N™ knockdown (Hasebe
et al. 2013). sAPPB also bound to p75N"™R, but the effect of SAPPB on neurite outgrowth was
not tested (Hasebe et al. 2013). In a separate study, the binding of sAPPa to the a3 subunit

of Na*/K*-ATPase (a3-NKA) promoted axonal outgrowth in mouse primary cortical neurons,
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but was not responsible for sAPPa-induced protection against AB neurotoxicity (Dorard et al.
2018). Neither the binding of sAPPB to the a3-NKA nor its effect on axonal outgrowth were
investigated (Dorard et al. 2018). Affinity purification pulldowns using rat synaptosome
extracts, followed by mass spectrometric analysis, identified the y-aminobutyric acid type B
receptor subunit 1a (GABAgR1a) as a potential receptor for sAPPa (Rice et al. 2019). The
binding of sAPPa to GABAgR1a enhanced short-term facilitation and modulated the release
of pre-synaptic vesicles (Rice et al. 2019). However, sAPPB bound to the same receptor and
exerted the same effects as sSAPPa (Rice et al. 2019). The role of GABAgR1a in sAPPa-mediated
protection against neurotoxicity was not investigated (Rice et al. 2019). In summary, though
several cell surface binding partners have been identified for sAPPa, no study has yet
identified the receptor(s) or mechanism(s) through which sAPPa protects neuronal cells from
oxidative stress or protects against AB-induced neurotoxicity. Identifying novel receptors that
may be responsible for such protective effects could provide clinical benefits to treat

neurodegenerative conditions.

5.1.2. Microbead-based receptor identification methods.

The identification of receptor-ligand interactions is central to the understanding of biological
processes. The strength and time of ligand-receptor interactions can vary widely (Lim et al.
2021), so different receptor isolation techniques may be appropriate for different
interactions. Co-immunoprecipitation, which involves the coupling of a ‘bait’ protein of
interest to an antibody (usually immobilised on beads), is a common technique for isolating
protein interactors (Lim et al. 2021). Proteins that interact with the bait are pulled down and
referred to as ‘prey’ (Lim et al. 2021). However, these experiments often isolate prey from
cell lysates, which is not an accurate representation of how those proteins may come into
contact in their native cellular environments. Protein interactions or structures could also be
interfered with by detergents, such as those used to harvest cell lysates, meaning some
protein interactions could be lost or changed (Lim et al. 2021). Furthermore, the aberrant
binding of solubilised proteins within lysates to the bait or the microbeads themselves can
result in the isolation of non-specific associations (Jones et al. 2015). As previous sAPPa
receptor identification studies had used conventional co-immunoprecipitation methods with
cell extracts (Rice et al. 2019), novel methods were used in this study to identify new

interactions.
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One way to overcome limitations of conventional co-immunoprecipitation using cell extracts
was to use a method compatible with live cells to capture receptor-ligand interactions in their
native environment. One such method, outlined by Jones et al., 2015, was originally designed
for the isolation of integrin adhesion complexes. This method not only facilitated the capture
of receptors from live cells in their native environment using bait proteins adhered to
magnetic beads, but also removed cell body and cytoplasmic proteins prior to mass
spectrometric analysis to highlight membrane prey proteins of interest (Jones et al. 2015).
The use of protein crosslinkers also allowed for the stabilisation and identification of transient
or weaker interactions, which may be of interest (Jones et al. 2015). This method was
compatible with a wide range of cell lines that could survive suspension for short periods and
be grown in large quantities. The inclusion of a positive control, such as beads coated with a
specific antibody, was recommended to allow for the identification and removal of non-
specific background prey proteins from consideration (Jones et al. 2015). Following the
isolation of prey proteins using the microbead-based method, the successful pull-down of
positive control prey could be verified by western blotting. For example, a bead coated with
an antibody directed against the transferrin receptor (TFR) should isolate the TFR protein
from cells in order to indicate a successful isolation experiment. GeLC-MS/MS analysis of each
bait sample would identify a list of prey proteins, which would be analysed to identify proteins

of interest.

5.1.3. QCM-D-based receptor identification methods.

Another method to identify protein interactions is quartz crystal microbalance with
dissipation monitoring (QCM-D). QCM-D detects mass changes taking place on a sensor
surface and also measures the viscoelastic properties of the surface-adhering layer (Dixon
2008). QCM-D allows for the measurement of protein interactions in real-time, such as the
interaction between an immobilised bait protein on a sensor chip with prey proteins within
cell lysates. The resonance frequency of a piezoelectric chip (f) changes following the
adsorption of molecules onto its surface (Dixon 2008). A change in resonance frequency (Af)
indicates the adherence of molecules to the QCM-D chip. By coating the chip with a bait
protein, it is possible to measure the binding of prey proteins to bait proteins of interest (Peh
et al. 2007). The inclusion of dissipation monitoring (D) enables the measurement of

viscoelastic molecules such as proteins, liquid lysates and lipid bilayers on the surface of the
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chip, which have different vibrative properties than solid substances (Dixon 2008). Therefore,
simultaneous recording of changes in dissipation (AD) and changes in resonant frequency (Af)
can show the adsorption of prey to the QCM-D chip. The QCM-D chip can then be stripped of
bait and prey proteins and proteins of interest identified through GeLC-MS/MS.

5.1.4. Chapter aims.

This chapter aimed to isolate, identify and compare the binding partners of sAPPa and sAPPf3
in neuronal cells. Two unbiased receptor identification methods were used in combination
with purified recombinant hexahistidine sAPPa and sAPPp. Following isolation, prey proteins
were identified using GeLC-MS/MS. The identified prey proteins from each method were
cross-referenced and potential receptors of interest were knocked down to investigate their

role in the binding of sAPPa to cells.
Therefore, the aims of this chapter were to:

e Use a microbead-based isolation method, followed by GeLC-MS/MS, to isolate and
identify sAPPa and sAPPpB binding partners.

e Use QCM-D as an affinity purification method, followed by GeLC-MS/MS, to isolate
and identify sAPPa and sAPP binding partners.

e Compare the sAPPa and sAPPB binding partners isolated using the microbead and
QCM-D methods, identifying any proteins isolated by both methods.

e Investigate the role of identified potential receptor(s) in the binding of sAPPa to cells.
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5.2. The microbead-based identification of sSAPPa and sAPP binding partners.

To identify neuronal proteins that interact with sAPPa and sAPPp, three microbead-based
affinity isolation experiments were performed using live SH-SY5Y cells. These were based on
a published protocol for the isolation of protein binding partners using ligand-coated
magnetic microbeads (Jones et al. 2015). The protocol was adapted for use with SH-SY5Y cells
and sAPPa and sAPPB (Figure 5.1a). To confirm that both sAPPa and sAPPB successfully
coated the microbeads as bait, each protein was incubated with tosylactivated microbeads
(Section 2.11). Following washing and magnetic separation, any retained bait protein was
eluted and analysed by immunoblotting (Figure 5.1b). Both sAPPa and sAPPB were eluted
from the beads, demonstrating that they bound to the magnetic microbeads as bait and were

retained through the washing steps (Figure 5.1b).

The compatibility of the microbead-based pulldown experiment with neuronal SH-SY5Y cells
was then tested. Tosylactivated beads were coated either with anti-integrin 1 antibody, anti-
TFR antibody, sAPPa or sAPPP (Figure 5.1c). The coated beads were then incubated with cells
and prey proteins were subsequently isolated. Isolated bait-prey complexes were separated,
eluted and analysed by immunoblotting (Figure 5.1c). Immunoblot analysis of SH-SY5Y whole
cell lysate confirmed that integrin 1 and TFR were expressed by the SH-SY5Y cell line (Figure
5.1c, ‘WCL’ lane). The integrin B1 antibody bait specifically isolated the larger mature
molecular weight species of integrin B1 from SH-SY5Y cells, but not the lower molecular
weight intracellular precursor form (Koivisto et al. 1994) (Figure 5.1c). Integrin B1 was not
isolated by any other ligand (Figure 5.1c). Similarly, only the tosylactivated beads coated with

the TFR antibody specifically isolated the TFR protein as prey from SH-SY5Y cells (Figure 5.1c).

These results demonstrated that the microbead-based affinity isolation protocol was able to
isolate specific and relevant prey proteins from SH-SY5Y cells using specific bait proteins. The
data also demonstrated that the conditions of the pull-down were appropriate for the
preferential isolation of cell surface proteins, rather than cytosolic proteins, through the
isolation of the cell surface, mature form of integrin B1 alone (Figure 5.1c). This was

advantageous for the desired isolation of cell surface receptors for sSAPPa and sAPP.
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Figure 5.1. Validation of the microbead-based isolation assay in SH-SY5Y cells.

(a) Workflow of the microbead-based isolation protocol. (b) Immunoblots of sAPPa or
sAPPB bait eluted from tosylactivated microbeads. sAPPa or sAPP3 were incubated with
tosylactivated microbeads according to the manufacturer’s instructions, washed, and then
heated to 95 °C in reducing sample buffer. Eluted samples were probed with the indicated
antibody (sAPPa neoepitope - 2B3; sAPPB neoepitope - 1A9). (c) Immunoblots of prey
samples isolated from SH-SY5Y cells with specific bait proteins (sAPPa, sAPPB, integrin B1
antibody [TS2/16], transferrin receptor antibody [OKT9]) using the microbead-based
isolation protocol (Jones et al. 2015). Immunoblots were probed with the indicated
antibody: Integrin B1 (TS2/16); Transferrin receptor, (OKT9). WCL = SH-SY5Y whole cell

lysate, loaded for comparison.
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Following the successful isolation of integrin 1 and the TFR from SH-SY5Y cells using their
respective antibodies as bait (Figure 5.1c), three larger-scale microbead-based affinity
isolation experiments were performed to isolate SAPPa or sAPPf binding partners from SH-
SY5Y cells. The antibody directed against the TFR was included as a positive control bait. The
conditions of the three isolation experiments are listed in Table 5.1. Following the affinity
isolation experiment, the prey proteins were identified using GeLC-MS/MS (workflow
summarised in Figure 5.2). The full lists of all identified proteins for each bait protein are
available as supplementary data (https://doi.org/10.48420/22337503). The first two
pulldowns, when data was merged, identified a total of 1,294 proteins. The third pulldown
identified a total of 1,395 proteins. In every pulldown, the microbeads coated with an
antibody directed against the TFR successfully isolated the TFR from SH-SY5Y cells (Table 5.2).
The TFR was only identified as prey in samples which used the TFR antibody as bait (Table
5.2). Each list was analysed for potential cell surface proteins of interest that were enriched
in the sAPPa pulldown samples (Table 5.2). ‘APP’, which represented sAPPa and sAPPB in the
swissprot trembl database, was identified specifically in the sAPPa and sAPPB bait samples
(Table 5.2). The proteins identified in the TFR sample, except TFR itself, were considered to
represent background proteins. The data were filtered manually through a review of the lists
for proteins enriched in the sAPPa or sAPPP bait sample and lacking peptides in the TFR bait
sample. Preference was given to cell-surface proteins as potential receptors and proteins
particularly enriched in sAPPa bait samples. One family of isolated prey proteins was of
particular interest: the type-l neuronal membrane proteins called calsyntenins (also called
alcadeins). Calsyntenin-1 was identified as prey in two pulldown experiments with sAPPa as
bait (Table 5.2) and two pulldown experiments with sAPPB as bait (Table 5.2). Calsyntenin-2
was identified as prey in two pulldowns using sAPPa as bait (Table 5.2) and one pulldown
using sAPPB as bait (Table 5.2). Calsyntenin-3 was identified with a relatively high total
spectral count in all three pulldowns using sAPPa as bait (Table 5.2) and with a lower spectral
count in one pulldown using sAPPB as bait (Table 5.2). No calsyntenins were identified in the
samples using the TFR antibody as bait, demonstrating that their isolations were specific to

sAPPa and sAPPp.
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Table 5.1. Comparison of the characteristics of each pulldown performed.

Pulldown | Approximate Approximate Amount of | Mass

# number of | number of cells | each bait | spectrometer
microbeads per bait used (ug) used

1 2x107 4x107 10 Orbitrap

2 3x10’7 9x10’ 15 Orbitrap

3 3.95x10’ 7.9x10’ 19.75 Thermo QE HF

Output from

microbead-based pull-down Mixture of peptides

—_—
Band excision and in-gel

trypsm digestion

Gel-top
coomassne

Protein identity
database search

—
G cvs/vs

Intensity

Protein ‘ |
identification m/z

Figure 5.2 Schematic of GelLC-MS/MS workflow following the isolation of binding

partners.

Adapted from (Dupree et al. 2020).
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Table 5.2. The calsyntenin family of proteins were identified as sAPPa and sAPP3-
specific binding partners in SH-SY5Y cells.

Tosylactivated dynabeads were coated with specified bait proteins and incubated with SH-
SY5Y cells. Following incubation, bait-prey complexes were cross-linked, separated
magnetically, washed, and lysed through sonication as described in the materials and
methods (Section 2.11). Ligand-receptor adhesion complexes were eluted from the beads
and analysed through GeLC-MS/MS by the University of Manchester BioMS core facility
and lists of identified proteins were generated. Candidate sAPPa binding partners were
considered if they were identified in the sAPPa pulldown, but not in the transferrin
receptor antibody, and were expressed on the cell surface. Data for pulldowns 1 and 2
were generated using a Orbitrap Elite (ThermoFisher Scientific) mass spectrometer. Data
for pulldown 3 were generated using a Thermo QE HF with U3000 nanoUPLC mass
spectrometer. Numbers shown are total spectrum counts from three pulldowns. Data from
pulldowns 1 and 2 were merged in Scaffold. Data from pulldown 3 was analysed separately.
The full Tables of identified proteins are available as supplementary data. Pulldowns 1 and
2 - Protein Threshold: 99%; Min # of peptides: 2; Peptide threshold: 90%; Database:
Swissprot trembl. Species: Human. Pulldown 3 - Min # peptides: 2; Database: Swissprot
trembl. Species: Human. Full data can be found at https://doi.org/10.48420/22337503.

Bait TFR Ab sAPPa sAPPB
Pulldown # 1 2 3 1 2 3 1 2 3
Transferrin receptor 24 15 |105| O 0 0 0 0 0
APP 0 0 0 |37 23|81 |57 31|73
Calsyntenin-1 0 0 0 0 5 2 2 2 0
Calsyntenin-2 0 0 0 0 2 3 3 0 0
Calsyntenin-3 0 0 0 8 8 11 0 3 0
Clusterin 0 0 0 2 3 4 4 0 4

c Nidogen 0 0 0 4 11 4 7 0 8

Z

s Hemopexin 0 0 0|10 7 2 0 0 0

)

..g' Serine/threonine- 0 0 13 | 11 7 12 | 12 9 13

> protein phosphatase

b= PP1-beta catalytic

S subunit
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5.3. The use of QCMD as an alternative method to identify sSAPPa and sAPPP binding partners.
As an alternative approach to the microbead-based method, QCM-D was used to isolate
potential binding partners for sAPPa and sAPPB. QCM-D experiments were performed using
cell lysates from immortalised SH-SY5Y cells, immortalised NB7 neuroblastoma cells and
hiPSC-derived cortical neurons. As the aim of this chapter was to identify cell surface
receptors, the lysate samples from NB7 cells and SH-SY5Y cells were first subjected to
detergent-free membrane fractionation to enrich for membrane proteins prior to QCM-D-
based isolation (Figure 5.3). First, the success of membrane fractionation was assessed by
immunoblotting (Figure 5.3). The TFR was chosen as a membrane protein marker (Figure 5.3a)
and Bl tubulin was chosen as a cytosolic protein marker (Figure 5.3b). Following detergent-
free membrane fractionation, the TFR was enriched in the membrane fraction (Figure 5.3a,

arrow) and Il tubulin was enriched in the cytosolic fraction (Figure 5.3b, arrow).

125



kDa

180 —
130 —

100 —
70—

55—
40—
35—
25—

Transferrin receptor

NS
& &
¢ X
SH Q\& ~Z*0
kDa WCL S 9
-
180 —
130
00— W= S
70— -—
S 2R T
40— -
35—
25—
Bl tubulin

Figure 5.3. Detergent-free membrane enrichment from SH-SY5Y cell lysates.

Immunoblots of SH-SY5Y (SH) whole cell lysate (WCL), a membrane-enriched fraction and

a cytosol-enriched fraction. Lysates were collected from SH-SY5Y cells in a detergent-free

environment. Membrane fractionation was achieved by high-speed centrifugation (22,000

xg, 30 min, 4 °C). Immunoblots were initially probed with an antibody directed against (a)

the transferrin receptor and the membrane was reprobed with an antibody directed

against (b) Bl tubulin. Arrows denote protein bands corresponding to (a) the TFR

(predicted 84 kDa) and (b) BlIl tubulin (predicted 55 kDa).
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Following confirmation of successful membrane fractionation, the membrane-enriched
fraction was used for QCM-D-based isolation experiments. The membrane-enriched fraction
from an additional human neuroblastoma cell line, NB7, was also included. Following the
establishment of a streptavidin-coated lipid bilayer on the QCM-D chips (Figure 5.4a, Figure
5.4b), demonstrated by alterations in frequency and dissipation measurements, biotinylated
sAPPa and sAPP protein samples were added to act as bait proteins. The addition of SAPPa
(Figure 5.4c) and sAPPB (Figure 5.4d) caused alterations in f and D, indicating adherence of
the bait proteins to the QCM-D chip. Following this, the membrane-enriched lysate fractions
were incubated with the bait-covered QCM-D chips to pull down binding partners for sAPPa
or sAPPB. The addition of the SH-SY5Y membrane-enriched fraction caused alterations in the
f and D traces, indicating adherence of prey proteins within the sample to the sAPPa (Figure
5.4e) or sAPPB (Figure 5.4f) immobilised bait proteins. Similar results to those described
above were obtained using membrane-enriched fractions harvested from NB7

neuroblastoma cells to isolate sAPPa and sAPP binding partners (Figure 5.5).

127



a) b)

10 4
5 € %) 35 s a 35
ojg—a—a 2 £ 3 ofg- @8 5 S
5 3 . 2 s
a 25 =
-10 g 10 S' 25
- a5 \ & js lw) — s | = 2 O
o s = N 2 b 15 —
L = §~ B g gG0O—S—y m I = E } =
oo A\GF s L I Wl I ;ﬁ"“”*“"‘““ Adddd 0o
35 / B g T g3 At 35 ] AR . o5
@ BT - o 40|05~ g \ 0o
45 » | 05 45 \ o5
] \E 9
50 = - 50 h=] R
o 2 i ‘ = g 2 2 g .
g v = 15 @ g = 15
0 @ B X 60 I & =
- ~2
0:00 10:00 20:00 30:00 0:00 10:00 20:00 30:00
Time (Min:Sec) Time (Min:Sec)
c) d)
10 + 10 ‘
: 2 s : & 35
4 = s + x 3
2 2
olop—e--g-—8-g g-u-8 es ofo—B—8—B—y 553 2s
: \‘i\\f e : O 2 B 2= g 2
I S R S .o
NE i:&,\\ = N s \ﬁ-k.A:E - o=
T v o i 1 m T © A 51 T
a2 @ ;:g, § e é‘\ —_— 2 7 S m
" B NS W & Hee, os |
T a =3 — . =g a
:;gu ] \‘\2 z g o :’: L I ] T 0 —
e o a4 05 -;n - \':gf g 05
2z a -2 a Te—a
= P ' 2 og % 1
2 o & ™ -26 @ w LE
28 2= + 28 T +
30 2 -30 ~Z
0:00 5:00 10:00 15:00 20:00 25:00 30:00 0:00 5:00 10:00 15:00 20:00 25:00 30:00
Time (Min:Sec) Time (Min:Sec)
e) f)
10 2 10 Z
9 Le s 18
8 16 & 1.6
7 14 7 14
& L2 & 1.2
5 1 5 1
4 0.8 + _ 0.8 o
3 06 3 ; o 0.6
= . uw O 5 g4t N =
! - = 02— =
. e 3 B = b PR w,;{ P
o e e SO = L S T
w = 0.4 c'n w2 021 @y
-3 0.6 e i 08 S
3 > 2 Py 4 s @ 00
-] P -1 5 P 1
. 25 1 - - L2
7 u I 14 B ©v T o 14
< @ w2 6 - o C @ 1.6
2 £ T e 2 s e £ T E o e
10 2 10 - -2
2:00 4:00 6:00 8:00 10:00  12:00 14:00 2:00 4:00 6:00 8:00 10:00 12:00 14:00

Time (Min:Sec)

Time (Min:Sec)

Figure 5.4. The capture of prey proteins from membrane-enriched SH-SY5Y lysate using

sAPPa and sAPPB as bait proteins by QCM-D.

Changes in frequency and dissipation measurements indicate adherence to the QCM-D

chip. (a), (b) Changes in frequency and dissipation measurements following the addition of

lipid vesicles on the surface of the chip, forming a lipid bilayer, followed by the addition of

streptavidin. (c) Biotinylated sAPPa was added to the chip, followed by (e) membrane-

enriched SH-SY5Y cell fraction. (d) Biotinylated sAPPB was added to the chip, followed by

(f) membrane-enriched SH-SY5Y cell fraction. F [Hz], frequency (blue); D [1E-6], dissipation

(red).
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Figure 5.5. The capture of prey proteins from membrane-enriched NB7 cell fraction using
sAPPa and sAPPB as bait proteins by QCM-D.

Changes in frequency and dissipation measurements indicate adherence to the QCM-D
chip. (a), (b) Changes in frequency and dissipation measurements following the addition of
lipid vesicles on the surface of the chip, forming a lipid bilayer, followed by the addition of
streptavidin. (c) Biotinylated sAPPa was added to the chip, followed by (e) membrane-
enriched NB7 cell fraction. (d) Biotinylated sAPPB was added to the chip, followed by (f)

membrane-enriched NB7 cell fraction. F [Hz], frequency (blue); D [1E-6], dissipation (red).
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Following the QCM-D-mediated isolation of prey proteins using sAPPa or sAPPf from SH-SY5Y
and NB7 membrane-enriched lysates, the adhered bait and prey proteins were stripped from
the QCM-D chip and their identities interrogated through GelLC-MS/MS (Table 5.3). The
protein ‘APP’ represents the sAPPa and sAPPB bait in the swissprot trembl database (Table
5.3). Calsyntenin-1 was isolated specifically with sAPPa bait, but not sAPPB bait, from the
membrane-enriched fraction of both SH-SY5Y cells and NB7 cells (Table 5.3). By contrast,
calsyntenin-3 was isolated specifically with sAPPB bait, but not sAPPa, from the membrane-
enriched fractions of both cell types (Table 5.3). However, only a single peptide spectrum of

calsyntenin-3 was identified using sAPPJ.

To isolate sAPPa and sAPPPB binding partners in a more physiologically accurate model of
human neurons, the QCM-D-mediated isolation experiment was repeated using whole cell
lysate derived from hiPSC-derived neurons. A negative control chip, without bait, was also
included. Adhered proteins were again stripped from the QCM-D chip and identified using
GelLC-MS/MS. ‘APP’ was identified in the sSAPPa and sAPP bait samples, but not the negative
control bait sample (Table 5.4). Calsyntenins-1 and -3 were identified in both sAPPa and

SAPPB bait samples, but not the negative control bait sample (Table 5.4).
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Table 5.3 The calsyntenin family of proteins were identified as sAPPa and sAPPB-specific
binding partners in SH-SY5Y cells and NB7 cells by QCM-D-based isolation.

Following QCM-D-based ligand isolation, the QCM-D chips were stripped with reducing
sample buffer and analysed by GeLC-MS/MS, performed by the University of Manchester
BioMS core facility using an Orbitrap Elite (ThermoFisher Scientific) mass spectrometer. A
list of candidate receptors was generated. Candidate binding partners were included if
they (i) were identified in the sAPPa pulldown but not in the sAPPB pulldown and were
expressed on the cell surface or (ii) were identified as candidate receptors in the
microbead-based pulldown (Table 5.2). Data shown are total spectrum counts. The full list
of identified proteins is available as supplementary). Min # peptides: 1. Database:

Swissprot  trembl.  Species: Human. Full data can be found at

https://doi.org/10.48420/22337503.
Bait: sAPPa sAPPB
Cell sample: SH NB7 SH NB7

membrane |membrane membrane  |membrane

APP 3 4 14 11
Calsyntenin-1 3 4 0 0
Calsyntenin-3 0 0 1 1
Clusterin 0 1 0 0
cDNA FLI57622, 2 0 1 0
highly similar to
Clusterin
Nidogen 0 0 0 0
Hemopexin 0 0 0 0

=

Q@ Serine/threonin 0 0 0 0

o

= i .

> e-protein

a phosphatase

k]

z PP1-beta

‘5 catalytic subunit

B2
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Table 5.4. The calsyntenin family of proteins were identified as sAPPa and sAPPB-
specific binding partners in hiPSC-derived cortical neurons by QCM-D-based isolation.
QCM-D-based receptor isolation was performed using whole cell lysate from hiPSC-
derived cortical neurons. Following this, the QCM-D chips were stripped with reducing
sample buffer and analysed by GeLC-MS/MS performed by the University of Manchester
BioMS core facility using an Orbitrap Elite (ThermoFisher Scientific) mass spectrometer.
A list of candidate receptors was generated. Candidate binding partners were included
if they (i) were expressed on the cell surface and identified with the sAPPa bait but not
with the negative control bait or (ii) were identified as candidate receptors in the
microbead-based pulldown (Table 5.2). Data shown are total spectrum counts. The full
list of identified proteins is available as supplementary data. Protein threshold: 99.0%;
Min # peptides: 1; Peptide Threshold: 95%. Database: Swissprot trembl. Species: Human.
Full data can be found at https://doi.org/10.48420/22337503.

Bait
None sAPPa sAPPj
APP 0 22 26
Calsyntenin-1 0 2 4
Calsyntenin-3 0 1 1
Clusterin 1 2 2
Nidogen 0 1 4
Hemopexin 0 0 0
c
‘o
5 Serine/threonine-
a
9_>,~ protein
..g' phosphatase PP1- 0 2 1
Z beta catalytic
c
3 subunit
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5.4. The investigation of calsyntenins 1 and 3 as potential novel binding partners for sAPPa.

Following the identification of calsyntenin-1 and calsyntenin-3 as potential novel binding
partners of sAPPa through both microbead-based and QCM-D based receptor isolation
studies, their roles in the binding of sAPPa to SH-SY5Y cells was investigated. GABABR1, a
previously identified sAPPa receptor which facilitated sAPPa binding when expressed in HEK
cells (Rice et al. 2019), was included as a known receptor for comparison. The assay for
investigating the binding of sAPPa to SH-SY5Y cells was validated in chapter 4 (Figure 4.6).
First, the effect of knockdown of GABABR1 on the binding of sAPPa to SH-SY5Y cells was
investigated (Figure 5.6). GABABR1 gene expression was reduced by approximately 70% by
siRNA knockdown (Figure 5.6a). The knockdown of GABABR1 did not significantly reduce the
binding of sAPPa to SH-SY5Y cells (Figure 5.6b, 5.6¢). Secondly, the importance of calsyntenin-
1 in the binding of sAPPa to SH-SY5Y cells was investigated (Figure 5.7). Calsyntenin-1 gene
expression was also reduced by approximately 70% by siRNA knockdown (Figure 5.7a). The
knockdown of calsyntenin-1 did not significantly reduce the binding of sAPPa to SH-SY5Y cells
(Figure 5.7b, 5.7c). Finally, the importance of calsyntenin-3 in the binding of sAPPa to SH-SY5Y
cells was investigated (Figure 5.8). The ability to knockdown calsyntenin-3 through siRNA was
tested by immunoblotting and confirmed (Figure 5.8a). Knockdown significantly reduced
calsyntenin-3 expression by approximately 70% (Figure 5.8c). Following this, knockdown of
calsyntenin-3 significantly reduced the mean intensity of sAPPa-specific antibody staining by

approximately 35% in SH-SY5Y cells treated with sAPPa (Figure 5.8b, 5.8d).
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Figure 5.6. Knockdown of GABABR1 did not significantly reduce the binding of sAPPa to

SH-SY5Y cells.

SH-SY5Y cells were incubated with either GABABR1 siRNA or non-targeting (NT) siRNA for

48 h. (a) Whole cell lysates were collected and GABABR1 gene expression was quantified

by gPCR. GABABR1 gene expression in the NT sample was set to 100%. N = 3 wells of cells

per siRNA. (b) DPBS vehicle control (- sSAPPa) or 50 nM sAPPa (+ sAPPa) were incubated

with cells for 5 min. The cells were washed three times in DPBS, followed by lysate

collection. Lysate (30 pg protein) was analysed by immunoblotting using the sAPPa

neoepitope antibody (2B3). The membrane was re-probed for actin. (c) Quantification of

immunoblot band intensity of sAPPa, normalised against actin. A one-way ANOVA with

Tukey’s post-hoc test was performed with GraphPad Prism.
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Figure 5.7. Knockdown of calsyntenin-1 did not reduce the binding of sAPPa to SH-SY5Y

cells.

SH-SY5Y cells were incubated with either calsyntenin-1 siRNA or non-targeting (NT) siRNA

for 48 h. (a) Whole cell lysates were collected and calsyntenin-1 gene expression was

guantified by gqPCR. Calsyntenin-1 gene expression in the NT sample was set to 100%. N =

3 wells of cells per siRNA. (b) DPBS vehicle control (- sSAPPa) or 50 nM sAPPa (+ SAPPa) were

incubated with cells for 5 min. The cells were washed three times in DPBS, followed by

lysate collection. Lysate (30 ug protein) was analysed by immunoblotting using the sAPPa

neoepitope antibody (2B3). The membrane was re-probed for actin. (c) Quantification of

immunoblot band intensity of sAPPa, normalised against actin. A one-way ANOVA with

Tukey’s post-hoc test was performed with GraphPad Prism.
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Figure 5.8. Knockdown of calsyntenin-3 significantly reduced the binding of sAPPa to SH-
SY5Y cells.

SH-SY5Y cells were incubated with either calsyntenin-3 siRNA or non-targeting (NT) siRNA
for 48 h. (a) Whole cell lysates were collected, and calsyntenin-3 expression was
determined by immunoblotting. (b) DPBS vehicle control (- sAPPa) or 50 nM sAPPa (+
sAPPa) were incubated with cells for 5 min. The cells were washed three times in DPBS,
followed by lysate collection. Lysate (30 pg protein) was analysed by immunoblotting using
the sAPPa neoepitope antibody (2B3). The membrane was re-probed for actin. (c)
Quantification of immunoblot band intensity of Calsyntenin-3 from the panel above,
normalised against actin. An unpaired t-test with Welch’s correction was performed with
GraphPad Prism. (d) Quantification of immunoblot band intensity of SAPPa from the panel
above, normalised against actin. A one-way ANOVA with Tukey’s post-hoc test was

performed with GraphPad Prism.
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5.5 Discussion.

In this chapter, calsyntenin-1 and calsyntenin-3 were identified as potential novel binding
partners of sSAPPa in both immortalised cells and hiPSC-derived human cortical neurons using
two distinct unbiased receptor identification methods. Knockdown of calsyntenin-3, but not
calsyntenin-1 or the known receptor GABABR1, significantly reduced the binding of sAPPa to
SH-SY5Y cells. These data implicate calsyntenin-1 and, particularly, calsyntenin-3 as potential
novel binding partners of sAPPa and justify future investigations into their roles and

molecular interactions.

5.5.1. The use of microbead-based affinity isolation to identify novel binding partners for
SAPPa.

Several potential binding partners were identified for sAPPa and sAPPB through the
microbead-based isolation experiments, such as calsyntenin-1, calsyntenin-2, calsyntenin-3,
clusterin, nidogen, hemopexin and the serine/threonine-protein phosphatase PP1l-beta
catalytic subunit (table 5.2). Hemopexin was only identified in sAPPa bait samples and
therefore had evidence as an sAPPa-specific interactor (table 5.2). Hemopexin has previously
been linked to the mechanisms of ADs because of its role as an iron/heme-binding protein
and the role of iron and oxidative stress in AD (Ashraf et al. 2020; Cheignon et al. 2018)
(discussed in Section 1.5). However, hemopexin was deemed unlikely to be a plasma
membrane receptor for sAPPa due to its lack of expression at the cell surface and its secretion

(Ashraf et al. 2020).

Another protein identified as a potential sAPPa binding partner was Nidogen (table 5.2).
Nidogen is a key component of the of basement membranes and helps to stabilise the
extracellular matrix (Reed et al. 2019). Nidogen could play a role in AD due to its position
within the extracellular matrix of compartments such as the blood-brain barrier; however, as
nidogen is predominantly secreted, it was viewed as unlikely to be a cell-surface receptor

candidate for sAPPa in neurons (Reed et al. 2019).

A third candidate protein identified in the microbead-based pulldowns was clusterin (table
5.2). Clusterin is a secreted lipid transport protein which has been strongly implicated in AD
in past studies (Foster et al. 2019). In fact, following APOE and BIN1, polymorphisms in the
clusterin gene CLU were ranked in one study as the third greatest risk factor for late onset AD

(Foster et al. 2019). Therefore, it is intriguing that clusterin was identified as a possible

137



interactor of sAPPa, as clusterin has previously been shown to bind to AB and APP (Foster et
al. 2019; Wang et al. 2019). However, as clusterin is predominantly secreted protein with a
role in lipid transport, it was not considered a strong candidate for a neuronal cell-surface

receptor for sAPPa (Foster et al. 2019).

Serine/threonine-protein phosphatases have been implicated in AD due to the dysregulation
of tau phosphorylation, highlighting the identification of serine/threonine-protein
phosphatase PP1-beta catalytic subunit in the pulldowns as interesting, but its lack of
expression at the cell surface indicated that the protein was unlikely to be an sAPPa

membrane receptor (Braithwaite et al. 2012).

Finally, the particular enrichment of calsyntenin-3 in sAPPa samples compared to sAPPf
samples, the localisation of calsyntenins at cell membranes and the robust evidence in the
literature demonstrating interactions between APP, AB and the calsyntenin family of proteins
placed them and, particularly, calsyntenin-3 as the primary receptor candidates in this thesis.
Though there were existing links with AR and APP, calsyntenin-1 and calsyntenin-3 had not
previously been identified as interacting with sAPPa or sAPPB, perhaps reflecting the novel
methodology used in this thesis. Live human cells were used in combination with an N-
terminally his-tagged bait protein, whereas previous sAPPa receptor identification studies
have used synaptosome extract (Rice et al. 2019), a suspected receptor protein itself in a
directed co-immunoprecipitation with sAPPa (Hasebe et al. 2013) or cortico-hippocampal
mouse membrane extract (Dorard et al. 2018). One study also used mouse sAPPaq, rather than
the human sAPPa used in this study (Hasebe et al. 2013). Another strength of the present
study was the use of human cells, whereas the three previous studies aimed at identifying
potential sSAPPa binding partners used extracts from rats or mice (Dorard et al. 2018; Hasebe
et al. 2013; Rice et al. 2019). The use of human cells in this thesis thus increased the relevance
of any identified receptor(s) as potential pharmacological targets in Alzheimer Disease

patients.

Many techniques are available to identify protein binding partners in vitro, with each having
its own strengths and limitations. Example methods include co-immunoprecipitation-based
assays (Lim et al. 2021), microbead-based adhesion complex affinity isolation assays (Jones et
al. 2015) and proximity-based labelling assays (Trinkle-Mulcahy 2019). The choice of

microbead-based method for receptor identification was made for several reasons. Firstly,
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the microbead-based protocol for the isolation of cell surface binding partners using bait
ligands was developed by members of the supervisory team, so experience with the method
was readily available (Jones et al. 2015). Secondly, the chosen microbead-based method used
live human cells, allowing for the capture of the binding partners of sAPPa and sAPP in their
native environment rather than in cell lysates. In contrast, Rice et al., 2019 used rat
synaptosome extracts, enriching for synaptic prey proteins but potentially missing other prey
proteins. Thirdly, as SAPPa is up to 100 times more neuroprotective than sAPPB (Furukawa et
al. 1996), we hypothesised that the C-terminus was critical in its neuroprotective effect.
Therefore, to facilitate protein purification, we tagged sAPPa and sAPPB with a small
hexahistidine tag at the N-terminus to minimise interference with receptor binding at the C-
terminus. The use of tosylactivated microbeads also ensured that the bait proteins were
immobilised on microbeads in many different orientations, exposing various binding sites to
potential prey proteins. In contrast, Rice et al.,, 2019 used a C-terminal Fc-tag to immobilise
sAPPa to beads via its C-terminus, potentially preventing C-terminal bait-prey interactions
and subsequent isolation. Finally, the microbead-based isolation of the mature form of
integrin B1, but not the intracellular precursor form of the protein, during optimisation (Figure
5.1c) demonstrated the preferential isolation of cell surface prey proteins using this method
(Koivisto et al. 1994; Yu et al. 2005). One limitation of the microbead-based assay was that
hiPSC-derived cortical neurons, a more physiologically accurate model of neurons than SH-
SY5Y cells (Engle et al. 2018), were not compatible with the assay. As a result, the more
proliferative and hardier SH-SY5Y immortalised cell line was chosen for microbead-based

isolation experiments.

5.5.2. The use of QCM-D-facilitated isolation to pull-down novel binding partners for sAPPa.

In addition to the microbead-based receptor identification method, QCM-D was chosen as an
additional unbiased method to isolate the binding partners of sSAPPa and sAPPp. Prey proteins
within the membrane-enriched lysates rapidly adhered to the sAPPa or sAPPB coated chips
in both cell lines, as shown by divergences in Af and AD (Figures 5.4, 5.5). Following QCM-D-
based isolation, adhered proteins were eluted and GeLC-MS/MS analysis was performed to
identify potential binding partners. ‘APP’, which represented the sAPPa or sAPPJ bait protein
in the swissprot trembl database, confirmed the retention of each bait protein (Table 5.3).

Calsyntenin-1 was identified as sAPPa-specific in both SH-SY5Y and NB7 membrane-enriched

139



fractions (Table 5.3). Calsyntenin-3 was identified as sAPPB-specific; however, only a single
peptide spectrum was identified in the sAPPB bait sample. The lack of calsyntenin-3 in the
sAPPa bait sample could be a result of the low amount of cellular material used in the QCM-
D experiment, which was a limitation of this assay. In addition to the use of immortalised cell
membrane fraction, the QCM-D-based isolation method allowed the use of whole cell hiPSC-
derived cortical neuron lysate, which are more accurate neuronal model cells (Engle et al.
2018) (Table 5.4). In hiPSC-derived neurons, calsyntenin-1 and calsyntenin-3 were isolated by
both sAPPa and sAPP, but not by the uncoated negative control chip (Table 5.4). The use of
hiPSC-derived neuron lysate further validated the identification of calsyntenin-1 and

calsyntenin-3 as potential binding partners of sAPPa.

QCM-D is commonly used to monitor the adherence of molecules to substances coating a
piezoelectric chip (Dixon 2008). Following the adherence of prey proteins within cell lysates
to the sAPPa or sAPPB bait proteins coating the chip, the prey and bait proteins were stripped
from the chip and identified by GeLC-MS/MS. QCM-D had previously been used to measure
and compare the strength of known protein-protein interactions (Peh et al. 2007). QCM-D-
based isolation required cell lysate rather than live cells, which provided an excellent contrast
to the live-cell microbead method. Whole cell lysates were fractionated in detergent-free
conditions to enrich for membrane proteins and enhance the isolation of potential cell surface
receptors. A lack of detergent during cell lysate harvesting was necessary to avoid disruption
of the lipid bilayer coating the QCM-D chip, upon which sAPPa or sAPPB were immobilised.
Another benefit of QCM-D was that it allowed real-time measurement of the rapid interaction

between bait and prey proteins.

Both microbead based and QCM-D-based receptor-isolation methods identified calsyntenins
1 and 3 as sAPPa and sAPPpB binding partners using live human cells and human cell lysates.
The use of two highly different isolation methods increased confidence in the accuracy of the
isolated interaction between calsyntenins and sAPPa. No previously identified receptors, such
as GABAgR1a (Rice et al. 2019), a3-NKA (Dorard et al. 2018) or p75"™® (Hasebe et al. 2013),
were isolated in any of the pulldown methods used in this study, further reinforcing the

novelty of the approaches used in this thesis.
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5.5.3. The functions of calsyntenin-1 and calsyntenin-3.

Calsyntenin-1 (also known as alcadein-a) and calsyntenin-3 (also known as alcadein-B) are
type-l transmembrane proteins, belonging to the cadherin superfamily of proteins, which are
predominantly expressed in the brain within the post-synaptic membrane of neurons (Hintsch
et al. 2002). Calsyntenin-1 was found to form a tripartite complex with APP and X11L, which
reduced the B-secretase cleavage of APP and therefore decreased AP production (Araki et al.
2003). Knockdown of calsyntenin-1 disrupted the axonal transport of APP and significantly
increased the B-secretase cleavage of APP in rat cortical neurons in vitro (Vagnoni et al. 2012).
Therefore, there are existing links between APP, which shares much of its sequence with
sAPPa, and calsyntenin-1. Calsyntenin-1 also has links to memory and synaptic function. The
shed ectodomain of CASY-1, the sole C. elegans orthologue of the calsyntenin family, was
found to be required for several types of learning (lkeda et al. 2008). The CASY-1 study noted
the similarity that the shed ectodomain of APP (sAPPa) was also able to rescue the learning
deficits of APP knockout in mice (lkeda et al. 2008). In fact, the CASY-1 study from 2008
explicitly suggested: “it may turn out that the cleaved ectodomains of calsyntenin and APP
act in concert or in parallel to modulate learning and memory” (lkeda et al. 2008), a
hypothesis which is supported by the findings in this thesis. Calsyntenin-1 co-accumulated
with APP within dystrophic neurites surrounding AP plaques in human AD brain samples
(Araki et al. 2003). Knockout of calsyntenin-1 significantly increased B-secretase cleavage of
APP in mice in vivo and significantly increased AB plague density in APP transgenic AD mice
(Gotoh et al. 2020). Calsyntenin-1 expression is also significantly reduced in human AD brains
(Vagnoni et al. 2012) and in the cerebrospinal fluid of AD patients prior to clinical symptoms
(Lled et al. 2019). In summary, calsyntenin-1 likely binds to APP in a tripartite complex with
X11L, which prevents the B-secretase cleavage of intracellular APP. The complex is then
trafficked along the axon towards its functional destination. Loss of calsyntenin-1 thus
increases the amount of free APP to undergo B-secretase cleavage, increasing AB production.
As sAPPa contains the majority of the APP sequence, it follows that SAPPa may also interact
with calsyntenin-1. In addition, calsyntenin-1 already has strong links to learning, memory

and AD.

The calsyntenin family of proteins undergo regulated intramembrane proteolysis in a

remarkably similar way to APP. Calsyntenins are first cleaved by ADAM10 or ADAM17, the
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APP a-secretases, followed by a presenilin-dependent y-secretase to release an intracellular
domain (Hata et al. 2009). Therefore, perturbations in B-secretase or y-secretase cleavage will
also affect calsyntenin processing and function, potentially contributing to neuronal

dysfunction.

Two forms of calsyntenin-3 have been identified previously: one neuronal-specific form called
calsyntenin-3a and one identified in adipocytes called calsyntenin-3B (Zeng et al. 2019). For
simplicity, the neuronal-specific calsyntenin-3a will, from here, be referred to as calsyntenin-
3. Calsyntenin-3 is a synaptic organising molecule which enhances pre-synaptic differentiation
through trans-synaptic interaction with both a- and B-neurexins on the pre-synaptic
membrane (Kim et al. 2020; Pettem et al. 2013). There is conflicting data within the literature
as to whether calsyntenin-3 physically binds to a- and B- neurexins directly or whether they
interact functionally, but not physically (Kim et al. 2020; Um et al. 2014). Knockout of
calsyntenin-3 in mice significantly reduced both excitatory and inhibitory synaptic density and
compromised synaptic transmission in vivo (Pettem et al. 2013). However, a separate study
only saw an effect of calsyntenin-3 in excitatory neurons (Um et al. 2014). In another study,
the individual knockdown of each calsyntenin isoform had no effect on synaptic density in
cultured neurons; however, synaptic density was significantly reduced when all three
calsyntenin isoforms were knocked-down, suggesting that the different calsyntenin isoforms

may provide a level of functional redundancy for each other (Um et al. 2014).

Calsyntenin-1 and calsyntenin-3, but not calsyntenin-2, were identified as in vivo APP
interactors in an immunoprecipitation experiment using mice (Bai et al. 2008). This study
provided the only previous direct link in the literature between calsyntenin-3 and APP, but it
was not explored further (Bai et al. 2008). Interestingly, the same study also identified
GABAgR1a3, later identified as a synaptic receptor for sAPPa, as an in vivo APP interactor (Bai
et al. 2008; Rice et al. 2019). Therefore, previously identified APP interactors may also be
relevant binding partners of SAPPa. This thesis produced similar results, repeatedly isolating
calsyntenin-1 and calsyntenin-3 as sAPPa binding partners through microbead-based and
QCM-D receptor identification experiments. No previous study had identified a direct

experimental link between either calsyntenin-1 or calsyntenin-3 and sAPPa or sAPPf.
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5.5.4. The loss of calsyntenin-3, but not calsyntenin-1, may interfere with the binding of sSAPPa
to SH-SY5Y cells.

The roles of calsyntenin-1 and calsyntenin-3 in the binding of sSAPPa to immortalised cells was
tested (Figures 5.7 and 5.8) using a method optimised earlier in this thesis (Section 4.5).
GABABR1, which was previously identified as a cell surface receptor for sAPPa (Rice et al.
2019), was also included as a known sAPPa receptor for comparison (Figure 5.6). Previously,
the transfection and expression of GABAgR1a in HEK cells was shown to facilitate the binding
of sAPPa to the cell surface (Rice et al. 2019). Therefore, we hypothesised that the knockdown
of total GABABR1 would reduce the binding of sAPPa in SH-SY5Y cells (Figure 5.6). An
approximate 70% reduction in GABABR1 gene expression, quantified by qPCR (Figure 5.6a),
did not lead to a significant reduction in the binding of sAPPa to SH-SY5Y cells (Figure 5.6b,
5.6¢). This could be explained by other receptors, such as a3-NKA (Dorard et al. 2018) or
p75NR (Hasebe et al. 2013), providing a level of redundancy which may compensate for the
loss of GABABR1 in SH-SY5Y cells. Nevertheless, there was a small reduction in sAPPa binding
following GABABR1 knockdown (Figure 5.6).

Next, the effect of calsyntenin-1 knockdown on the binding of sAPPa to SH-SY5Y cells was
investigated (Figure 5.7). An approximate 70% reduction in calsyntenin-1 gene expression was
confirmed by gPCR (Figure 5.7a). The knockdown of calsyntenin-1 did not affect the binding
of sAPPa to the cells (Figure 5.7b, 5.7c), which suggested that calsyntenin-1 was not critical
for the binding of sAPPa to SH-SY5Y cells. However, as shown with the lack of a significant
effect on binding following GABABR1 knockdown, this result does not discount the hypothesis
that calsyntenin-1 has a role in sAPPa action. Finally, the role of calsyntenin-3 in the binding
of sAPPa to SH-SY5Y cells was investigated (Figure 5.8). The knockdown of calsyntenin-3,
confirmed by immunoblotting (Figure 5.8a, 5.8c), led to a significant decrease in the binding
of sAPPa to SH-SY5Y cells (Figure 5.8b, 5.8d). These data indicate that calsyntenin-3 plays a

role in the binding of sAPPa to SH-SY5Y cells, which is a novel finding.

Future work could investigate whether the knockdown of calsyntenin-3 reduces the binding
of sAPPB to SH-SY5Y cells, to determine whether the effect is sAPPa-specific. Calsyntenin-3
has several overlapping functions with sAPPa, which could be explained by their possible
interaction. Calsyntenin-3, a post-synaptic transmembrane protein, promoted the

development of excitatory and inhibitory pre-synapses through interaction with both a- and
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B-neurexins, increasing synaptic density (Kim et al. 2020; Pettem et al. 2013). Similarly, sAPPa
incubation was also shown to increase pre-synaptic density in vivo and sAPPa was found to
bind to B-neurexins (Cvetkovska et al. 2022; Roch et al. 1994). Therefore, if sSAPPa does
interact with calsyntenin-3, as this chapter suggests, some of the synaptogenic activities of
sAPPa may be facilitated via interaction with calsyntenin-3 to induce downstream
synaptogenic signalling. As APP is known to form a tripartite complex with calsyntenin-1 and
X11L, perhaps sAPPa could facilitate the binding of calsyntenin-3 and neurexins through the
formation of a similar complex. This could help explain why some studies identify direct
interactions between calsyntenin-3 and neurexins and other studies refute this (Kim et al.
2020; Um et al. 2014). However, further study is required to confirm the interaction between
sAPPa and calsyntenin-3 and to determine what effects are facilitated by such an interaction.
Future work could also determine the effect of calsyntenin-1 or calsyntenin-3 knockdown on
the neuroprotective activities of sAPPa, such as the protection against oxidative stress and
the protection against AB neurotoxicity. A double knockdown of calsyntenin-1 and
calsyntenin-3 could be performed to determine if there is an additive effect due to a reduction
in receptor redundancy. Further investigation of the calsyntenins as potential binding
partners for sAPPa would increase our understanding of synaptic processes and could open

new therapeutic targets for neurodegenerative diseases.

144



5.6. Chapter summary.

The data in this chapter identified calsyntenin-1 and calsyntenin-3 as potential binding

partners for sAPPa in neuronal cells using two distinct unbiased receptor isolation methods.

Knockdown of calsyntenin-3 significantly reduced the ability of SAPPa to bind to SH-SY5Y cells.

Together, these results justify further investigation into the roles of calsyntenin-1 and

calsyntenin-3 as sAPPa binding partners.

A microbead-based isolation method, followed by GelLC-MS/MS, identified
calsyntenin-1, calsyntenin-2 and calsyntenin-3 as novel sAPPa and sAPPB binding
partners using live SH-SY5Y cells.

A QCM-D-based isolation method, followed by GelLC-MS/MS, also identified
calsyntenin-1 and calsyntenin-3 as sAPPa or sAPPB binding partners in SH-SH5Y and
NB7 neuronal cells. Calsynetnin-1 and calsyntenin-3 were also identified as an sAPPa
and sAPPB binding partner in hiPSC-derived cortical neurons.

Knockdown of GABABR1, a known sAPPa receptor, had no significant effect on the
binding of sAPPa to SH-SY5Y cells.

Knockdown of calsyntenin-1 had no significant effect on the binding of sAPPa to SH-
SY5Y cells.

Knockdown of calsyntenin-3 significantly reduced the binding of sAPPa to SH-SY5Y

cells.
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6. Discussion

Dementia is currently the leading cause of death in the UK (ONS 2022). The need for new
disease-modifying treatments for Alzheimer’s disease necessitates the identification of novel
therapeutic targets. The identification of mechanisms through which neuroprotective
molecules protect neurons from cellular damage could elucidate new pharmacological
options to treat neurodegenerative diseases. One neuroprotective molecule of interest was
sAPPa, which protected neurons against multiple forms of cellular damage and promoted
neuronal growth (Habib et al. 2017) (Section 1.7). However, despite several previous attempts
to identify the receptors which mediate the effects of sAPPa, the mechanism through which
sAPPa reduced oxidative stress and protected neurons against AB-induced neurotoxicity
remained elusive (Dorard et al. 2018; Hasebe et al. 2013; Rice et al. 2019). This thesis aimed
to identify novel sAPPa binding partners using two unbiased receptor identification methods.
HEK cells secreting large quantities of N-terminal hexahistidine-tagged sAPPa and sAPPB were
generated and each protein was purified under non-denaturing conditions. sAPPa
significantly reduced ROS generation in neuroblastoma cells following toxic insult in a time-
dependent manner and increased the expression of synaptophysin across three iPSC-derived
neuron inductions close to significance. Crucially, calsyntenin-1 and calsyntenin-3 were
identified through two different unbiased receptor identification methods as novel potential
bindings partner for sAPPa in human neuronal cells. Furthermore, calsyntenin-3 was shown
to have a significant role in the binding of sAPPa to SH-SY5Y cells. Overall, this work further
demonstrated the beneficial effects of sSAPPa and identified novel interactions between
sAPPa and calsyntenin-1 and calsyntenin-3. Discussed in this chapter are the implications for
these data in the wider field of AD research, as well as limitations and suggestions for future

work.

6.1. The generation of physiologically relevant sAPPa and sAPPB for use in downstream
experiments.

Previous studies identified receptors responsible for facilitating neurotrophic and synaptic
effects of SAPPa (Dorard et al. 2018; Hasebe et al. 2013; Rice et al. 2019), but failed to identify
the receptor(s) responsible for facilitating the neuroprotective effect of sAPPa against

oxidative stress and AB-toxicity. Therefore, it was hypothesised that there were unidentified

146



receptors responsible for mediating those neuroprotective effects and that previous studies
may have missed binding partners due to flaws with their experimental models, which this

thesis aimed to resolve.

Several previous receptor pulldown studies used sAPPa produced in E. coli (Dorard et al. 2018;
Hasebe et al. 2013). Whilst protein synthesis in E. coli can allow for production in higher
guantities, the purified protein would lack any mammalian post-translational modifications.
The post-translational modification of APP, described in Section 1.3, could affect protein
stability, receptor interaction and therefore subsequent receptor isolation (Tan et al. 2021).
Thus, proteins produced in mammalian cells are the most appropriate for use in receptor
isolation studies using human cells. This thesis addressed these concerns through the
expression of sAPPa and sAPPB in HEK cells (chapter 3), which ensured that the proteins
would have the appropriate mammalian post-translational modifications and thus maximum

physiological relevance (Tan et al. 2021).

In addition, several previous receptor identification studies used sAPPa tagged at its C-
terminus (Dorard et al. 2018; Rice et al. 2019). The C-terminus of sAPPa is hypothesised to be
critical in the enhanced neuroprotective effect of SAPPa over sAPP, likely due to differential
receptor binding (Furukawa et al. 1996). Therefore, the tagging of sAPPa at the C-terminus in
previous studies, particularly with a large Fc tag (Dorard et al. 2018; Rice et al. 2019), may
have prevented important receptors from interacting with the C-terminal region of sAPPa and
being isolated and identified. Supporting this, though Rice et al. (2019) compared both sAPPa
and sAPPB, the study identified GABAgR1a as interacting with a region common to both sAPPa
and sAPPB. Therefore, GABAgR1a is unlikely to be responsible for the enhanced effect of
sAPPa over sAPPB. Their lack of identification of sSAPPa-specific proteins could be because the
large Fc tag at the C-terminus may have blocked C-terminal interactions. The use of large C-
terminal tags may also contribute to the absence of receptors responsible for sAPPa-
mediated neuroprotection in the literature. In this thesis, to ensure the availability of the C-
terminus of sAPPa to potential receptors, a much smaller hexahistidine tag was placed at the
N-terminus. The data presented in chapter 3 demonstrated the insertion of a hexahistidine
tag at the N-terminus of each sAPP sequence and the insertion of a stop codon at the ADAM10
or BACE1 cleavage site in sAPPa and sAPPB plasmids, respectively (Figure 3.1). The

hexahistidine tag was inserted immediately downstream of the APP signal peptide, which is
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removed during APP membrane translocation and is not present in the secreted sAPPa or
sAPPB protein (Hegde and Bernstein 2006). Immunoblotting data, using highly specific
neoepitope antibodies for the C-terminus of sSAPPa and sAPPJ, demonstrated the production
and secretion of large quantities of sAPPa or sAPPB from HEK cells with intact C-termini
(Figure 3.3). Both sAPPa and sAPPB were purified successfully, to a high purity, through IMAC
via their N-terminal hexahistidine tags (Figure 3.2). The IMAC purification of tagged sAPPa
was similar in principle to the purification of sAPPa in other studies. Rice et al (2019)
generated HEK cells which secreted large amounts of sAPPa-Fc protein into OptiMEM and
purified the protein via the C-terminal Fc tag through affinity chromatography using protein-
G plus agarose. Dorard et al (2018) generated sAPPa-Fc plasmids in monkey COS cells and
purified the protein via the Fc tag using protein-A Sepharose. Hasebe et al (2013) used the
commercial N-terminal His-tagged sAPPa, produced in E. coli, which therefore lacked
mammalian post-translational modifications. The sAPPa produced and used in this thesis
should therefore allow for the isolation of C-terminal sAPPa interactions more optimally than
any previous sAPPa study. Previous studies also switched between using sAPPa-Fc and
recombinant commercial N-terminally His-tagged sAPPa for different experiments within the
same study, including the use of mouse sAPPa in some cases (Dorard et al. 2018; Hasebe et
al. 2013). In contrast, all relevant experiments within this thesis used human sAPPa from the

same source.

Mass spectrometric analysis of sAPPa from transfected HEK cell media demonstrated the
removal of larger sAPP isoforms containing the KPI/OX-2 domains following IMAC
purification, showing that only the sAPPaegs isoform was being purified via its N-terminal
hexahistidine tag as desired (Figure 3.5). The sAPPa purified in this thesis was compared with
commercially available sAPPa through immunoblotting. Interestingly, commercially acquired
SAPPa (Sigma #59564) appeared to have reduced immunoblot staining across all tested sAPPa
antibody epitopes, with almost no staining occurring with the neoepitope C-terminal antibody
compared to the lab-produced sAPPa, despite equal protein loading (Figure 3.6). This could
indicate a lower purity of the commercial protein and possible carboxy-peptidase action at
the C-terminus. This further highlighted the superiority of the recombinant sAPPa used in this
thesis over the commercially-acquired protein used in other studies (Dorard et al. 2018;

Hasebe et al. 2013).
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Prior to downstream experiments, the biophysical characteristics of the recombinant sAPPa
and sAPP proteins, such as solubility, were investigated. The biophysical characteristics of
sAPPa and sAPPJ had not been studied in any previous receptor identification experiment.
Biophysical analysis confirmed that sAPPa and sAPPB were both highly soluble proteins and

had a low level of aggregation under the conditions used for purification (Figure 3.7).

6.2. The development of an assay to quantify the binding of sAPPa and sAPP[ to neuronal
cells.

sAPPa is a neuroprotective and neurotrophic protein (Habib et al. 2017). In chapter 4 of this
thesis, the effects of the SAPPa on human cells were investigated. iPSC-derived neurons were
generated according to the protocol established by Shi, Kirwan and Livesey (2012) (Figure
4.1a). Neuronal differentiation was confirmed through immunofluorescence microscopy
demonstrating the expression of Blll tubulin, SATB2 and MAP2 neuronal markers (Figure 4.1b,
4.1c). iPSC-derived neurons also expressed synaptophysin, demonstrating the formation of
synapses (Figure 4.1c). However, the assay also co-stained for the astrocyte marker GFAP and
the astrocytic and oligodendrocyte marker S100pB. Staining for S1008 was present, but there
was a clear presence of cells staining strongly for GFAP, indicating the presence of astrocytes
within the iPSC-derived neuron culture (Figure 4.1b). This demonstrates a limitation of using
iPSC-derived neurons, as other cell types can differentiate from the OX1-19 iPSC precursors.
However, as astrocytes are also present in the human brain, the co-culture could be seen as
more representative of a patient brain than neurons alone. In summary, the differentiation
of iPSC-derived neurons was confirmed through the expression of neuronal markers, but

other cell types such as astrocytes were also present.

The binding of sAPPa to the cell surface has been previously demonstrated through
immunofluorescent microscopy (Dorard et al. 2018; Hasebe et al. 2013; Rice et al. 2019).
However, immunofluorescence microscopy was not successful in this thesis due to high levels
of background fluorescence (data not shown). Therefore, a novel method for detecting the
binding of sSAPPa and sAPPf to the cell surface was developed which utilised immunoblotting.
Previous studies have demonstrated sAPPa activity at concentrations ranging between 1 nM
and 100 nM (Section 1.7) (Dorard et al. 2018; Goodman and Mattson 1994; Hasebe et al.
2013; Mattson et al. 1993). Thus, concentrations between 5 nM and 80 nM were tested in

the novel binding assay with iPSC-derived human neurons (Figure 4.2) and SH-SY5Y cells
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(Figure 4.6). Despite a degree of variation between wells of the iPSC-derived neurons, the
binding of sAPPa was visible at concentrations above 30 nM in iPSC-derived neurons and at
concentrations above 15 nM SH-SY5Y cells using this assay. One limitation of this assay was
that the antibody specific for the neoepitope of sAPPB (1A9) did not have a high enough
sensitivity to identify sAPPB at the concentrations used (Figure 4.7), so a more sensitive
multiplex immunoassay was used to determine sAPP binding. The binding of sAPPp to iPSC-
derived neurons was successfully demonstrated through this assay, confirming the successful

binding of both recombinant sAPPa and sAPP proteins to human cells.

Previous studies had also demonstrated the rapid nature of the binding of sAPPa to cells,
which occurred within minutes (Dorard et al. 2018; Mattson et al. 1993). The data presented
in in chapter 5 also confirmed the rapid binding of recombinant sAPPa to iPSC-derived
neurons within 10 minutes (Figure 4.2) and to SH-SY5Y cells within 5 minutes (Figure 4.6).
Therefore, the recombinant sAPPa protein purified in chapter 3 bound at similar
concentrations and at similar rates as in previous studies within the literature. Crucially, the
binding of SAPPa was shown to be significantly reduced by heat denaturation, demonstrating
that the binding was dependent on correct protein folding (Figure 4.6.). When sAPPa and
sAPPB were compared directly using an antibody which recognised an N-terminal epitope on
both proteins (22C11), more sAPPa bound than sAPP( (Figure 4.7). This may suggest that
sAPPB had a lower affinity for the cell surface than sAPPa, which is supported by previous

data in the literature (Furukawa et al. 1996; Hasebe et al. 2013).

6.3. sAPPa significantly reduced ROS production in SH-SY5Y cells

Oxidative stress is a major mechanism through which neuronal cells are damaged in AD
(Tonnies and Trushina 2017; Zhao and Zhao 2013). sAPPa was previously shown to reduce the
generation of ROS and therefore protect against oxidative stress (Goodman and Mattson
1994). This effect could be therapeutically beneficial to reduce neuronal damage and
neurodegeneration in diseases such as AD. However, the receptor and mechanism mediating
the protection against oxidative stress by sAPPa was unknown. In chapter 4 of this thesis, the
protective effect of SAPPa against ROS production in SH-SY5Y wild-type cells was investigated.
As the toxic activity of AB oligomers has been linked to the prion protein and ADAM10
stimulation was beneficial in those cells, the protective effect of sSAPPa on ROS generation in

SH-SYS5Y cells overexpressing the prion protein was also investigated. The addition of
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menadione significantly increased ROS production in a concentration-dependent manner,
however pre-treatment with sAPPa significantly reduced the ROS production in a time-
dependent manner (Figures 4.8, 4.9). A similar effect was seen in SH-SY5Y cells overexpressing
the prion protein (Figure 4.9). These data supported studies in the literature showing
neuroprotective effects of SAPPa against AP oligomer-induced ROS (Goodman and Mattson
1994). One limitation of these results was the lack of a direct comparison of sAPPa with sAPPf
in their effects on ROS production, due to difficulties encountered with the ROS assay. The
ROS assay could also be attempted with more relevant neuronal models, such as primary
neurons or iPSC-derived neurons. However, difficulties may be encountered with cell fragility.
Future work could directly compare the neuroprotective effects of SAPPa and sAPPJ against
ROS production, including in different cell types such as iPSC-derived neurons, which has not

been previously studied.

6.4. sAPPa significantly increased the expression of pre-synaptic markers in iPSC-derived
neurons.

Aside from protection against oxidative stress, another of the beneficial effects of sAPPa are
its neurotrophic effects. Previous studies showed that sAPPa significantly increased synaptic
density, measured through synaptic markers such as synaptophysin (Roch et al. 1994).
Treatment with sAPPa also significantly increased neurite outgrowth in mouse primary
cortical neurons (Hasebe et al. 2013). In this thesis, the neurotrophic effect of sAPPa on the
expression of the pre-synaptic markers synaptophysin and VGLUT1 and the post-synaptic
marker PSD95 was investigated. Synaptic markers such as these have been used in previous
studies to quantify synaptic density, and the loss of synaptophysin and VGLUT1 from AD
brains correlated significantly with cognitive decline (Kashani et al. 2008; Roch et al. 1994; Sze
et al. 1997). Three different iPSC-derived neuron inductions were used. In one induction, pre-
treatment with 15 nM sAPPa, but not 15 nM sAPPB, clearly and significantly increased
synaptophysin expression (Figure 4.3c); however, when analysed across all inductions, sAPPa
did not significantly affect the expression of synaptophysin. A larger degree of variation is
expected when using iPSC-derived neurons compared to immortalised cells due to their
extensive differentiation protocol and long maturation time. This can mean that separate
differentiations, and even technical replicates within a single differentiation, may develop

differently with different amounts of contaminating non-neuronal cells (Volpato and Webber
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2020). The differences in the response to sAPPa treatment on synaptophysin expression
between differentiations could indicate a higher presence of non-neuronal cells in the less-
responsive inductions, or a particularly high number of sensitive neurons and synapses in
induction 3. The significant increase in synaptophysin expression in induction 3 was consistent
with previous studies which demonstrated a similar neurotrophic effect of sAPPa in mice in
vivo (Roch et al. 1994). As the loss of synaptophysin from AD brains correlates significantly
with cognitive decline, the possible effect of sSAPPa to increase synaptophysin expression
could be therapeutically beneficial (Sze et al. 1997). There was no significant effect of sAPPa
on the expression of VGLUT1 or PSD95 in iPSC-derived neurons. Future work could repeat this
experiment, with the aim of reducing variation and interrogating the promising neurotrophic

result.

6.5. The use of a novel unbiased pulldown method to identify sAPPa binding partners.

Chapter 4 of this thesis demonstrated the rapid binding of recombinant sAPPa to cells at
nanomolar concentrations along with protective activities consistent with previous studies in
the literature (Goodman and Mattson 1994). Following these results, recombinant sAPPa and
sAPPB were used as bait in three unbiased receptor pulldown experiments to identify novel
candidate binding partners using tosylactivated microbeads. The aim of chapter 5 was to
identify novel binding partners which could be responsible for unattributed beneficial effects
of sAPPq, such as its protection against oxidative stress and AB-induced cell death (Goodman

and Mattson 1994).

Several previous studies used immunoprecipitation-based approaches to identify sAPPa
binding partners from cell extracts (Dorard et al. 2018; Hasebe et al. 2013; Rice et al. 2019).
For example, Rice et al (2019) performed affinity purification from rat synaptosome extracts
using sAPPasgs with a C-terminal Fc tag covalently linked to protein-G plus agarose resin. The
use of rat synaptosome-enriched extract was due to their interest in synaptic SAPPa protein
interactions. However, this enrichment for synaptic proteins may have prevented the
identification of important non-synaptic protein interactions. As such, a pulldown which
utilised living neuronal cells could provide a more relevant model to investigate the

interactions of sAPPa with neuronal cells in its native physiological environment.

In chapter 5 of this thesis, a pulldown method with living human cells was used to identify

sAPPa binding partners using tosylactivated microbeads. This method had been developed
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by the Humphries lab at the University of Manchester for the ligand-specific isolation of cell
surface receptors (Jones et al. 2015). The use of this method allowed for the novel capture of
sAPPa interactions with the cell surface of human SH-SY5Y cells in their native environment.
Tosylactivated microbeads would immobilise sSAPPa molecules through a wide range of sites
via sulfhydryl and primary amino groups, which would facilitate the exposure of a many

potential receptor binding sites.

First, the novel microbead-based isolation method was optimised for use with SH-SY5Y cells,
as this thesis was the first time SH-SY5Y cells had been used with this method. sAPPa and
sAPPB both successfully coated tosylactivated microbeads and survived washing steps (Figure
5.1). Bait antibodies directed against integrin B1 and the transferrin receptor successfully
isolated the transferrin receptor protein and integrin B1 proteins as prey from SH-SY5Y cells
(Figure 5.1). Interestingly, only the larger molecular weight isoform of integrin 1 was isolated
as prey from the SH-SY5Y cells, which represented the mature cell surface isoform (Sgrensen
et al. 2015) (Figure 5.1). These data showed that the conditions were optimised for the
preferential isolation of cell surface proteins from SH-SY5Y cells. Whilst previous studies
directed their pulldown efforts towards certain cell compartments such as synaptosomes
(Rice et al. 2019) or specific candidate receptors themselves, such as p75N™® (Hasebe et al.
2013), this thesis attempted to identify novel candidate binding partners for sAPPa using live

cells in an undirected and unbiased manner.

sAPPa and sAPPB were coated onto tosylactivated microbeads and used to isolate prey
proteins from SH-SY5Y cells using the protocol established by Jones et al., (2015). A positive
control transferrin receptor antibody bait was also included. Following the receptor isolation
experiment, GeLC-MS/MS was used to identify components isolated by the sAPPa bait in
comparison to control baits. Previous studies had used MALDI-TOF MS/MS (Dorard et al.
2018) or LC-MS/MS (Rice et al., 2019). GeLC-MS/MS was used in this thesis as it allowed for
the removal of molecules which could have interfered with the analysis by mass
spectrometry, such as buffers and salts, and was the standard protein identification method
offered by the BioMS core facility at the University of Manchester (Piersma et al. 2013).
However, GeLC-MS/MS can also result in the loss of some peptides during extraction from
the gel compared to MALDI-TOF MS/MS or LC-MS/MS approaches (Dzieciatkowska et al.

2014). Three separate pulldowns were performed, with two using a less sensitive Orbitrap
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Elite mass spectrometry machine and the third using the more sensitive QE mass
spectrometry machine. Calsyntenin-3 was specifically isolated by sAPPa in three pulldowns
and by sAPPB in one pulldown. Though total spectral counts are not fully quantitative, the
higher total spectrum counts for calsyntenin-3 in the sAPPa samples gave more confidence in
its identification as a binding partner than in the single sAPPB pulldown. Calsyntenin-1 was
also isolated specifically by sAPPa and sAPPpB, with spectral counts being relatively similar
between the two bait proteins. In each repeat, the transferrin receptor antibody bait also
isolated the transferrin receptor as prey from SH-SY5Y cells, which validated each pulldown.
Interestingly, no previously identified sAPPa receptors, such as GABAgR1a (Rice et al. 2019),
a3-NKA (Dorard et al. 2018) or p75N™® (Hasebe et al. 2013), were isolated in any of the
receptor isolation experiments in this thesis. This could be because the tosylactivated
microbead method exposed different receptors and binding partners to sAPPa than the
methods used in other papers and could highlight the novelty of the approach used in this
thesis. One limitation of this pulldown experiment was the lack of a negative control, so future
experiments could include beads blocked with BSA alone. However, comparison with the list
of proteins isolated using the transferrin receptor proved sufficient to identify calsyntenin-1

and calsyntenin-3 as sAPPa binding partners.

6.6. The novel use of QCM-D as an unbiased method to identify receptors for an immobilised
ligand.

All previous studies investigating sAPPa binding partners used a single bead-based receptor
identification method (Dorard et al. 2018; Hasebe et al. 2013; Rice et al. 2019). However, a
second receptor identification method was used in this thesis, to investigate potential sAPPa
binding partners more thoroughly and to give greater confidence in the results. Proximity-
labelling approaches were attempted, but repeated cloning efforts to produce sAPPa joined
to an APEX2 labelling molecule were unsuccessful. This thesis therefore utilised QCM-D,
which measures the adherence of molecules to the surface of a chip in a label-free real-time
manner, as an additional method to identify sAPPa binding partners (Section 5.3).
Biotinylated sAPPa was immobilised in random orientations onto a streptavidin-coated lipid
bilayer on the surface of the QCM-D chip (Section 5.3). As this thesis was primarily focused on
identifying cell surface receptors, whole cell lysates harvested from SH-SY5Y cells and NB7

cells were subjected to detergent-free membrane fractionation to enrich each cell extract for
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membrane proteins. The use of membrane-enriched cell lysates mirrored the study by Rice
et al (2019), which utilised synaptosome-enriched extracts due to their interest in synaptic
receptors. The QCM-D-mediated approach also facilitated the use of lysates from iPSC-
derived neurons, as live iPSC-derived neurons were not compatible with the tosylactivated-
microbead method due to their fragility. QCM-D-mediated isolation, followed by GelC-
MS/MS, again identified calsyntenin-1 and calsyntenin-3 as potential binding partners for
sAPPa. Calsyntenin-3 was not identified in sSAPPa bait samples in immortalised cells, perhaps
due to the low spectral counts generated by this method because of less cellular material
(Table 5.3). Calsyntenin-1 was identified as an sAPPa-specific binding partner in immortalised
cells (Table 5.3). In iPSC-derived neuron extract, calsyntenin-3 was identified in both sAPPa
and sAPPp bait samples with one spectral count (Table 5.4) (Engle et al. 2018). Calsyntenin-1
was identified in both sAPPa and sAPP bait samples for iPSC-derived neurons (Table 5.4). If
this experiment were to be repeated in future, a negative control of uncoated QCM-D chip
should be included for the QCM-D isolation experiment using immortalised cells, similar to
how a negative control chip was included in the iPSC-derived neuron QCM-D isolation

experiment.

In summary, tosylactivated microbead-based isolation and QCM-D-based isolation, two very
different receptor identification methods which utilised live cells and membrane-enriched cell
lysates respectively, both identified calsyntenin-1 and calsyntenin-3 as potential sAPPa
binding partners in human cells. Though comparisons are somewhat difficult due to the
different mass spectrometry machines used and the different experimental parameters, Rice
et al. (2019) identified GABAgR1a as an sAPPa interactor with initial total spectral counts of
5-10 spectra, similar to the number of spectra identified for sAPPa in this thesis for
calsyntenin-3 from the tosylactivated microbead pulldown experiments. The identification of
novel binding partners for sAPPa supports the original thesis hypothesis that there were

unidentified sAPPa receptors which could have a role in the activity of sAPPa.

6.7. Calsyntenin-3 was required for the normal binding of sAPPa to SH-SHY5Y cells.

Following the robust identification of calsyntenin-1 and calsyntenin-3 as potential binding
partners for sAPPa, their roles in the binding of sAPPa to immortalised cells was investigated.
GABAgR1, which was identified as an sAPPa binding partner in a previous study (Rice et al.

2019), was included as a positive control. Each protein of interest was knocked down through
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siRNA gene silencing and the effect on the binding of sAPPa was measured through
immunoblotting. The data in this thesis demonstrated that knockdown of calsyntenin-1 did
not affect the binding of sAPPa to SH-SY5Y cells (Figure 5.7). The knockdown of GABAgR1
reduced sAPPa binding, but not significantly (Figure 5.6). Strikingly, the knockdown of
calsyntenin-3 significantly reduced the binding of sAPPa (Figure 5.8). These data suggested
that calsyntenin-3 may have a larger role in the binding of sAPPa to SH-SY5Y cells than
GABAgR1, a known sAPPa receptor (Rice et al. 2019), and validated the results of the receptor

identification experiments.

6.8. The potential interaction between calsyntenin-3 and sAPPa.

Calsyntenin-1 and calsyntenin-3 are type | transmembrane proteins predominantly expressed
on the post-synaptic membrane of neuronal cells (Hintsch et al. 2002). Calsytenin-1 has been
previously shown to form a tripartite complex with APP and X11-L to reduce AB production
(Araki et al. 2003). As sAPPa contains most of the APP sequence, it follows that SAPPa may
also bind to calsyntenin-1 in a similar manner to APP. This is supported by previous studies
which suggested that some functions of APP may be performed by sAPPa (Hornsten et al.
2007; Ring et al. 2007), that calsyntenins may be required for certain types of learning (lkeda
et al. 2008) and that calsyntenin-1 is significantly reduced in AD brains (Vagnoni et al. 2012).
Therefore, there are already existing links in the literature between calsyntenin-1, APP and
memory. However, this thesis was the first to identify a potential molecular link between

sAPPa and calsyntenin-1.

Calsyntenin-3 is relatively understudied in comparison to calsyntenin-1. Calsyntenin-3
promoted the differentiation of synapses (Pettem et al. 2013), which could correlate with the
known synaptic activity of sAPPa, such as the increase in markers of synaptic density such as
synaptophysin (Section 4.4; Roch et al., 1994). Interestingly, one previous in vivo study
identified calsyntenin-1, calsyntenin-3, and GABAgR1a as interactors of APP in mice (Bai et al.
2008). However, in the study by Bai et al (2008), no further investigation into calsyntenin-1 or
calsyntenin-3 was performed. Similar to calsyntenin-1, a C-terminal fragment of calsyntenin-
3 was found to accumulate around AP plaques in dystrophic neurites in both AD mouse
models and AD patient brain samples (Uchida et al. 2013). Overexpression of calsyntenin-3
significantly accelerated the death of cultured rat cortical neuros from serum starvation

(Uchida et al. 2013). Treatment of rat cortical neurons with AB1.42 significantly increased the
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expression of calsyntenin-3, down-regulated calsyntenin-2 and did not alter calsyntenin-1
(Uchida et al. 2011). Compared to wild-type mice, calsyntenin-3 gene expression was also
significantly up-regulated in AD mouse models with the Swedish mutation, whilst the
expression of calsyntenin-1 and calsyntenin-2 were unchanged (Uchida et al. 2011).
Interestingly, GABABR1a was also found to associate with APP and one of calsyntenin-1 or
calfsyntenin-3 through affinity purification experiments, suggesting a potential interaction

between the three proteins (Dinamarca et al. 2019).

This thesis was the first study to identify an interaction between calsyntenin-3 and sAPPa or
sAPP, and the first to demonstrate that calsyntenin-3 may be critical for the binding of sAPPa
to SH-SY5Y cells (Section 5.4). Future studies could investigate whether calsyntenin-3 is

required for the binding of sAPPB to neuronal cells.

The exact nature of the interaction between sAPPa and calsyntenin-3 is unclear. Calsyntenin-
3, expressed on the post-synaptic membrane, interacted with neurexins on the pre-synaptic
membrane to induce synaptic differentiation (Pettem et al. 2013). Loss of calsyntenin-3
significantly reduced synaptic density in mice (Pettem et al. 2013). However, there are
conflicting reports within the literature as to whether calsyntenin-3 interacted physically with
neurexins or not (Kim et al. 2020; Um et al. 2014). This conflicting data in the literature,
combined with the data in this thesis, could suggest that sAPPa facilitates the binding of
neurexins and calsyntenin-3 in a similar way to the tripartite complex of calsyntenin-1, APP
and X11-L. This could explain why some studies find a physical interaction between neurexins
and calsyntenin-3 while others do not, if the interaction depended on the presence of sAPPa
(Kim et al. 2020; Um et al. 2014). This could also explain some of the neurotrophic effects of
sAPPa at the synapse, as the interaction between calsyntenin-3 and neurexin induces synaptic
differentiation (Kim et al. 2020; Um et al. 2014). However, this is purely a speculative
hypothesis at present. Future work should aim to identify the exact role calsyntenin-3 plays
in the binding of sAPPa to human cells and determine its role in mediating sAPPa activity.
Future work could investigate the co-localisation of sSAPPa and calsyntenin-1 or calsyntenin-3
through confocal immunofluorescence microscopy. In addition, a future study could
investigate whether knockdown of calsyntenin-3 or calsyntenin-1 impacted the protective

effect of sSAPPa against AB-induced cell death (Furukawa et al. 1996). These findings would
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further interrogate the therapeutic potential of calsyntenin-1 and calsyntenin-3 and their

roles in neurodegeneration.

6.9. Concluding remarks.

As dementia emerges as the largest cause of death globally, new therapeutic avenues are
desperately needed. Alzheimer’s disease is the greatest cause of dementia, but other diseases
such as vascular dementia or dementia with Lewy bodies also contribute heavily to disease
burden. Successful treatment is complicated by overlapping pathologies often occurring
within individual patients and difficulties in achieving an accurate diagnosis (Hyman et al.
2012; Selvackadunco et al. 2019). Therefore, the development of therapeutic strategies which
could be effective against several causes of dementia, such as harnessing neuroprotective
molecules to increase neuronal resistance to cellular damage, is a crucial area of research.
sAPPa has been shown to protect neurons against oxidative damage, a critical
neurodegenerative mechanism in dementia (Goodman and Mattson 1994). sAPPa also
promoted neuronal growth and improved memory (Hasebe et al. 2013; Ohsawa et al. 1999;
Roch et al. 1994). These characteristics demonstrate the therapeutic potential of sSAPPa for
treating a wide range of neurodegenerative diseases. However, sAPPa can have detrimental
effects, so knowledge of the specific receptors and mechanisms through which it acts is crucial
to avoid off-target toxicity in patients. Prior to this thesis, previous studies had identified
receptors responsible for synaptic modulation (Rice et al. 2019) and the promotion of neurite
outgrowth (Dorard et al. 2018; Hasebe et al. 2013). However, no study had identified the
receptor(s) which facilitated other sAPPa effects such as the protection against oxidative
stress. Therefore, it was hypothesised that there remained unidentified sAPPa receptors

which could have high therapeutic potential.

The data presented in this thesis demonstrated that sAPPa has a significant protective effect
against oxidative stress in human cells and may increase the expression of synaptophysin in
iPSC-derived neurons. This thesis identified calsyntenin-1 and calsyntenin-3 as novel binding
partners for sAPPa using two different unbiased receptor identification methods.
Calsyntenin-3 was shown to have a significant role in facilitating the binding of sAPPa to
human neuronal cells. Following on from these findings, future work could characterise the
exact nature of the interaction between calsyntenin-3 and sAPPa. The identification of novel

binding partners for sAPPa in this thesis demonstrated the lack of knowledge and
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understanding of the mechanisms by which sAPPa acts and highlighted its potential as a

therapeutic option for dementia that requires further investigation.
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7. Supplementary Figures and Tables
Full mass spectrometry data can be found at https://doi.org/10.48420/22337503.
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Supplementary Figure 7.1. Full blots of the effect of sAPPa and sAPP@3 on the expression
of synaptophysin in iPSC-derived human neurons.
Linked to Figure 4.3.
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Supplementary Figure 7.2. Full blots of the effect of sAPPa and sAPP on the expression
of VGLUT1 in iPSC-derived human neurons.
Linked to Figure 4.4.
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Supplementary Figure 7.3. Full blots of the effect of sSAPPa and sAPPB on the expression
of PSD95 in iPSC-derived human neurons.
Linked to Figure 4.5.
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Supplementary Figure 7.4. Plasmid map of sAPPa
Plasmid map of sAPPa in the pcDNA3.1+ plasmid. AmpR, ampicillin resistance; CMV,

cytomegalovirus; Lac, lactose. Imaged using SnapGene Viewer.
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Supplementary Table 7.1. One-way ANOVA results for synaptophysin expression (all
inductions combined). Tukey’s multiple comparison’s test was used to compare all conditions to
the vehicle negative control. Blots shown in Figure 4.3a-c.

ANOVA Table SS DF MS F (DFn, DFd) P value
Treatment (between columns)|0.7252 4 0.1813 F (4, 23) = 2.324/P=0.0869
Residual (within columns) 1.794 23 0.078
Total 2.519 27

Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P Value

test

Vehicle vs. 15 nM sAPPa. -0.2086 -0.6853 to 0.268 0.6975

Vehicle vs. 50 nM sAPPa 0.03159 -0.4451 t0 0.5082 | 0.9996

Vehicle vs. 15 nM sAPPf 0.1058 -0.3708 to 0.5825 | 0.9637

Vehicle vs. 50 nM sAPPf 0.3231 -0.2098 to 0.856 0.4017

15 nM sAPPa vs. 50 nM sAPPoa. | 0.2402 -0.2365t00.7169 | 0.5791

15 nM sAPPa vs. 15 nM sAPPf3 | 0.3145 -0.1622t0 0.7911 | 0.3207

15 nM sAPPa vs. 50 nM sAPPf3 | 0.5317 -0.001194 to 1.065 | 0.0507

50 nM sAPPa vs. 15 nM sAPP3 | 0.07426 -0.4024 t0 0.5509 | 0.9901

50 nM sAPPa vs. 50 nM sAPP[3 | 0.2915 -0.2414t0 0.8244 | 0.5020

15 nM sAPPB vs. 50 nM sAPPf3 | 0.2173 -0.3157 t0 0.7502 | 0.7485
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Supplementary Table 7.2. One-way ANOVA results for synaptophysin expression

(induction 1 alone).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.3a.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between | 0.2139 4 0.0534 | F (4, 5) = | P=0.0710
columns) 8 4.289
Residual (within columns) 0.06234 5 0.0124
7
Total 0.2762 9
Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P
test Value
Vehicle vs. 15 nM sAPPq. 0.2953 -0.15271t00.7432 | 0.1959
Vehicle vs. 50 nM sAPPo. 0.1199 -0.3281t00.5678 | 0.8134
Vehicle vs. 15 nM sAPPf3 0.3194 -0.1285t00.7674 | 0.1564
-0.04559 to
Vehicle vs. 50 nM sAPPf3 0.4023 0.8503 0.0739
15 nM sAPPa vs. 50 nM sAPPa | -0.1754 -0.6233t00.2725 | 0.5677
15 nM sAPPa vs. 15 nM sAPP3 | 0.02415 -0.4238t00.4721 | 0.9993
15 nM sAPPa vs. 50 nM sAPPf | 0.1071 -0.3409 to 0.555 | 0.8628
50 nM sAPPa vs. 15 nM sAPP | 0.1995 -0.2484100.6475 | 0.4670
50 nM sAPPa vs. 50 nM sAPP3 | 0.2825 -0.1655t00.7304 | 0.2208
15 nM sAPPB vs. 50 nM sAPP3 | 0.08291 -0.3651t0 0.5309 | 0.9369
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Supplementary Table 7.3. One-way ANOVA results for synaptophysin expression

(induction 2 alone).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.3b.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between 0.0995 |F (4, 5) = | P=0.5014
columns) 0.3984 4 9 0.9612
Residual (within columns) 0.518 5 0.1036
Total 0.9164 9
Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P
test Value
Vehicle vs. 15 nM sAPPa -0.3452 -1.636t0 0.9461 | 0.8140
Vehicle vs. 50 nM sAPPo -0.02568 -1.317 to 1.266 >0.9999
Vehicle vs. 15 nM sAPPf3 -0.2047 -1.496 to 1.087 0.9622
Vehicle vs. 50 nM sAPPf3 0.2439 -1.047 to 1.535 0.9327
15 nM sAPPa vs. 50 nM sAPPor | 0.3195 -0.9718 t0 1.611 | 0.8489
15 nM sAPPa vs. 15 nM sAPPB | 0.1404 -1.151t0 1.432 0.9902
15 nM sAPPa vs. 50 nM sAPPf3 | 0.589 -0.7022 t0 1.88 0.4484
50 nM sAPPa vs. 15 nM sAPP | -0.179 -1.47to 1.112 0.9763
50 nM sAPPq vs. 50 nM sAPP | 0.2696 -1.022 to 1.561 0.9079
15 nM sAPP vs. 50 nM sAPP3 | 0.4486 -0.8426to 1.74 0.6561
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Supplementary Table 7.4. One-way ANOVA results for synaptophysin expression

(induction 3 alone).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.3c.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between F (3, 4) =| *P=0.0076
columns) 0.6763 3 0.2254 | 19.35
Residual (within columns) 0.0116
0.0466 4 5
Total 0.7229 7
Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P
test Value
Vehicle vs. 15 nM sAPPa -0.576 -1.015to0 -0.1366 | *0.0201
Vehicle vs. 50 nM sAPPo. 0.0005595 -0.4388 t0 0.4399 | >0.9999
Vehicle vs. 15 nM sAPPf3 0.2028 -0.23651t00.6422 | 0.3614
15 nM sAPPa vs. 50 nM sAPPa | 0.5765 0.1371to 1.016 *0.0200
15 nM sAPPa. vs. 15 nM sAPP3 | 0.7788 0.3394t01.218 | **0.0068
50 nM sAPPa vs. 15 nM sAPP(3 | 0.2023 -0.2371t0 0.6416 | 0.3632
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Supplementary Table 7.5. One-way ANOVA results for VGLUT1 expression (all inductions

combined).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blots shown in Figure 4.4a-c.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between 0.00164 | F (4, 23) = | P=0.9993
columns) 0.006596 |4 9 0.01787
Residual (within columns) 2.122 23 0.09226
Total 2.129 27
Tukey’s multiple comparisons | Mean Diff. 95.00% ClI of diff. | Adjusted P
test Value
Vehicle vs. 15 nM sAPPo. -0.002798 -0.5212t0 0.5156 | >0.9999
Vehicle vs. 50 nM sAPPo. 0.02506 -0.4933t0 0.5435 | 0.9999
Vehicle vs. 15 nM sAPPf3 0.03267 -0.4857 t0 0.5511 | 0.9997
Vehicle vs. 50 nM sAPPf3 -0.002478 -0.5821t00.5771 | >0.9999
15 nM sAPPa vs. 50 nM sAPPa. | 0.02786 -0.4905 to 0.5463 | 0.9998
15 nM sAPPa vs. 15 nM sAPPB | 0.03547 -0.4829 t0 0.5539 | 0.9996
15 nM sAPPa vs. 50 nM sAPP3 | 0.0003195 -0.57931t00.5799 | >0.9999
50 nM sAPPa vs. 15 nM sAPPf | 0.00761 -0.5108 t0 0.526 | >0.9999
50 nM sAPPa vs. 50 nM sAPPP | -0.02754 -0.6071to 0.552 | >0.9999
15 nM sAPPf vs. 50 nM sAPPf3 | -0.03515 -0.6147 t0 0.5444 | 0.9997
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Supplementary Table 7.6. One-way ANOVA results for VGLUT1 expression (induction 1

alone).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.3a.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between F (4, 5) = | P=0.7032
columns) 0.1018 4 0.02544 | 0.5595
Residual (within columns) 0.2273 5 0.04547
Total 0.3291 9
Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P
test Value
Vehicle vs. 15 nM sAPPa 0.269 -0.5864 to 1.124 | 0.7230
Vehicle vs. 50 nM sAPPo 0.2258 -0.6296 t0 1.081 | 0.8200
Vehicle vs. 15 nM sAPPf3 0.05491 -0.8005 t0 0.9103 | 0.9987
Vehicle vs. 50 nM sAPPf3 0.1279 -0.7275t00.9832 | 0.9691
15 nM sAPPa vs. 50 nM sAPPa. | -0.04316 -0.8985 t0 0.8122 | 0.9995
15 nM sAPPa vs. 15 nM sAPPB | -0.2141 -1.069 t0 0.6413 | 0.8441
15 nM sAPPa vs. 50 nM sAPP3 | -0.1411 -0.9965t0 0.7143 | 0.9568
50 nM sAPPa vs. 15 nM sAPPB | -0.1709 -1.026 to 0.6845 | 0.9196
50 nM sAPPq vs. 50 nM sAPP[3 | -0.09794 -0.9533t0 0.7574 | 0.9881
15 nM sAPPf vs. 50 nM sAPP | 0.07295 -0.7824t0 0.9283 | 0.9961
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Supplementary Table 7.7. One-way ANOVA results for VGLUT1 expression (induction 2

alone).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.4b.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between F (4, 5) = | P=0.7783
columns) 0.2466 4 0.06165 | 0.4375
Residual (within columns) 0.7046 5 0.1409
Total 0.9512 9
Tukey’s multiple comparisons | Mean Diff. 95.00% ClI of diff. | Adjusted P
test Value
Vehicle vs. 15 nM sAPPa -0.02735 -1.533t0 1.479 >0.9999
Vehicle vs. 50 nM sAPPo. -0.4422 -1.948 t0 1.064 0.7642
Vehicle vs. 15 nM sAPPf3 -0.1619 -1.668 to 1.344 0.9906
Vehicle vs. 50 nM sAPPf3 -0.1328 -1.639to0 1.373 0.9955
15 nM sAPPa vs. 50 nM sAPPa | -0.4148 -1.921t0 1.091 0.7989
15 nM sAPPa vs. 15 nM sAPPB | -0.1346 -1.64t01.371 0.9953
15 nM sAPPa vs. 50 nM sAPP3 | -0.1055 -1.611t0 1.4 0.9981
50 nM sAPPa vs. 15 nM sAPP3 | 0.2803 -1.226t0 1.786 0.9358
50 nM sAPPa vs. 50 nM sAPP[3 | 0.3094 -1.197 to 1.815 0.9123
15 nM sAPPf vs. 50 nM sAPPf3 | 0.0291 -1.477 to 1.535 >0.9999
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Supplementary Table 7.8. One-way ANOVA results for VGLUT1 expression (induction 3

alone).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.4c.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between F (3, 4) = | *P=0.0338
columns) 0.3487 3 0.1162 | 8.364
Residual (within columns) 0.05559 4 0.0139
Total 0.4043 7
Tukey’s multiple comparisons | Mean Diff. 95.00% ClI of diff. | Adjusted P
test Value
Vehicle vs. 15 nM sAPPa -0.25 -0.7299t0 0.2299 | 0.2865
Vehicle vs. 50 nM sAPPo. 0.2916 -0.1883t00.7715 | 0.2039
Vehicle vs. 15 nM sAPPf3 0.205 -0.27491t0 0.6849 | 0.4125
15 nM sAPPa vs. 50 nM sAPPo. | 0.5416 0.06168 to 1.021 | *0.0336
-0.02486 to
15 nM sAPPa vs. 15 nM sAPPB | 0.455 0.9349 0.0592
50 nM sAPPa vs. 15 nM sAPP[3 | -0.08654 -0.5664 t0 0.3934 | 0.8791
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Supplementary Table 7.9. One-way ANOVA results for PSD95 expression (all inductions

combined).

Tukey’s multiple comparison’s test was used to compare all

negative control. Blots shown in Figure 4.5a-c.

conditions to the vehicle

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between F (4, 23) = | P=0.2302
columns) 0.1461 4 0.03653 | 1.517
Residual (within columns) 0.5538 23 0.02408
Total 0.7 27
Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P
test Value
Vehicle vs. 15 nM sAPPa 0.03087 -0.234t0 0.2957 | 0.9967
Vehicle vs. 50 nM sAPPo. 0.1619 -0.103 t0 0.4267 | 0.3938
-0.1792 to
Vehicle vs. 15 nM sAPPf3 0.08561 0.3504 0.8718
-0.3537 to
Vehicle vs. 50 nM sAPPf3 -0.05757 0.2385 0.9775
-0.1338 to
15 nM sAPPa vs. 50 nM sAPPa | 0.131 0.3958 0.5958
-0.2101 to
15 nM sAPPa vs. 15 nM sAPP3 | 0.05474 0.3196 0.9719
-0.3845 to
15 nM sAPPa vs. 50 nM sAPP3 | -0.08844 0.2077 0.9003
-0.3411 to
50 nM sAPPa vs. 15 nM sAPP | -0.07626 0.1886 0.9115
-0.5155 to
50 nM sAPPa vs. 50 nM sAPP(3 | -0.2194 0.07665 0.2185
-0.4393 to
15 nM sAPPf vs. 50 nM sAPPf3 -0.1432 0.1529 0.6158
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Supplementary Table 7.10. One-way ANOVA results for PSD95 expression (induction 1

alone).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.5a.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between F (4, 5) = | P=0.6533
columns) 0.08791 4 0.02198 | 0.6465
Residual (within columns) 0.17 5 0.03399
Total 0.2579 9
Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P
test Value
-0.5989 to
Vehicle vs. 15 nM sAPPq. 0.1407 0.8803 0.9311
Vehicle vs. 50 nM sAPPa 0.2773 -0.4623 t0 1.017 | 0.6006
-0.5409 to
Vehicle vs. 15 nM sAPPf3 0.1987 0.9383 0.8115
Vehicle vs. 50 nM sAPPf3 0.09434 -0.6453 t0 0.834 | 0.9824
-0.6031 to
15 nM sAPPa vs. 50 nM sAPPa. | 0.1366 0.8762 0.9374
-0.6816 to
15 nM sAPPa vs. 15 nM sAPP3 | 0.05798 0.7976 0.9971
15 nM sAPPa vs. 50 nM sAPPf | -0.04638 -0.786 t0 0.6932 | 0.9988
50 nM sAPPa vs. 15 nM sAPPf3 | -0.07859 -0.8182 t0 0.661 | 0.9910
-0.9226 to
50 nM sAPPa vs. 50 nM sAPP[3 | -0.1829 0.5567 0.8491
15 nM sAPPf vs. 50 nM sAPPf3 -0.1044 -0.844 t0 0.6353 | 0.9748
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Supplementary Table 7.11. One-way ANOVA results for PSD95 expression (induction 2

alone).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.5b.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between F (4, 5) = | P=0.1716
columns) 0.1403 4 0.03508 | 2.494
Residual (within columns) 0.07032 5 0.01406
Total 0.2107 9
Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P
test Value
-0.6479 to
Vehicle vs. 15 nM sAPPq. -0.1722 0.3036 0.6268
-0.3874 to
Vehicle vs. 50 nM sAPPo. 0.08837 0.5641 0.9362
-0.4354 to
Vehicle vs. 15 nM sAPPf3 0.04033 0.5161 0.9961
-0.6852 to
Vehicle vs. 50 nM sAPPf3 -0.2095 0.2663 0.4761
-0.2152 to
15 nM sAPPa vs. 50 nM sAPPa | 0.2605 0.7363 0.3116
-0.2632 to
15 nM sAPPa vs. 15 nM sAPPf3 | 0.2125 0.6882 0.4649
-0.5131 to
15 nM sAPPa vs. 50 nM sAPP[3 | -0.03731 0.4384 0.9971
-0.5238 to
50 nM sAPPa vs. 15 nM sAPP3 | -0.04804 0.4277 0.9925
-0.7736 to
50 nM sAPPa vs. 50 nM sAPP[3 | -0.2978 0.1779 0.2250
-0.7256 to
15 nM sAPPf vs. 50 nM sAPPf3 -0.2498 0.2259 0.3416
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Supplementary Table 7.12. One-way ANOVA results for PSD95 expression (induction 3

alone).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.5c.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between 0.00864 | F (3, 4) = | P=0.2588
columns) 0.02592 3 1 1.983
Residual (within columns) 0.00435
0.01743 4 8
Total 0.04336 7
Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P
test Value
-0.1447 to
Vehicle vs. 15 nM sAPPq. 0.1241 0.3928 0.3614
-0.1488 to
Vehicle vs. 50 nM sAPPo. 0.12 0.3887 0.3833
-0.2509 to
Vehicle vs. 15 nM sAPPf3 0.01781 0.2866 0.9921
-0.2728 to
15 nM sAPPa vs. 50 nM sAPPa | -0.004096 0.2646 0.9999
15 nM sAPPa vs. 15 nM sAPPf | -0.1063 -0.3751t00.1625 | 0.4651
-0.3709 to
50 nM sAPPa vs. 15 nM sAPP[3 | -0.1022 0.1666 0.4919
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Supplementary Table 7.13. One-way ANOVA results for sAPPa vs sAPPB SH-SY5Y binding

intensity (22C11).

Tukey’s multiple comparison’s test was used to compare all conditions to the vehicle
negative control. Blot shown in Figure 4.7a.

ANOVA Table SS DF MS F (DFn, | P value
DFd)
Treatment (between F (2, 3) =| P=0.0252
columns) 2.215 2 1.107 15.94
Residual (within columns) 0.2084 3 0.06948
Total 2.423 5
Tukey’s multiple comparisons | Mean Diff. 95.00% Cl of diff. | Adjusted P
test Value
Vehicle vs. + sSAPPa -1.487 -2.588t0-0.385 | 0.0224
Vehicle vs. + sAPPf3 -0.6814 -1.783 t0 0.4201 | 0.1567
+ SAPPa vs. + SAPPJ 0.8051 -0.2964 to 1.907 | 0.1082
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