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Abstract

Age-related macular degeneration (AMD) is a progressive retinal neurodegenerative disorder
characterised, in some forms of the disease, by the loss of photoreceptors and the underlying retinal
pigment epithelium (RPE) in the macula due to the accumulation of extracellular deposits known as
“drusen”. A major component of drusen deposits is the Alzheimer’s disease (AD)-related amyloid beta
(AB)-peptide, a 4kDa peptide derived from the larger amyloid precursor protein (APP) through
sequential cleavage by enzymes known as - and y-secretases. Alternatively, in the ‘non-
amyloidogenic’ pathway, APP can be processed by a third enzyme, a-secretase, which cleaves within
the AB region of the protein thereby preventing the production of toxic peptides as well as producing

a larger soluble fragment, sAPPa, known for its neuroprotective and neurotrophic properties.

The current project aims to characterise the role played by APP and its proteolytic fragments
in AMD using human retinal pigment epithelial cells (ARPE-19) and UV-A light (a known AMD risk
factor) as the stressor. In addition, a group of diabetes drugs known as Glucagon Like Peptide-1 (GLP-
1) analogues that have previously been purported to reduce neuronal death in AD and Parkinson’s
Disease (PD) have been tested for their ability to protect ARPE-19 cells against stress-inducing

reagents relative to AMD (UV-A light, hydrogen peroxide and AB-peptides).

The results of the current study demonstrate that endogenous cell-associated full-length APP
expression was depleted in ARPE-19 cells following UV-A irradiation. Furthermore, 3-secretase but not
a-secretase processing of the protein was reduced. Small interfering RNA-mediated depletion of
endogenous APP or y-secretase (but not o- or B-secretase) inhibition ablated the detrimental effect
of UV-A on cell viability. In contrast, a-secretase and, possibly, y-secretase but not 3-secretase activity
appeared to promote the longer-term proliferation of ARPE-19 cells in the absence of UV-A irradiation.
Furthermore, two of the GLP-1 analogues tested, liraglutide and lixisenatide, were able to restore cell

viability after UV-A exposure.



Collectively, these data indicate clear links between the expression/proteolysis of APP and the
proliferation and resistance of ARPE-19 cells to UV-A irradiation. Whilst these effects are clearly
differential, the data warrant further investigation of the role played by APP in AMD. Furthermore,
the protective effects against UV-A shown by liraglutide and lixisenatide warrant further investigation
of the molecular mechanisms involved with a view to identifying new drug targets for the prevention

or treatment of retinal neurodegenerative diseases such as AMD.
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Chapter 1

Literature Review



1.1. Introduction

Age-related macular degeneration (AMD) is an ocular disease classified under the umbrella of
neurodegenerative diseases (Kaarniranta et al., 2011). AMD pathology is characterised by extracellular
deposits in the retina known as “drusen” which consist of amyloid-beta (AB) as a major component, a
peptide well known in Alzheimer’s Disease (AD) pathology to form extracellular aggregates known as
“senile plaques” leading to neurotoxicity and synaptic loss in the brains of AD patients (Luibl et al.,

2006).

The purpose of the current project was to characterise the role of the amyloid precursor
protein (APP) and its metabolites in AMD using retinal pigment epithelial cells (ARPE-19) which has a

direct link to the pathology of AMD and the formation of drusen deposits.

Moreover, a group of diabetes drugs known as Glucagon Like Peptide-1 (GLP-1) analogues
that have already shown promise for the treatment of neurodegenerative diseases such as AD and
Parkinson’s disease (PD) (Gejl et al., 2016; Foltynie and Aviles-Olmos, 2014) were tested here for their

ability to protect retinal derived cells against stress-inducing reagents relative to AMD pathology.

1.2. Age-related Macular Degeneration (AMD)

Age-related macular degeneration (AMD) is a progressive and currently incurable retinal
disease caused by a deterioration of the macula; the central part of the retina responsible for detailed
central vision (Parmet et al., 2006). Loss of central vision can hinder normal daily activities such as

reading, driving and recognising faces (Fig. 1.1).



Figure 1.1. Loss of central vision in AMD affects daily activities. (Adapted from https://www.nhs.uk)

AMD is classified into early and late stages. Early AMD can develop into dry (atrophic) or wet
(exudative) forms. Dry AMD is more prevalent and is associated with “drusen” deposits, small specks
of yellowish white material, in the macula underneath the retina (Salvi et al., 2006). Accumulation of
these deposits leads to the gradual destruction of the retinal pigment epithelium (RPE) and the
photoreceptors in the macular region (Mathenge, 2014). This manifests clinically with symptoms of
blurred central vision that deteriorates gradually over time (Parmet et al., 2006).

Wet AMD is less common; it accounts for approximately 15 % of AMD cases (Parmet et al.,
2006). However, the symptoms are severe and progress rapidly which makes it responsible for 90% of
acute vision loss due to AMD (Hernandez-Zimbrén et al., 2018). Wet AMD is characterised by
abnormal choroidal vessels developing underneath the macula and leaking blood and fluid. This
eventually results in the formation of a central fibrous sub-retinal scar leading to a sudden decline in
central visual acuity (Mathenge, 2014; Salvi et al., 2006). A common symptom of wet AMD is straight
lines appearing wavy or distorted (Parmet et al., 2006).

1.2.1. Epidemiology

AMD is the leading cause of irreversible blindness in people aged 50 and older in developed

countries and the third leading cause of visual disability globally (Pascolini and Mariotti, 2012). It has

a global prevalence of 8.7% (Wong et al., 2014) affecting 170 million people worldwide (Pennington



and DeAngelis, 2016). It is projected that the number of AMD patients will rise to 288 million in 2040

with the increased aging population (Wong et al., 2014).

A systematic literature review by Wong et al. (2014) based on numerus epidemiological
studies on AMD found a significant difference in prevalence between various ethnic groups and
geographical regions (Fig. 1.2). It was shown that the prevalence of any age-related macular
degeneration was higher in European ancestry populations (12.3 %) compared to Asian and African
populations (7.4 % and 7.5 %, respectively) with the geographic atrophy subtype being more prevalent
in Europeans (1.11 %) than in Asians (0.21 %), Africans (0.14 %) or Hispanics (0.16 %). In terms of

geographical regions, the disease was also less prevalent in Asia compared to Europe and North

America.
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Figure 1.2. Prevalence of Age-related Macular Degeneration illustrated by ethnic group (A) and geographical
region (B). (Wong et al., 2014)



In contrast, other studies in African and Asian populations have demonstrated that AMD is a
major contributor to blindness and visual disability in these countries (Mathenge et al., 2012; Gupta

et al., 2007; Krishnan et al., 2010).

A meta-analysis by Owen et al. (2012) applied to the UK population data of 2007-2009 found
that the overall prevalence of late AMD in people aged 50 and older was 2.4 %. This equates to 513
000 cases which was estimated to increase by 71 000 new cases per year reaching 679 000 by 2020.
The prevalence of geographic atrophy and neovascular AMD subtypes were 1.3 % and 1.2%,

respectively, in the same age group (= 50).

This disease has a substantial impact on the physical and mental health of the aging population
and their families and the numbers presented above reflect the substantial global and national burden

of AMD especially with the exponential increase in the aged population.

1.2.2. Risk factors

Strong risk factors for AMD include advanced age, family history, genetic factors and smoking
(Salvi et al., 2006). Smoking is the most consistent risk factor particularly in people who have one or
more of the AMD susceptibility genes (Mathenge, 2014). This is because smoking decreases the levels
of antioxidant micronutrients in blood plasma, alters choroidal circulation (Evans, 2001) and exposes
the macula to high levels of oxidative stress which might lead to inflammation inducing a vicious cycle

resulting in the development of AMD and loss of central vision (Hernandez-Zimbrén et al., 2018).

Exposure to sunlight, especially blue light and UV light, is considered a possible risk factor in
the development of AMD (Fletcher et al., 2008; Vojnikovi¢ et al., 2007; Plestina-Borjan and Klinger-
Lasi¢, 2007) although the evidence is still controversial (Zhou et al., 2018). Epidemiologic evidence
suggests that excessive light exposure is associated with increased risk of AMD (Chalam et al., 2011).
This is due to photochemical damage by the blue light and short wavelength radiation (UV-A radiation
of 315-400 nm) that is able to penetrate the eye protective structures into the retina (Glickman, 2011).

This induces significant oxidative stress to the retinal pigment epithelium and leads to the formation



of lipoprotein aggregates in Bruch’s membrane and drusen deposits resulting finally in the destruction

of photoreceptors in the macula and AMD development (Nowak et al., 2005).

Other risk factors associated with the disease include hypertension, cardiovascular risk
factors, increased body mass index, hyperopia (farsightedness), female gender and being from a non-
Hispanic white ethnicity (Salvi et al., 2006; Age-Related Eye Disease Study Research Group, 2000).
Several studies have also associated diabetes mellitus as a risk factor for AMD (Chen et al., 2014; Hahn

et al., 2013; Topouzis et al., 2009; Choi et al., 2011).

1.2.3. Pathology of the disease

Although the aetiology and pathogenesis of AMD are largely unclear, it is considered a
multifactorial disease involving complex interactions between genetic and environmental factors
(Ding et al., 2009). The disease pathology is characterised by degeneration of the RPE, Bruch’s
membrane, the retinal photoreceptors and in some cases (the wet form) changes to the choroidal

capillaries (Ding et al., 2009) (Fig. 1.3).

Normal ageing processes occur in the human eye and these involve morphological changes to
RPE cells, thickening of Bruch’s membrane and the internal limiting membrane, which separates the
neuronal retinal cells from the vitreous body, reduction in retinal neuronal elements and the presence

of few small hard drusen (< 63 um in diameter) (Elshatory et al., 2019; Bonilha, 2008).

Drusen are insoluble extracellular aggregates localised beneath the basement membrane of
RPE cells and towards the inner collagenous layer of Bruch’s membrane (Fig 1.3A) (Rattner and
Nathans, 2006). They appear in AMD as clusters of yellow-white deposits in the macular region and
become more prominent as the overlying RPE becomes thinner with disease progression (Fig. 1.3B).
Clinically, they are classified into hard and soft drusen based on their morphology. Hard drusen are
normal in the ageing eye and not necessarily a sign of AMD if present in low numbers. They look like
small yellowish punctate deposits less than 63 um in size (Ding et al., 2009). Soft drusen, however, are

more of a serious risk factor for the development of AMD. They are paler in colour, larger in size and
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Figure 1.3. The structure of the eye and development of age-related macular degeneration (AMD) pathology.
(A) A schematic diagram depicting a cross section of the eye showing the various structures and the macular
region at the posterior segment of the eye. The enlarged diagram on the right shows the arrangement of retinal
layers with RPE cells forming the blood-retinal barrier (BRB) at the bottom which separates the retina from the
choroidal capillaries and vessels underneath. (B) Fundus photographs of the various clinical stages of AMD in
comparison to normal retina. The normal retina shows a healthy macula and the optic nerve head (ONH). In
early-stage AMD yellow extracellular drusen deposits accumulate around the macular region. Late dry AMD or
Geographic Atrophy (GA) shows a large area of drusen accumulation at the macula with pigmentary changes of
hypopigmentation indicating RPE cell death and hyperpigmentation (darkening) at the periphery of
hypopigmented areas indicating RPE cell proliferation. Late wet AMD or choroidal neovascularisation (CNV) is
characterised by choroidal vessels invading areas in the retina afflicted by drusen leading to subretinal
haemorrhage and scaring. (Diagram and photos adapted from Ambati and Fowler, 2012; Gao et al., 2015;
Shahandeh et al., 2015).



have a more diffuse appearance and blurry edges (Ding et al., 2009). The molecular components of
hard and soft drusen are similar. They contain lipids, lipoproteins, glycoproteins, ubiquitin,
inflammatory molecules such as complements and immunoglobulins and the Alzheimer’s disease

amyloid beta (AB) (Anderson et al., 2004; Mullins et al., 2000; Hageman et al., 2001).

Early stages of AMD involve thickening of Bruch’s membrane, the accumulation of lipofuscin
in the RPE cells and high amounts of drusen accumulation beneath the RPE (Ding et al., 2009) (Fig. 1.4
A-C). A study by Young (1987) demonstrated that AMD is initiated in the RPE cells by the accumulation
of lipofuscin. These are sacs of non-degradable residues originating from the breakdown of
photoreceptor outer segments or from incomplete digestion of abnormal molecules within the RPE
which accumulate throughout an individual’s life span. When RPE cells become engorged with
lipofuscin, they start expelling their content into Bruch’s membrane where they accumulate in the

form of drusen and basal laminar deposits (Young, 1987).

Clinically, early AMD is characterised by the presence of numerous intermediate drusen
(larger than 63 um in diameter but smaller than 125 um) or pigmentary abnormalities (NICE guideline,
2018). When these changes develop into larger drusen (> 125 um) or soft drusen with pigmentary

abnormalities, the risk of progression into late AMD increases (NICE guideline, 2018; Klein et al., 2002)

Late AMD is manifested in two main forms; late dry AMD (also known as geographic atrophy)
and late wet (neovascular) AMD (Green, 1996). Geographic atrophy is characterised by large areas of
hypopigmentation in the macula indicating RPE cell loss (Fig. 1.3B). This is accompanied by
hyperpigmentation alterations which correspond to areas of RPE cell proliferation in order to
compensate for cell loss (de Jong, 2006). RPE cell loss is followed by the gradual deterioration of the
overlying retinal photoreceptors which depend on the RPE for metabolic and trophic support (Fig.
1.4D). Outer retinal layers including the outer plexiform and inner nuclear layer may also be affected
leading to their degradation (Ding et al., 2009). This eventually leads to retinal thinning and a

progressive decline in visual acuity.



The hallmark of late-stage wet AMD is choroidal neovascularisation (CNV) wherein immature
blood vessels sprouting from the choroidal vessels invade the areas distorted by drusen accumulation
(Fig. 1.4E). These blood vessels penetrate Bruch’s membrane growing into the subretinal space and
the outer retina (Ambati and Fowler, 2012). They leak blood and fluid resulting in the formation of
subretinal scars of fibrous tissue (Fig. 1.3B) which is associated clinically with acute decline in central

vision and eventually central blindness (Ambati and Fowler, 2012; Mathenge, 2014).

Notably, there is a significant overlap between the two forms of AMD in terms of the
underlying pathophysiology and it is possible, in some cases, that dry AMD develops into the

neovascular AMD (Ambati and Fowler, 2012).
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Figure 1.4. A schematic illustration of the various stages of AMD pathology at a cellular level. (A) The normal
retina and retinal pigment epithelium (RPE). (B) Accumulation of lipofuscin in RPE cells. (C) A druse deposit
separating the RPE cell basement membrane from Bruch’s membrane (BM). (D) Degradation of the RPE and the
overlying rods and cones photoreceptors due to drusen accumulation. (E) Choroidal neovascularisation. CH,
choroid; OS, outer segments; IS, inner segments. (Rattner and Nathans, 2006).

Inflammation plays a prominent role in the pathology of both dry and wet AMD (Kauppinen
et al., 2016). In healthy states, the eye is an immune privileged organ which means that the immune
system is downregulated in its tissues (Streilein, 2003) with RPE cells playing a vital role in this

downregulation by creating the outer blood-retinal barrier (BRB). They form a monolayer of adjacent



cells tightly connected by adherence and tight junctions thereby decreasing permeability to immune
related cells and molecules as well as secreting immunosuppressive factors (Zhou and Caspi, 2010;
Thumann et al., 2013). As such, the degradation of RPE due to drusen accumulation and AMD
pathology compromises the BRB leading to increased permeability to immune cells and inflammatory
factors causing a breach to the immune privileged organ (Ambati et al., 2013). The recruitment of
immune cells and complement factors and initiation of inflammation in the retinal tissues leads to
increased RPE cell damage and further compromise to the BRB promoting a vicious cycle that
potentiates inflammation and further degradation of the RPE and photoreceptors (Nussenblatt and
Ferris, 2007; Ambati et al., 2013). Indeed elements of the immune system were observed in eye tissues
affected by AMD including the macrophages, the complement cascade and microglia (Chen et al.,
2008). Moreover, studies confirmed the presence of inflammation related molecules in drusen
deposits including complement components (Nozaki et al., 2006), various immunoglobulins (Hageman
et al., 2001) and AP (Anderson et al., 2004) the latter of which is also central to the inflammation

process observed in AD (Gold and El Khoury, 2015).

1.2.4. Current treatments

Laser treatment such as laser photocoagulation has been used as primary treatment for wet
AMD in order to limit the damage resulting from choroidal neovascularisation (Chakravarthy et al.,
2013). Photodynamic therapy with verteporfin photosensitiser (vPDT) was later introduced as a
treatment for wet AMD (Chakravarthy et al., 2013). However, these treatments carry some risks and
only slow the progression of the disease instead of improving vision. Laser photocoagulation, in
particular, has a high recurrence rate, reduced efficiency in improving vision acuity and could induce

vision loss (Elshatory et al., 2019).

The introduction of vascular endothelial growth factor (VEGF) inhibitors has revolutionised
the treatment of exudative (wet) AMD. Some of the approved drugs include pegaptanib (Macugen),

ranibizumab (Lucentis), bevacizumab (Avastin), and aflibercept (Eylea) (Elshatory et al., 2019). These

10



are administered as intravitreal injections applied in several doses and have shown effectiveness in
stabilising vision with significant improvement in visual acuity reported in many cases (Mathenge,

2014).

Currently, there is no approved treatment for dry AMD. However, studies and trials are in
development specially for the treatment of advanced stage disease (geographic atrophy). Some of the
factors suggested as useful targets for drug development include oxidative stress, lipofuscin
accumulation, inflammation and mutations associated with the complement pathway (Zarbin and

Rosenfeld, 2010).

The use of antioxidant and mineral supplementation such as xanthophyll and zinc
supplements has been shown to decrease the risk of developing late AMD (Coleman et al., 2008;
Scripsema et al., 2015). In addition, some of the non-pharmacological recommendations include
smoking cessation, the use of protective eye glasses, low vision aid and rehabilitation to improve the

quality of life of patients and promote independent living (Mathenge, 2014).

1.2.5. In vitro models of AMD

As discussed earlier, treatment options are currently available to slow the progression of the
wet form of the disease whereas no clinical treatment is available to treat dry AMD. In vitro cellular
models have been developed to study the physiology and pathology of the disease and to test the use

of drugs for the treatment of AMD (Forest et al., 2015).

Although in vivo models are viewed as more physiologically relevant tools to study any
disease, they are unable to recapitulate all aspects of AMD (Forest et al., 2015). Cell-culture based in
vitro models are advantageous in the sense that they are defined systems with the ability to control
and manipulate experimental conditions to get a better understanding of the intricate disease

environment and interactions between different tissues, cells and molecules (Hornof et al., 2005).
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Primary cell cultures of human fetal retinal pigment epithelium hfRPE are particularly useful
in vitro models of AMD as they exhibit morphological and physiological features such as displaying a
uniformed size and shape, polarity, protein expression patterns and metabolic activity similar to that
of the native tissue (Ablonczy et al., 2011; Maminishkis et al., 2006). However, primary cell cultures
have slow growth patterns and often described as “finite” as they lose the ability to proliferate and
expand after limited amounts of passages (Segeritz and Vallier, 2017). Moreover, the cost of isolating
and culturing primary cultures is often high as they require good handling expertise and rely on the
continuous supply of stocks (Segeritz and Vallier, 2017). They might also behave differently with every

cell division if optimum conditions were not maintained (Ramos et al., 2014).

Other cell types utilised in AMD research include stem cells-derived RPE and the immortalised
ARPE-19 cell line (Forest et al., 2015). ARPE-19 cells are a spontaneously arising human cell line
established by selective trypsinisation of a primary RPE culture (Dunn et al., 1996). They were shown
to exhibit the characteristic structural and functional features of RPE cells in vivo (Dunn et al., 1996).
Having strong growth potential, ARPE-19 cells were considered highly valuable tools for studying RPE
physiology and pathology including in AMD research (Dunn et al., 1996). Cell lines such as ARPE-19
offer several advantages over primary cultures including being cost effective, easy to handle, provide
unlimited and pure population of cells which ensures consistent sample and reproducible results (Kaur
and Dufour, 2012). On the other hand, there are limitations to the use of immortal cell lines including
the low accuracy and physiological relevance compared to primary cells (Kaur and Dufour, 2012). Also,
care must be taken when using cell lines as they might not act identically to their primary cells after
several passages (Kaur and Dufour, 2012). A study by Ablonczy et al. (2011) concluded that the primary
fhRPE cells resemble a functionally normal RPE in vivo, while ARPE-19 cells demonstrate the properties

of a pathologic or aged RPE which in a way sets a specific use in research to each of these cell types.

Disease modelling such as cell culture models of the ocular barriers (cornea, conjunctiva,

blood-retinal barrier) are more advanced in vitro techniques that combine the use of retinal derived
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cell cultures with other membranes and connective tissues to resemble the in vivo environment and
aid the understanding of drug transport into ocular tissues, investigating pathological ocular

conditions, and as an alternative to in vivo toxicity screening of drug compounds (Hornof et al., 2005).

1.3. Amyloid beta-peptide and the amyloid precursor protein in AMD

As described earlier (section 1.2.3), the accumulation of drusen deposits is a hallmark of AMD
disease pathology. These deposits comprise a plethora of proteins, lipids, and other inflammation-
related materials including the Alzheimer’s disease-associated AB-peptide (Anderson et al., 2004;
Luibl et al., 2006; Dentchev et al., 2003). Recent studies have found that AP is not only a major
component of drusen deposits but is also associated with key stages in AMD progression and is now
thought to be linked to its aetiology (Ratnayaka et al., 2015; Ohno-Matsui, 2011; Johnson et al., 2002).

Multiple AP reservoirs exist in the normal eye (Fig. 1.5) including those originating in the
retinal ganglion cells (RGC) and RPE which serve as major sources of AB synthesis and secretion
(Ratnayaka et al., 2015). When examining the distribution of APP in different eye regions, Sambamurti
et al. (2007) observed high levels of APP expression in the retina and RPE cells as well as very large
guantities of secreted APP in the vitreous humour. It is likely that the RPE and RGC cells are responsible
for the majority of APP and A production and secretion in the outer and inner retina, respectively
(Fig. 1.5) (Ohno-Matsui, 2011). The RGCs synthesise APP which is then rapidly transported in small
vesicles into the optic nerve to reach the axonal plasma membrane and the synapses (Morin et al.,
1993; Kipfer-Kauer et al., 2010). APP and AP expression was also found in the pial/dural tissues which
are the meningeal layers surrounding the optic nerve (Goldblum et al., 2007).

In fact, APP is thought to be required for the normal function of the rod and cone pathways
as observed in an electroretinogram study of APP knockout mice (Ho et al., 2012). However, AB burden
increases with senescence due to increased synthesis and decreased clearance (Ratnayaka et al.,
2015). As with AD pathology, AB tends to aggregate and form extracellular deposits (drusen in AMD

and senile plaques in AD). AP is located in drusen within substructural vesicular components named
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amyloid vesicles which are co-localized with activated complement components (Johnson et al., 2002).
This indicates that AP aggregates could be the primary sites for complement activation and a key
factor in driving local inflammation which leads to RPE atrophy, drusen biogenesis and AMD

development.

_-to optic nerve

~-RGC

Horizontal cells

Photoreceptors

drives local
retinal
inflammation
inflammatio AB.

pro-angiogenic =
effects B

choriocapillaris

Figure 1.5. A schematic illustration of the various AP reservoirs (red asterisks) in the aging eye including
locations of synthesis, secretion, and aggregation. RGC, retinal ganglion cells; RPE, retinal pigment epithelium;
POS, photoreceptor outer segment; BrM, Bruch’s Membrane. (Ratnayaka et al., 2015)

A study by (Prasad et al., 2017) demonstrated that intraocular injection of mice with Ap-
peptides induced the accumulation of drusen which were immunopositive for A and complement
proteins and led to degenerative changes in the retina mimicking AMD-like pathology. Conversely it
has been shown that knocking down the AB-degrading enzyme neprilysin leads to the development
of AMD-like pathology in mice including the degeneration of RPE cells and the development of drusen-
like deposits (Ohno-Matsui, 2011). Several other studies have linked AD with AMD suggesting a

common pathogenic mechanism between the two diseases and implicating AP toxicity in the retinal
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degeneration observed in AMD (Ong et al., 2019; Kaarniranta et al., 2011; Ning et al., 2008; Frost et
al., 2016). Ning et al. (2008) studied AMD development in the retina of a mouse model of AD and
demonstrated a significant age-dependant deposition of Af in the nerve fibre layer and an overall
increase in the expression of APP in the neuroretina including the RGC and the inner nuclear layer; a
phenomenon that was accompanied by increased levels of inflammatory and apoptotic markers
leading to the degeneration of the retina. Frost et al. (2016) found evidence to suggest an increased
risk of AMD in AD patients. In a cohort study, the AD group showed a significantly greater proportion
of participants with early AMD compared to the cognitively normal group (Frost et al., 2016).
Conversely, a study by Klaver et al. (1999) examining the relation between AMD and AD found
evidence of an increased risk of developing AD in individuals with advanced AMD.

In addition to its role in dry AMD, AP was also found to play an important role in the
development of CNV (the wet form of the disease) by increasing the expression of VEGF and
decreasing the expression of pigment epithelium-derived factor (PEDF) secreted by RPE cells which

acts as a potent antiangiogenic factor (Dawson et al., 1999; Yoshida et al., 2005; Koyama et al., 2008).

1.3.1. APP structure and function

AB-peptides are derived from the amyloid precursor protein (APP) which is a transmembrane
protein that plays major roles in several important cellular functions, most notably in the nervous
system although it is ubiquitously expressed (Gralle and Ferreira, 2007). Although the precise
physiological function of the protein remains to be fully elucidated, APP in the CNS is known to be
involved in synaptogenesis and synaptic plasticity during development and in adulthood (Gralle and
Ferreira, 2007). The protein acts as a contact receptor and a diffusible factor to drive tissue
morphogenesis and restructuring (Gralle and Ferreira, 2007). During the early stages of
neurodevelopment, APP serves as a cell adhesion molecule (CAM) which, together with other CAMs,
facilitates migration of developing neurons from the ventricular zones to the appropriate layer in the
cortex (Valiente and Marin, 2010). APP also collaborates with other proteins to generate neuronal
axons with growth cones and direct them to form synapses at the correct targets (Lowery and Van

15



Vactor, 2009; Sosa et al., 2017). A recent study has found that APP is located within the presynaptic
active zone where it is involved in the regulation of synaptic vesicle lifespan, exo- and endocytosis,
cytoskeletal rearrangement and mitochondrial activity highlighting the role of the protein within the

presynapse (LaRek et al., 2016).

The amyloid precursor protein is a single-pass (type 1) transmembrane glycoprotein with a
large ectodomain and a shorter intracellular tail at the C-terminus (Sosa et al., 2017). The APP
ectodomain consists of four main domains; two of them are rigidly folded domains (named E1 and E2)
and the other two, the acidic domain and the juxtamembrane region, are highly flexible and extended
domains which connect E1 to E2 and the E2 to the single transmembrane helix, respectively (Fig. 1.6)
(Coburger et al., 2013). The globular E1 domain consists of two subdomains; the heparin-binding
domain (HBD) (also called the growth-factor-like-domain, GFLD) which has been implicated in neurite
outgrowth and the copper/metal-binding domain (CuBD). The helix-rich E2 domain is also subdivided
into a heparin-binding site and metal-binding sites. It contains the RERMS amino acid sequence motif
which is known to induce cell growth and neurite extension (Jin et al., 1994). The APP intracellular
domain has significant roles as a transcription factor regulating gene expression (Miller et al., 2007),
in apoptosis (Bertrand et al., 2001) and in several other events related to the YENPTY sequence (Sosa
et al., 2017). This amino acid sequence is recognised by several adaptor proteins involved in
cytoskeletal dynamics, cell adhesion, migration, and synaptogenesis (Sosa et al., 2017; Muller et al.,

2008).
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Figure 1.6. A schematic diagram of APP structure. APP consists of a large extracellular domain, a single
transmembrane segment, and a short cytoplasmic tail. HBD, heparin-binding domain; GFLD, growth factor-like
domain; CuBD, copper binding domain; AcD, acidic domain; AICD, APP intracellular domain. (Sosa et al., 2017).

The APP gene is located on chromosome 21 and consists of 19 exons, three of which (exons
7, 8 and 15) can be alternatively spliced (De Strooper and Annaert, 2000) giving rise to at least 8
different isoforms (Bayer et al., 1999). Three isoforms (APPgss, APP;s1 and APP77) are the most
common with APPggs being the predominantly expressed isoform in the CNS (Yoshikai et al., 1990) and
APP7s; and APP;70 being expressed more ubiquitously (Yoshida et al., 2005; Wang et al., 2011). The
APPgos isoform lacks the Kunitz-type protease inhibitor (KPI) domain which exists in the other two
splice variants (APPs; and APP770), whereas APP77 contains an additional domain (the OX- 2 domain)
which is absent in the other two isoforms (Chua et al., 2013).

APP becomes post-translationally modified whilst trafficking through the secretory pathway
in the endoplasmic reticulum and Golgi apparatus, by N-glycosylation and O-glycosylation, sulphation
and phosphorylation as well as by proteolytic cleavage at the cell surface (Weidemann et al., 1989;
Walter and Haass, 2000).
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1.3.2. APP proteolysis

The amyloid precursor protein is proteolytically processed in a rapid and highly complex
manner by a range of enzymes (O'Brien and Wong, 2011; Sun et al., 2015). However, broadly speaking,
APP processing can be classified into the amyloidogenic pathway and the non-amyloidogenic
pathways (Fig. 1.7). In the former, the protein is first cleaved by B-secretase at the N-terminus of the
AB-domain (Fig. 1.7A) producing a soluble fragment (sAPP[3) and a C-terminal fragment (B-CTF or C99)
(Fig. 1.7B). This is followed by y-secretase cleavage at one of the sites between +40 and +44 (AB-
peptide numbering) which leads to the generation of intact AB-peptides, most commonly AB40 and
AP42 known to accumulate and form toxic aggregates in neurodegenerative diseases. Additionally, an
APP intracellular domain (AICD) is produced following y-secretase cleavage of B-CTF. Alternatively,
APP can undergo non-amyloidogenic processing in which an o-secretase activity (Prakasam et al.,
2010) cleaves within the AB domain (between Lysl6 and Leul7) thus producing a large soluble
ectodomain (sAPPa) and a shorter C-terminal fragment (a-CTF or C83) (Fig. 1.7C). Subsequent
cleavage of the a-CTF by y-secretase generates an N-terminally truncated version of AP called p3
which is known to be less toxic and aggregation prone than AP (Dulin et al., 2008). As with the
amyloidogenic pathway, AICD is also produced by this latter cleavage and may function as a

transcription factor (Multhaup et al., 2015).
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Figure 1.7. The proteolytic processing of the amyloid precursor protein (APP). (A) APP consisting of a large N-
terminal ectodomain, a short intracellular C-terminus and a single transmembrane segment with AB domain
coloured red and enlarged. The cleavage points of a-, - and y- secretases are also indicated with numbering
starting from the N-terminus of the A amino acid sequence. (B) Amyloidogenic processing of APP by 3- and y-
secretases generating a soluble APPJ3 fragment (sAPPJ3), intact A and APP intracellular domain (AICD). (C) Non-
amyloidogenic processing of APP by a- and y- secretase cleavage yielding soluble APPa fragment (sAPPa), N-
terminally truncated AP (p3) and AICD. CTF; C-terminal fragment. (Adapted from Thinakaran and Koo, 2008).

1.3.2.1. «-secretase

a-secretase cleavage is the predominant APP processing pathway outside the CNS and under
normal physiological conditions (Sisodia et al., 1990; De Strooper et al., 2010). The ADAM (a disintegrin
and metalloprotease) family of membrane-bound proteases are responsible for the a-secretase
cleavage of APP between Lys16 and Leul7 of the AP domain (Asai et al., 2003) and their participation
in this manner can be subdivided into constitutive and protein kinase C (PKC)-regulated o-secretase
activities (LeBlanc et al., 1998; Mills and Reiner, 1999). Constitutive oa-secretase activity is largely

attributed to ADAM10 (Lammich et al., 1999; Postina et al., 2004) while a-secretase activity mediated
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by other members of the ADAM family (including ADAM9 and ADAM17/TACE (tumour necrosis factor-
o, converting enzyme) has been linked to regulated activity (Buxbaum et al., 1998; Weskamp et al.,

2002; Koike et al., 1999).

The ADAM family of zinc metalloproteinases have a common modular domain structure (Fig.
1.8A, (Zhang et al., 2016)) and are glycoproteins consisting of distinct extracellular domains starting
with a signal peptide at the N-terminus that directs the protein to the secretory pathway. This is
followed by a pro-domain which maintains enzyme inactivity as well as acting as an intramolecular
chaperone ensuring the protein is folded into the correct tertiary structure (Edwards et al., 2008). The
pro-domain is removed in the mature protein (Roghani et al., 1999). Further domains are the catalytic
or metalloprotease domain which is a globular structure comprising two subdomains and the active
site which contains the Zinc atom (Fig. 1.8B, (Edwards et al., 2008)), a disintegrin domain (related to
their interaction with integrin receptors in cell adhesion (Bridges and Bowditch, 2005)), a cysteine-rich
domain and an epidermal growth factor-like (EGF-like) domain (Lammich et al., 1999; De Strooper et
al., 2010). Notably, ADAM10 and ADAM17 lack the EGF-like domain (Janes et al., 2005). Additionally,
there is a transmembrane domain and a cytoplasmic tail which has a role in several ADAM family
members in specifying binding sites for signal transducing proteins (Seals and Courtneidge, 2003).
Such adapter protein interaction with the cytoplasmic tail of the ADAM could impact its maturation,
trafficking, membrane localisation, interaction with cytoskeletal proteins or affect its proteolytic

activity (White et al., 2005).

There are 38 adam genes described in a variety of species, 21 of which were found in humans
(Edwards et al., 2008; Brocker et al., 2009). Several ADAMs (including ADAMs 2, 7, 18, 20, 21, 29 and
30) are primarily expressed in the testis and associated tissues (Seals and Courtneidge, 2003). Other
members (including ADAMs 8, 9, 10, 11, 12, 15, 17, 19, 22, 23, 28 and 33) are more broadly expressed

including in the central nervous system (Sagane et al., 1999; Seals and Courtneidge, 2003).
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Figure 1.8. The structure of the ADAM family of zinc metalloproteinases with focus on ADAM10.
(A) A schematic diagram of the domain organisation of the ADAM family. ADAM (a disintegrin and
metalloproteinase) general structure includes a large extracellular domain which consists of a signal peptide
followed by a pro-domain, a metalloprotease domain, a disintegrin domain, a cysteine-rich domain and an
epidermal growth factor-like (EGF-like) domain, a transmembrane region and a cytoplasmic domain. Domains
are not drawn to scale. The red dashed-line box contains the portion enlarged in the ADAM10 diagram (Panel
B). (B) The architecture of the mature ADAM10 ectodomain. The active site of ADAM10 is characterised by the
presence of a zinc atom (the grey sphere). (Adapted from Zhang et al., 2016; Seegar et al., 2017).

a-secretase cleavage occurs constitutively and can be stimulated above its constitutive levels
which is referred to as the regulated a-secretase cleavage (Lichtenthaler, 2011). Various ADAM family
members were suggested as potential constitutive a-secretases based on in vitro studies showing the
candidate protease can cleave APP-derived synthetic peptides and APP a-secretase cleavage
increased as a result of its over-expression (Lichtenthaler, 2011; Allinson et al., 2003; Deuss et al.,
2008). ADAM10, ADAM9 and ADAM17 were the most studied ADAM family members and were all
suggested as constitutive a-secretases (Koike et al., 1999; Lammich et al., 1999; Slack et al., 2001; Asai
et al., 2003). Furthermore, Tanabe et al. (2007) suggested that ADAM19 is closely associated with

constitutive a-secretase activity. This was confirmed by observing increased levels of sAPPa. when
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ADAM19 was overexpressed in HEK293 cells. Moreover, constitutive sAPPa. levels were reduced by
21% as a result of silencing ADAM19 with RNAi in human glioblastoma A172 cells (Tanabe et al., 2007).
However, the same study argued that ADAM19 may not be the main a-secretase in neurons given the
minor effect on sAPPa. levels when the protease was silenced. Also, ADAM19 was not able to cleave
isolated APP derived peptides in vitro indicating that ADAM19 might contribute to constitutive o-
secretase activity through the activation of other ADAMs (Tanabe et al., 2007). Additionally, ADAM8
was investigated as a potential o-secretase by Naus et al. (2006) who demonstrated that it could
cleave APP derived peptides in HEK cells at a similar efficacy to that of ADAM10. However, ADAMS8
cleaves APP between His14 and GIn15 (AP numbering) which is slightly different to the known a-
cleavage site (between Lys16 and Leul7 of the A domain) (Amour et al., 2002; Naus et al., 2006).
ADAM33 was also studied with regards to its a-secretase activity by Zou et al. (2004) who found that
it was able to cleave APP derived peptides. However, the later study also found that, similar to ADAMS,
ADAM33 cleaves APP at His14{ GIn15 (AP numbering) and with low efficiency indicating that it might
not be a physiologically relevant a-secretase. Moreover, in cell-based co-transfection experiments
ADAM33 acted as a negative regulator of APP shedding by decreasing levels of its secreted forms (Zou

et al., 2004).

ADAMS9 was originally thought to be responsible, at least in part, for a-secretase cleavage of
APP due to its ability to increase phorbol ester-regulated sAPPa generation when co-expressed in COS
cells (Koike et al., 1999; Hotoda et al., 2002). However, Roghani et al. (1999) showed that ADAM9 was
able to cleave an APP derived peptide at the His14{ GIn15 site withing the AP region but not at the
regular a- site (Lys16 Leul?7) cleaved by ADAM10. Moreover, hippocampal neurons derived from
ADAM9 knockout mice showed unaltered levels of APP cleavage products p3 and AB-peptides
compared to wild-type neurons arguing against a major role of this ADAM family member in
constitutive a-secretase shedding (Weskamp et al., 2002). Later studies demonstrated that ADAMO is

not directly involved in APP a-secretase shedding but instead it acts indirectly through an effect on

22



ADAM10 (Cissé et al., 2005; Parkin and Harris, 2009). Cissé et al. (2005) showed that ADAM9 was
unable to rescue sAPPo generation in fibroblasts lacking ADAM10, however, it did enhance sAPPa
production in the same cells when co-expressed with ADAM10. In fact, several studies suggest that
ADAM9 and ADAM15 are involved in the shedding of ADAM10 from the cell surface (Parkin and Harris,
2009; Cissé et al., 2005; Tousseyn et al., 2009), a process that leads to the generation of a C-terminal
fragment from ADAM10 which acts as a signal transducing molecule involved in gene regulation
(Tousseyn et al., 2009). Although, it is not clear how this process contributes to a-secretase shedding,
it is thought to eventually increases the processing of APP through the non-amyloidogenic pathway

and, therefore, enhance sAPPa production (Gough et al., 2011).

Regarding ADAM17, it was concluded that this protease is important for the regulated but not
the constitutive a-secretase cleavage given that embryonic fibroblasts derived from ADAM17
knockout mice showed deficiency in phorbol-ester regulated a-secretase activity while constitutive
APP shedding was unaffected (Buxbaum et al., 1998). Similarly, only regulated but not basal APP
secretion was affected when human primary neuron cultures were treated with an inhibitor specific
to ADAM17 (Blacker et al., 2002). On the other hand, data from several in vitro cell culture studies
suggested that ADAM17 could be involved in both constitutive and regulated a-secretase activity,
however, in a cell-type dependant manner (Slack et al., 2001; Hiraoka et al., 2007; Asai et al., 2003;
Gough et al., 2011). Furthermore, by studying the kinetics of APP cleavage by ADAM17 Mohan et al.
(2002) found that this ADAM family member cleaves TNFa (Tumour Necrosis Factor-a) much more
efficiently than other substrates including APP which is cleaved slowly and at much higher enzyme

concentrations.

In light of what was discussed in the literature regarding the roles of the various ADAMs in o-
secretase activity and by using novel reagents and methods, it was concluded that ADAM10 is the
physiologically relevant constitutive ai-secretase in primary neurons (Kuhn et al., 2010; Jorissen et al.,

2010). Using an antibody specific to the a-cleavage site Kuhn et al. (2010) found that ADAM10
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knockdown, but not ADAM9 or 17, resulted in the complete abolishment of a-secretase processing of
APP in various cell lines and in primary murine neurons and other proteases were unable to
compensate. Moreover, Jorissen et al. (2010) confirmed that a-secretase processing was severely

suppressed in neurons derived from Adam10 conditional knock-out mice.

In order to analyse the roles of the different ADAMs in a-secretase activity and to differentiate
between a-secretase and the secretases/sheddases of other membrane proteins, specific inhibitors
were designed to target their active sites. One of the early inhibitors used in this respect was
batimastat and other related hydroxamic acid-based zinc metalloprotease (ZMP) inhibitors (Parkin et
al., 2002; Parvathy et al., 1998; Gearing et al., 1994). Hydroxamic acid-based inhibitors are highly
potent ligands that bind directly to the Zn ion in the active site of the enzyme (Fischer et al., 2019;
Verma, 2012). They were originally designed as matrix metalloprotease (MMP) inhibitors, however,
having strong Zn**-chelating moieties led to them being broad spectrum inhibitors not only of MMPs
but also of members of the ADAM family of endoproteases (Vandenbroucke and Libert, 2014;
Fingleton, 2008). In fact, these compounds were the tool used originally to characterise the properties
of a-secretase cleavage (Hooper et al., 1997). Using batimastat and other related hydroxamic acid-
based ZMP inhibitors, Parvathy et al. (1998) found that these compounds were able to inhibit a-
secretase shedding of APP but not B-secretase activity which proved that a-secretase is in fact a zinc
metalloprotease. Moreover, the early finding by Sisodia (1992) that it is a requirement for APP to be
localised to the plasma membrane in order for it to be processed at the alpha cleavage site was further
confirmed by Parvathy et al. (1999) using a cell impermeable hydroxamic acid-based ZMP inhibitor
and showing that this compound was able to nearly completely inhibit sSAPPa. production, thus proving

that a-secretase is a plasma membrane-associated metalloprotease.
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1.3.2.2. B- secretase

BACE1 (beta-site APP-cleaving enzyme 1) is a transmembrane aspartyl protease and the
primary 3-secretase for the generation of AB in the brain (Cai et al., 2001). Another homologue, BACE
2, exists which shares 64% amino acid homology with BACE1 (De Strooper et al., 2010). BACE2 has
limited B-secretase activity in cells but cleaves APP more efficiently near the o-secretase cleavage site
at Phe20-Ala21 and also at Phe19-Phe20 of the A domain (Yan et al., 2001). However, unlike BACE1,
BACE?2 is not selective for APP and has a lower expression level in the brain (De Strooper et al., 2010).
Studies have also confirmed the expression of BACE1 in the neuronal retina and RPE cells (Yoshida et
al., 2005; Prakasam et al., 2010). The enzyme is active at low pH which might explain its localisation in
acidic intracellular compartments such as the trans-Golgi network and the endosomes (Vassar et al.,
1999; Kinoshita et al., 2003). It is thought that any APP escaping a-secretase cleavage at the cell
surface is reinternalized in clathrin-coated pits which fuse with endosomes containing BACE 1 and y-

secretase leading to the generation of AP (O'Brien and Wong, 2011).

1.3.2.3. Y- secretase

y-secretase is a high molecular weight complex composed of four main subunits; the
presenilins (PS1 or PS2) which form the catalytic core, nicastrin, anterior pharynx defective 1 (APH-1),
and presenilin enhancer 2 (PEN-2) (Fig. 1.9) (Zhang et al., 2014). Presenilins are multi-transmembrane
spanning proteins with nine transmembrane (TM) segments (Laudon et al., 2005). TM6 and TM7
contain two highly conserved aspartate residues which are essential to the catalytic activity of the y-
secretase complex (Wolfe et al., 1999). Mutations in PS1 and PS2 are linked to familial AD and are
associated with the aberrant cleavage of APP favouring the production of the more aggregation prone
AP42 compared to AB40 (Borchelt et al, 1996). Presenilin mutations can also increase the
amyloidogenic processing of APP by decreasing APP transport to the cell surface where non-

amyloidogenic processing occurs (Cai et al., 2003).
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The other three components of the y-secretase complex are accessory proteins which interact
with the presenilins to form an active complex. Nicastrin is a type 1 transmembrane glycoprotein
which acts as a substrate receptor within the complex by binding to the free N-terminus of previously
shed transmembrane proteins (Shah et al., 2005). In the case of APP, it binds the free N-terminus of
CTFa or CTF( after cleavage by a- or B- secretase, respectively (Zhang et al., 2014). APH-1 and PEN-2
are multi-pass transmembrane proteins (De Strooper, 2003). APH-1 is thought to form an initial
scaffolding complex with nicastrin (LaVoie et al., 2003) while PEN-2 is involved in PS1 endoproteolysis
in order to form an active heterodimer of its N- and C- terminal fragments (Luo et al., 2003) in addition

to having a role in stabilising the complex (Prokop et al., 2004).

The y-secretase complex Lumen

)

C Cytoplasm
Nicastrin

Figure 1.9. A schematic diagram of the subunits of y-secretase complex. The y-secretase complex responsible
for the cleavage of APP CTFa and CTF to generate the p3 and AP fragments respectively, is a four-subunit
aspartyl protease consisting of presenilin as its catalytic core (red dots indicate aspartate residues) alongside
nicastrin, APH-1 and PEN-2 essential accessory proteins. APH-1, anterior pharynx defective 1; PEN-2, presenilin
enhancer 2. (De Strooper et al., 2010).
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y-secretase is essential for the intramembranous cleavage of a variety of type 1
transmembrane proteins including APP, Notch, E-cadherin and tyrosinase suggesting an important
role for this secretase in several biological functions (De Strooper et al., 1999; Marambaud et al., 2002;
Wang et al., 2006; Haapasalo and Kovacs, 2011). The subunits of y-secretase are expressed in various
tissues including the retina and the RPE (Prakasam et al., 2010). y-secretase is expressed both at the
cell surface where it complements a-secretase function and in endosomes and the trans-Golgi
network where it complements B-secretase function leading to Ap production (Frykman et al., 2010;

O'Brien and Wong, 2011).

1.4. sAPPa and sAPP in cell protection and proliferation

Saitoh et al. (1989) identified growth promoting properties of secreted APP (sAPP) fragments
in fibroblasts in vitro. Other early literature demonstrated a correlation between low levels of SAPPq.
in the cerebrospinal fluid (CSF) and spatial memory defects in rats (Anderson et al., 1999). Decreased
sAPPq. levels have also been demonstrated in the CSF of patients with familial AD compared to healthy
subjects (Lannfelt et al., 1995) and this has also been shown to correlate with cognitive impairment
(Almkvist et al., 1997) suggesting an important role for this proteolytic fragment in normal memory
functioning and neuronal survival. Extensive research followed both in vitro and in vivo which found
evidence of the trophic and proliferative roles of soluble APP (Fig. 1.10) in neuronal cell cultures (Araki
et al., 1991; Caillé et al., 2004) and in non-neuronal cells where it acts as a growth or proliferative
factor in addition to having other roles in the stimulation of cell motility and migration (Pietrzik et al.,
1998; Kirfel et al., 2002; Quast et al., 2003).

Another vital role for the soluble forms of APP (sAPPa. and sAPP) lies in the regulation of
neural differentiation and neurogenesis in adults as well as during development of the nervous system
in embryonic stages (Caillé et al., 2004; Hayashi et al., 1994). In vitro treatment of human neural stem
cells (hNSCs) with high doses of sAPPa/p induced the differentiation of hNSCs into an astrocytic

lineage (Kwak et al., 2006). During development, sAPPa/B has been shown to stimulate the
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proliferation of embryonic neural stem cells (Hayashi et al., 1994; Ohsawa et al., 1999). Moreover, in
adult neurogenesis, sAPPa/p cooperates with the epidermal growth factor (EGF) to regulate the
proliferation of neural progenitor cells in the subventricular zone in mice (Caillé et al., 2004). It
stimulates the proliferation of EGF-responsive progenitors thus increasing the pool of progenitors
(Caillé et al., 2004). Acting in combination with nerve growth factor (NGF), sAPP fragments o and
stimulate neurite outgrowth in neuronal cell cultures (Milward et al., 1992). Furthermore, in vivo
studies have shown that exogenous administration of sAPPa/f or peptides encoding the trophic
domains of the protein such as a 17-mer peptide spanning APP sequence 319-335 (APPggs numbering)
or specifically the RERMS sequence (Fig. 1.10) can increase synaptic density in animal models leading
to enhanced memory function (Meziane et al., 1998; Mileusnic et al., 2004; Roch et al., 1994). Another
study by Ring et al. (2007) demonstrated that sAPPa is sufficient to rescue the behavioural and
physiological defects observed in APP knock-out mice. Moreover, the over-expression of ADAM10, the
constitutive ai-secretase in neurons, resulted in increased synaptogenesis in mice demonstrating the
neurotrophic effects of sAPPa on cortical cholinergic, glutamatergic and GABAergic presynaptic

bouton densities (Bell et al., 2008).

Numerous studies have proven a neuroprotective role for sAPPa against various insults
including ischemia (Smith-Swintosky et al., 1994), neuronal damage following traumatic brain injury
(Corrigan et al., 2012; Plummer et al., 2016), hypoglycaemia, glutamate and excitotoxic injury
(Mattson et al., 1993; Furukawa et al., 1996a), A induced oxidative injury (Goodman and Mattson,

1994), epoxomicin (a protease inhibitor) and UV irradiation (Copanaki et al., 2010).

The sAPPa fragment can also ameliorate AP production through direct modulation of BACE1
activity (Obregon et al., 2012) and reduces dendritic spine loss induced by AP oligomerisation
(Tackenberg and Nitsch, 2019). Furthermore, sAPPa can modulate specific signalling pathways to
inhibit tau phosphorylation (Deng et al., 2015) thereby affecting the two main hallmarks of AD

pathology (Habib et al., 2017).
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The afore-mentioned roles of sAPPa and sAPP( in neuroproliferation, neuroprotection,
neurogenesis, neuritogenesis and synaptic plasticity can be attributed to specific domains in the
ectodomain of the APP molecule including the growth factor-like and heparin-binding domains in E1
and the RERMS sequence in E2 (Nhan et al., 2015; Chasseigneaux and Allinquant, 2012) (Fig. 1.10).
Those domains exist in both sAPPa and sAPPf3, however sAPPa was found to be up to 100-fold more
potent than sAPPf in protecting primary hippocampal neurons against glucose deprivation, AP toxicity
and glutamate induced excitotoxicity (Barger and Harmon, 1997; Furukawa et al., 1996b). This is
explained by the presence of 16 additional amino acids at the C-terminus of sAPPa (compared to
SAPPB) which are thought to harbour part of a neuroprotective amino acid sequence residing in
residues 591-612 (APPgss numbering) (Fig. 1.10) (Barger and Harmon, 1997; Furukawa et al., 1996b).
Additionally, residues 598-611 (APPsss numbering) are involved in LTP (long-term potentiation)
enhancement and increased spatial memory performance, a property not shared by sAPP[ (Taylor et
al., 2008). On the other hand, sAPP3 and not sAPPa is part of a neuronal self-destruction pathway. It
binds death receptor 6 inducing apoptosis and axonal pruning of peripheral neurons in the absence of

growth factor (Nikolaev et al., 2009).
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APP protein (695 amino-acids)
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1 GFLD domain (28-123) % Neurotrophic domains
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Figure 1.10. A schematic diagram of the various domains of soluble APP fragments and their known functions.
Three neuroprotective domains are indicated by the purple arrows including the growth factor-like domain
(GFLD) in E1 (28 — 123), amino acid sequence (316 — 498) in E2 and the C-terminal sequence only present in
sAPPa. (591 — 612). Neurotrophic domains (red arrows) involved in neurite outgrowth include the heparin
binding site (HBS) (96 — 110) and the RERMS sequence (319 — 335). The position of the Kunitz-type protease
inhibitor (KPI) that is present in APP7s1 and APP770 isoforms is indicated. Amino acid numbering is for APPegs.
(Chasseigneaux and Allinquant, 2012).
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1.5. UV light and APP expression/proteolysis

Only a few recent studies have discussed the effects of UV light exposure on APP expression
and proteolysis. Almenar-Queralt et al. (2014) showed using mouse and human neuroblastoma SH-
SY5Y cells that UV-irradiation leads to accelerated APP processing through the stimulation of secretase
activity, particularly y-secretase. This led to disrupted APP axonal transport as a consequence of
impaired delivery of APP-containing vesicles to the synapse. These results indicated that damage-
induced APP processing as a consequence of altered protein axonal trafficking concomitantly resulted

in the failure of synaptic maintenance and neuronal damage.

Another study concerning seborrheic keratosis (SK) (an age-related skin disease)
demonstrated a relationship between UV damage and APP overexpression in the ageing skin leading
to the onset of SK (Li et al., 2018). It showed that APP expression was higher in UV-exposed skin
compared to non-exposed skin areas and APP, along with its proteolytic products, were highly

expressed in skin tissues afflicted by SK relative to paired adjacent normal skin.

Finally, Cuesta et al. (2009a) demonstrated that UV-C irradiation resulted in a p53-dependant
decrease in intracellular APP levels. Moreover, the later study showed that treatment with thyroid
hormone T3 led to the reversal of UV-induced decline in APP through a mechanism mediated by the

tumour suppressor p53.
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1.6. Glucagon like peptide-1 (GLP-1) and GLP-1 analogues

1.6.1. The GLP-1 hormonal system

Glucagon was discovered in 1923 (Kimball and Murlin, 1923) and is responsible for increasing
blood glucose concentrations (hyperglycaemia) through glycogenolysis and gluconeogenesis in the
liver (Exton and Park, 1968; Ramnanan et al., 2011). However, later studies in the 1960s and 70s found
glucagon-like material produced in the intestine derived from the glucagon precursor protein (an 18
kDa protein called proglucagon) but lacking the glucagon amino acid sequence and, therefore, having
biological functions distinct from the hyperglycaemic effects of glucagon (Unger et al., 1968; Murphy
et al., 1971; Patzelt et al., 1979). Two peptides were identified and named glucagon-like peptide 1 and
2 (GLP-1 and GLP-2) (Bell et al., 1983; Orskov et al., 1987). GLP-1 (7-36 amide; a truncated version of
GLP-1 (1-37)) was identified as the incretin hormone in humans, a hormone that stimulates insulin

secretion from the endocrine pancreas (Kreymann et al., 1987; Miller et al., 2019).

GLP-1 is an endogenous hormone secreted by intestinal cells called “L-cells” in response to
food intake (Buffa et al., 1978). It stimulates glucose-dependant insulin secretion from B-cells in the
pancreas (Meloni et al., 2013). GLP-1 has a plethora of metabolic effects on various organs resulting
in decreased food intake and enhanced gastric emptying, stimulation of pancreatic 3-cell proliferation
and survival, lowered glucagon secretion, increased sodium excretion (natriuresis) and diuresis in

addition to cardioprotective and neuroprotective effects (Miller et al., 2019) (Fig. 1.11).
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Figure 1.11. The direct and indirect effects of endogenous GLP-1 on metabolism in various tissues and organs.
GLP-1 is produced by L cells in the intestine. Its effects, however, are not limited to food metabolism and
modulating pancreatic secretion. Rather GLP-1 demonstrates direct and indirect effects on a plethora of body
tissues and organs including the kidneys, heart and brain. (Mdller et al., 2019).

GLP-1 achieves its biological function through binding to its specific receptor named GLP-1R
(Mayo et al., 2003). This is a G protein-coupled receptor consisting of seven transmembrane domains
of the Gas type which act by stimulating adenylyl cyclase and increasing intracellular cAMP levels

(Dillon et al., 1993). GLP-1R was originally found to be present in the insulin-secreting cells of the
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pancreas (Orskov and Nielsen, 1988). However, it is now known to be present in a variety of cells and
tissues including the lungs, kidneys, stomach, intestine as well as the heart, muscles and the brain
where it mediates the extra pancreatic effects of GLP-1 including neuroprotection (Wei and Mojsov,

1995; Alvarez et al., 2005; Miller et al., 2019).

Given the role played by the RPE cells in the formation of the BRB and in the pathophysiology
of diabetic retinopathy, Puddu et al. (2013) investigated the expression and function of the GLP-1 and
its receptor GLP-1R in the RPE cells. The study confirmed the expression of a functional GLP-1R in
ARPE-19 cells at both mRNA and protein level (Puddu et al., 2013). Moreover, the later study showed
that GLP-1R was able to induce signal transduction pathways downstream within the ARPE-19 cells via
the phosphorylation of protein kinase B (PKB) and extracellular signal-regulated kinases 1 and 2
(ERK1/2) which was dependant on the upstream activation of phosphatidylinositol 3-kinase (PI13K) and
epidermal growth factor receptor (EGFR) (Puddu et al., 2013). GLP-1R expression was also confirmed
in the neural retina, specifically in the RGC, and the levels of GLP-1 were shown to be decreased in the

retinas of diabetic mice (Shu et al., 2019; Hebsgaard et al., 2018).

1.6.2. GLP-1 analogues in the treatment of diabetes

Research has identified a myriad of metabolic effects of GLP-1 on various tissues and organs
(Fig 1.11). In addition to its positive effects on pancreatic B-cells and glucose-dependant insulin
stimulation which led to its great pharmacological value in the treatment of type-2 diabetes mellitus
(T2DM), GLP-1 has demonstrated protective effects in the brain against neurodegeneration (Miiller et
al., 2019). However, GLP-1 has a short half-life in plasma (1.5-5 min) (Hui et al., 2002) and,
consequently, several analogues with longer half-lives were developed and are currently on the
market for the treatment of T2DM; these include exenatide (exendin-4), liraglutide, lixisenatide,

albiglutide and dulaglutide (Hinnen, 2017).
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1.6.2.1. Exendin-4

Exendin-4 was the first FDA approved GLP-1 analogue to be used as an add-on therapy for
type 2 diabetes (Park, 2016; Perazella and Shirali, 2014). It was approved in the US in 2005 and became
available in the UK in 2007 (Krentz, 2018). Exenatide is the synthetic form of exendin-4 which was
originally isolated from the venom of Heloderma suspectum, a lizard inhabitant of the Southwestern
US (Krentz, 2018). Exendin-4, the naturally occurring compound, was found to have a longer half-life
compared to the endogenous GLP-1 hormone due to its resistance to degradation by
dipeptidylpeptidase-4 (DPP-4) (Sekar et al., 2016). The drug is sold under the trade name (Byetta) and

is administered subcutaneously twice a day (Sekar et al., 2016).

1.6.2.2. Liraglutide

Liraglutide is a long-acting human GLP-1 analogue and was the second drug approved for the
treatment of T2DM in Europe in 2009 and in the United States in 2010 (Sekar et al., 2016). It is a
synthetic compound that shares 97% amino acid homology with the human GLP-1 (Sonia and Sharma,
2014). In addition to its effects on glucose-dependant insulin secretion, liraglutide was shown to
improve several disease risk factors including blood pressure, lipid profile and body weight (Sonia and
Sharma, 2014). The drug (sold under the trade name Victoza) is administered once daily as a

subcutaneous injection (Day, 2018).

1.6.2.3. Lixisenatide

Lixisenatide is a more recently approved diabetes drug which has been marketed under the
trade name Lyxumia since 2013 (Elkinson and Keating, 2013). Like liraglutide, lixisenatide is a once-
daily subcutaneously administered drug (Ratner et al., 2010). It has also been shown to have positive
effects, additional to the lowering of blood glucose, including slowing gastric emptying and reducing
body weight which are sustained even after treatment (Lorenz et al., 2013; Barnett, 2011). Lixisenatide
is better tolerated than exendin-4 and shows a lower incidence of side effects common to this class of

drugs such as nausea, vomiting, diarrhoea and hypoglycaemia (Sekar et al., 2016).

34



1.6.3. GLP-1 analogues in the treatment of neurodegenerative diseases

In vitro and in vivo studies have demonstrated neuroprotective effects related to GLP-1
receptor agonism in the context of a range of neurodegenerative conditions. In rat and human
neuronal cell cultures, GLP-1 and exendin-4 were able to enhance differentiation and neurite
outgrowth in combination with nerve growth factor (Perry et al., 2002b). In addition, both of the
former two molecules were able to protect hippocampal neuron cultures against insults characteristic
of AD including glutamate excitotoxicity and associated apoptosis (Perry et al., 2002a), iron and AB
induced-toxicity (oxidative insult) (Perry et al., 2003). It has also been shown that GLP-1 analogues can
shift APP processing towards the non-amyloidogenic pathway possibly by enhancing ADAM10

maturation and activity (Ohtake et al., 2014).

Huntington’s disease is a neurodegenerative disease in which mutant huntingtin (HTT) protein
accumulates forming toxic aggregates which impair autophagy and protein clearance mechanisms
leading to oxidative stress and neuronal death. In a cell culture model of the disease, liraglutide was
shown to enhance insulin sensitivity and increase cell viability (Chang et al., 2018). The positive effects
of liraglutide were found to be due to its ability to enhance antioxidant pathways leading to reduced

oxidative stress as well as stimulating autophagy and clearance of HTT aggregates.

Studies on animal models have demonstrated promising results in relation to both AD and PD.
In mice, ventricular infusions of exendin-4 protected dopaminergic cells against MPTP-induced toxicity
and prevented the development of locomotor deficits characteristic of PD (Li et al., 2009). GLP-1
receptor agonists were shown to ameliorate memory and learning defects in AD mouse models by
protecting the hippocampus against neuronal and synaptic loss and preventing the disease-associated
decline in synaptic plasticity (During et al., 2003; Perry et al., 2002a; McClean et al., 2011). Liraglutide
injections into AD mice reduced AP plaques and oligomers and the number of activated microglia
whilst increasing the number of young neurons in the hippocampus (McClean et al., 2011). Currently,

only a few of these GLP-1 analogues are in clinical trials for the treatment of AD (Femminella et al.,
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2019; Gejl et al., 2016) or PD (Athauda et al., 2017; Aviles-Olmos et al., 2014; Foltynie and Aviles-
Olmos, 2014).

Finally, and of particular relevance to the current project, GLP-1 receptor activation in the
retina using the GLP-1 analogues liraglutide, lixisenatide or exenatide has been shown to demonstrate
protective effects against diabetic retinal neurodegeneration (Hernandez et al., 2016; Shu et al.,

2019).
1.7. Experimental aims in the current study

The overarching aims of the current project are to characterise the potential role of APP and
its proteolytic fragments in AMD and to determine whether there is any place for the use of GLP-1
analogues in the treatment of the disease.

Given that UV-light is a possible risk factor for AMD (Vojnikovi¢ et al., 2007; Plestina-Borjan
and Klinger-Lasi¢, 2007), it will be used as the stressor to treat human retinal pigment epithelial cells
(ARPE-19) and the effects on cell viability will be monitored whilst examining possible changes in
endogenous APP expression and proteolysis. Next the levels of APP and/or its fragments will be
manipulated using small interfering RNA (siRNA) or inhibitors of the different secretase classes. The
effects of full-length APP, sAPPa. and sAPP[3 on ARPE-19 cell viability/proliferation will also be
investigated by co-culturing these cells with HEK293 cells stably over-expressing the proteins/protein
fragments.

Finally, given the afore-mentioned neuroprotective effects of GLP-1 analogues against insults
related to neurodegeneration including A toxicity and oxidative stress, these compounds (exendin-
4, liraglutide and lixisenatide) will be tested in order to determine whether they exhibit any protective
effects in ARPE-19 cells exposed to a range of stress conditions (H,0,, A and UV treatments).

Collectively, it is hoped that such experiments will provide us with a more comprehensive
understanding of the molecular mechanisms involved in the pathology of AMD as well as providing
evidence supporting the potential use of GLP-1 analogue drugs for the treatment or prevention of
AMD.
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Materials and Methods
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2. Materials and Methods

2.1. Materials

The human retinal pigment epithelial cell line (ARPE-19) and the human neuroblastoma cell
line (SH-SY5Y) were purchased from ATCC (Teddington, UK). The human embryonic kidney cell line
(HEK 293) was generously provided by Professor David Allsop (Lancaster University, Lancaster, UK).
The production of the construct pIREShyg FL-APPsgs has been described previously (Parkin et al., 2007).
pIREShyg sAPPgssar and pIREShyg sAPPgos[3 constructs were generated by Dr. Edward Neale (Lancaster

University, Lancaster, UK).

The rabbit polyclonal anti-Amyloid Precursor Protein C-Terminal antibody (APP-CT), mouse
monoclonal anti-B-actin antibody, secondary goat anti-rabbit 1gG (whole molecule)-peroxidase
antibody and the secondary rabbit anti-mouse IgG (whole molecule)-peroxidase antibody were
purchased from Sigma-Aldrich (Gillingham, UK). The mouse monoclonal anti-B-amyloid 1-16 antibody
(clone 6E10), rabbit polyclonal anti-sAPP antibody and the mouse monoclonal anti-p53 antibody

were purchased from BioLegend (San Diego, USA).

Human B-Amyloid (1-42) peptides were purchased from GenScript (Piscataway, USA). The
selective ADAM10 inhibitor GI254023X and y-secretase inhibitor begacestat (GSI-953) were purchased
from Tocris (Bristol, UK). B-secretase inhibitor IV was purchase from Merck Millipore (Darmstadt,
Germany) and batimastat was purchased from Sigma-Aldrich (Gillingham, UK). The GLP-1 analogues
exendin-4, liraglutide and lixisenatide were produced by ChinaPeptides Co., Ltd (Shanghai, China).
DharmaFECT™ Transfection reagent and siRNAs were purchased from Dharmacon™/GE Healthcare

(Little Chalfont, UK).

Cell culture reagents were from Lonza (Basel, Switzerland) and all other laboratory reagents

were from Sigma-Aldrich (Gillingham, UK) unless otherwise stated.
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2.2. Methods

2.2.1. Cell Culture

ARPE-19 cells were cultured in Dulbecco's Modified Eagle Medium:F12 (DMEM:F12) basal
medium whilst HEK293 and SH-SY5Y cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) basal medium. All growth media were supplemented with 10% (v/v) Foetal Bovine Serum
(FBS) (Thermofisher, Waltham, USA) and a penicillin/streptomycin mixture (penicillin 50 units/ml and
streptomycin 50 units/ml). Cultures were grown at 37° Cin a 5% (v/v) CO; environment with medium

being changed every 2-3 days.

When passaging cells, spent medium was removed and replaced with 2 ml trypsin which, after
ensuring complete cell coverage, was removed and replaced with a fresh 2 ml of trypsin. The flasks
were then returned to the incubator until the cells had become detached. The cognate complete
growth medium was then added to the trypsinised cells and the cell suspension was transferred into
a 50 ml Falcon tube. Cells were then pelleted by centrifugation for 5 min at 500 g in an Allegra® X-22R
Centrifuge (Beckman Coulter, Indianapolis, USA) prior to removing the supernatant. The pellet was
then resuspended in an appropriate volume of complete growth medium as required for each

experiment and new stock flasks were also seeded as required.

For long term storage, cells were frozen in liquid nitrogen. Here, a confluent T75 cm?flask of
cells was trypsinised and pelleted as described previously and the cell pellet was resuspended in 1.5
ml of 10% (v/v) Dimethyl Sulfoxide (DMSO) in the culture growth medium appropriate for the specific
cell type. The cell suspension was then transferred into a cryovial which was kept at -80° C for at least
48 h prior to being transferred into liquid nitrogen. In order to resurrect frozen cells, vials were thawed
briefly at room temperature and the contents were then transferred into a 50 ml Falcon tube to which
20 ml of pre-warmed growth medium was added. The cells were then pelleted by centrifugation at

200 g for 3 min and the supernatant was discarded. The pellet was then routinely resuspended in 2
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ml of growth medium before seeding 1 ml of this resuspension into each of two T75 cm? flasks

containing 10 ml growth medium.

2.2.2. Cell drug treatments

Unless otherwise stated, the following treatments are described for small scale 96 well plate
cultures. Volumes were scaled up accordingly for experiments using larger cell culture flasks. Here, a
cell pellet obtained following the trypsinisation of a confluent T75 cm? flask of ARPE-19 cells (section
2.2.1.) was resuspended in growth medium (routinely 10 ml) and the cells were counted. Sufficient
additional growth medium was then added to the cells such that the required number of cells would
be achieved when 100 pl of the resuspension was added to 100 pl of growth medium (200 ul total) in
the wells of a 96 well culture plate. The cells were then cultured until they reached confluence. Unless
otherwise stated, the spent medium was then removed from the cells and they were washed in situ
with 200 pl of UltraMEM before replacing this with a second 200 pl aliquot of the same medium to

which test compounds were added as described below.

2.2.2.1. Hydrogen peroxide (H20,)

The 30 % (v/v) H,0, stock (Fisher Bioreagents, Loughborough, UK) (11.33 ul) was diluted with
5 ml of distilled water to give solution A. Adding 5 pl of solution A to 200 pl of medium on cells resulted
in a final H,0, concentration of 500 uM. Lower H,0; culture concentrations were achieved simply by
diluting solution A with the required volume of distilled water before adding 5 pl of each of these
secondary dilutions to the cells. All solutions were filter-sterilised under aseptic conditions before

addition to cell cultures.

2.2.2.2, GLP-1 analogues

All GLP-1 analogue stock solutions were prepared aseptically using filter -sterilized solutions.
Exendin-4 (MW = 4186.6), provided as 1 mg of solid, was dissolved in 29.86 ml of 0.1 % (w/v) Bovine

Serum Albumin (BSA) (Fisher Bioreagents, Loughborough, UK) to produce an 8 uM stock solution
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which was aliquoted out and stored at -80° C. When required, 5ul of this solution was added to 200
ul of medium on cells in order to give a final drug concentration of approximately 200 nM.
Liraglutide (MW = 3751.202) was purchased as a 5 mg solid and dissolved in 16.66 ml of 0.1
% (w/v) BSA. This 80 uM stock solution was then aliquoted and frozen at -80° C. When required, an
aliquot of the stock solution was diluted 10-fold with 0.1% (w/v) BSA and 5 pl of this secondary dilution
was added to 200 pul of medium on cells in order to give a final drug concentration of approximately

200 nM.

Similarly, lixisenatide (MW = 4858) (5 mg) was dissolved in 12.91 ml of 0.1 % (w/v) BSA to
achieve an 80 puM stock which was aliquoted and frozen. When required, an aliquot of the stock
solution was diluted 10-fold with 0.1% (w/v) BSA and 5 pl of this secondary dilution was added to 200

pl of medium on cells in order to give a final drug concentration of approximately 200 nM.

Lower experimental concentrations of the GLP-1 analogues were achieved by serially diluting

the secondary dilutions described above using 0.1% (w/v) BSA before adding to the cells.

2.2.2.3. Secretase inhibitors

The ADAM10 inhibitor, GI1254023X (MW = 391.50), stock was prepared by dissolving 1 mg in
25.511 ml DMSO. The B-secretase inhibitor IV (MW = 578.72) stock was prepared by dissolving 1 mg
in 17.3 ml DMSO and the gamma-secretase inhibitor, begacestat (MW =391.74), stock was prepared
by dissolving 1 mg in 25.527 ml DMSO. Batimastat (MW 477.64) stock was prepared by dissolving 10
mg in 2.09 ml of DMSO. All stocks were aliquoted out and stored at -20° C. The stocks were diluted
accordingly with DMSO such that adding 2 pul of these dilutions to 200 pl of culture medium yielded

the required final inhibitor concentrations.

2.2.2.4, B-Amyloid (1-42) synthetic peptides
The supplied AP (1-42) peptide (0.5 mg) was dissolved in 22.15 pl of DMSO to generate a

stock solution which was aliquoted and stored at -80° C. The addition of 2 ul of this solution to 200
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ul of cell culture medium gave a 50 uM final concentration. Lower peptide concentrations (0-40 uM)

were achieved by diluting the stock solution with DMSO before adding 2l of the dilutions to cells.

2.2.3. UV-A treatment of cells

ARPE-19 cells (T25 cm? flasks) were grown to the required level of confluence before serum
starving them for 6 h in UltraMEM. The UltraMEM was then removed and the cells were washed in
situ with 10 ml of phenol red-free DMEM (Thermofisher, Waltham, USA) before adding a fresh 8 ml of
the same medium. The cells were then exposed to UV-A for the required length of time. UV-A
irradiation was provided by six Phillips TLR 36W tubes (Starna Ltd, Romford, UK) and cells were at a
distance of 8 cm away from the light source. Flasks of cells were covered with Mylar film to block any
contaminating wavelengths of the UV-B and UV-C spectrum (McFeat et al.,, 2013). The measured
output from the UV-A light source at the experiment conditions and settings was 46 Wm™. At 50, 75
, 100 and 125 min exposure UV dosage was calculated as 105, 158, 210 and 263 kim™ respectively.
During irradiation, the flasks were placed on custom size copper plates positioned on a water-cooled
base which kept the temperature during irradiation relatively constant (in the range of 20-25° C).
Following irradiation the cells were transferred back into UltraMEM (10 ml) and incubated at 37° Cin
5 % (v/v) CO; for an 18 h post-irradiation recovery period.

2.2.4. MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophnnnmnnnenyl)-2H-tetrazolium) cell viability assay

Following cell treatments, the spent culture medium was removed and the cells were rinsed
with 200l of UltraMEM. This was then replaced with a fresh 100 pl of UltraMEM to which 20 pl of
Cell Titer 96®Aqueous One Solution Cell Proliferation Assay MTS reagent (Promega, Madison, USA)
was added. Blanks were always included consisting of medium only wells with 20 pl of the MTS
reagent. The microtiter plate was covered with foil and incubated at 37° C for 20 min (or until suitable
colour development occurred) with occasional mixing by tapping the plate every 2-3 min. Absorbance

was measured at 490nm using a Perkin Elmer Wallac Victor? Microplate Reader (Ramsey, USA).
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2.2.5. Trypan Blue Assay

ARPE-19 cells were trypsinised and pelleted as described in section 2.2.1. and the cell pellet
was resuspended in 5 ml of Phosphate Buffered Saline (PBS; 150 mM NaCl, 2 mM NaH,P04 and 20 mM
Na,HPO, at pH 7.4). 20 pl of this cell suspension was transferred into an Eppendorf tube and mixed
with a 20 pl of Trypan Blue. Following a 2 min incubation, 20 pl of the mixture was transferred into a
haemocytometer and cells were counted in each of the nine grid squares under light microscope. Cell
counts were averaged to find the number of cells in a volume of 0.1 pl. This was multiplied by 400 to
find the cell count in the original 20 pl cell suspension sample taking into account the 1:1 dilution with
Trypan Blue. Finally, the resulting number was multiplied by 250 to reveal the number of cells in the
original 5 ml suspension. Once cell counts had been performed, the cell suspensions were centrifuged
again at 500 rpm for 5 min and the supernatant PBS was discarded. The remaining cell pellets were

frozen at -80° C pending preparation of cell lysate samples.

2.2.6. Harvesting and processing conditioned cell culture medium

Conditioned UltraMEM from cell cultures was collected and frozen at -80° C pending
concentration. Once thawed, these samples (10 ml) were centrifuged at 3000 rpm in a Hettich Rotanta
460R centrifuge (Tuttlingen, Germany) for 5 min at 4° C to pellet any cell debris. A total of 8 ml of the
supernatant was then transferred into a 10 kDa cut-off centrifugal concentrator (Millipore, Watford,
UK) which had previously been equilibrated by spinning through 4 ml of distilled water for 10 min at
4000 rpm. The samples were then centrifuged at 3500 rpm until the volume was concentrated down
to 250 pl. If the volume was accidently decreased further, the sample was diluted back to 250 pl using
the filtrate that had already passed through the filter. The concentrated samples were then
transferred to eppendorfs using a syringe and needle and frozen at -80° C pending Western blot

analysis.
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2.2.7. Harvesting cells and preparation of cell lysates

After removing the conditioned culture medium (see above), cells were rinsed with 10 ml of
PBS which was then replaced with a fresh 10 ml of PBS. Cells were scraped from the base of the flask
into the PBS using a cell scraper ensuring all cells were dislodged effectively. The cell suspension was
then transferred to a 50 ml Falcon tube and the culture flask was rinsed with another 10 ml of PBS to
collect residual cells; this was then combined in the same Falcon tube. Cell suspensions were
centrifuged at 1000 rpm and 4° C for 5 min (Hettich Rotanta 460R centrifuge) before discarding the
supernatants and freezing the cell pellets at -80° C until required to prepare cell lysates. In order to
prepare lysates, the cell pellets were thawed and resuspended in 750 pl (ARPE-19 cells) or 1.5 ml (SH-
SY5Y and HEK293 cells) of lysis buffer (50 mM Tris, 150 mM NaCl, 1% (v/v) IGEPAL, 0.1 % (w/v) sodium
deoxycholate, and 5 mM EDTA, pH 7.4 ) containing protease inhibitor cocktail (Sigma-Aldrich,
Gillingham, UK) or protease and phosphatase inhibitor cocktail (Thermofisher, Waltham, USA) at a
ratio of 1:100 (inhibitor cocktail : lysis buffer). Samples were then sonicated on half power for 30
seconds using a probe sonicator (MSE, Crawley, UK). The sonicated samples were transferred into
eppendorf tubes and centrifuged at 11,600 g for 10 min to pellet any insoluble material. Leaving the
pellet undisturbed, all but the final 50 ul of the supernatant was transferred into a fresh eppendorf
tube. Lysate protein concentrations were assayed using the bicinchoninic acid (BCA) protein assay
(section. 2.2.8) and protein concentrations were equalised across different samples before freezing

them in 50-100 pl aliquots at -80° C pending further analysis.

2.2.8. Bicinchoninic acid (BCA) protein assay

Bovine serum albumin (BSA) protein standards were prepared at 0, 0.2, 0.4, 0.6, 0.8 and 1
mg/ml. The standards (10 pl) and lysate samples (10 pl for ARPE-19 and 3 pl for SH-SY5Y and HEK293)
were pipetted in duplicate into the wells of a 96-well microtiter plate. A working reagent consisting of
BCA reagent (Pierce, Rockford, USA) and 4% (w/v) CuS0O4.5H,0 (50:1, v/v) was prepared and 200 pl

was added to all wells containing standards and samples. Samples and the working reagent were
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mixed by gentle tapping of the plate before a 30 min incubation period at 37° C. Absorbance was

measured at 562 nm using a Perkin Elmer Wallac Victor? Microplate Reader (Ramsey, USA).

After taking the average of the duplicate readings, a standard curve was produced using the
values of the BSA protein standards and the protein concentrations in the lysate samples were
extrapolated using the resultant regression equation. Samples were then equalised in terms of protein

concentrations by adding lysis buffer to the more concentrated samples.

2.2.9. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was performed using 7-17 % and 5-20 % acrylamide gradient gels. Resolving gel
solutions (Tables 2.1 and 2.2) were made up and the gels were poured using a gradient mixer. Once
poured, the gels were covered with a thin layer of isopropanol to facilitate polymerisation and left to
set for 30 min. The isopropanol was then removed and the stacking gel (Table. 2.3) was poured before

immediately inserting the comb and leaving to set for a further 30 min.

Samples and low molecular weight markers (GE Healthcare, Little Chalfont, UK) were
prepared by diluting 2:1 (v/v) with dissociation buffer (3.5 ml of 1 M Tris-HCI pH 6.8, 2.5 g SDS, 0.3085
g dithiothreitol (DTT), 5 ml glycerol, few drops of 0.5% (w/v) bromophenol blue solution, and dH,0 to
make up to 25 ml) and boiling for 3 min. Gels were run in Tris/Glycine/SDS running buffer (supplied as
10x buffer containing 0.25 M Tris base, 1.92 M glycine, and 1% (w/v) SDS; Geneflow Ltd, Lichfield, UK)

at 35 mA per gel for 45 min or until the dye front reached the base of the gel.

Table. 2.1. Components of 7-17 % acrylamide resolving gels.

Component 7% 17%
Sucrose - 037g
Distilled H,O 1.36 ml -
1 M Tris-HCI, pH 8.8 1.39ml 1.39ml
10% (w/v) SDS 37 ul 37 ul
30% acrylamide bis-acrylamide 0.88 ml 2.1
stock solution (Severn Biotech
Ltd, Kidderminster, UK)
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1.5% (w/v) ammonium 100ul 220ul
persulphate
N,N,N’,N’-
Tetramethylethylenediamine 3ul 3ul
(TEMED)
Table. 2.2. Components of 5-20 % acrylamide resolving gel.
Component 5% 20%
Sucrose - 037g
Distilled H,0 1.64 ml -
1 M Tris-HCl, pH 8.8 1.39 ml -
1.5 M Tris-HCI, pH 8.8 - 0.93 ml
10% (w/v) SDS 37 ul 37 ul
30% acrylamide bis-acrylamide 0.63 ml 2.5ml
1.5% (w/v) ammonium 71 220 ul
persulphate
N,N,N’,N’-
Tetramethylethylenediamine 3ul 3ul
(TEMED)

Table. 2.3. Components of the stacking gel.

(TEMED)

Component Volume
30% acrylamide bis-acrylamide 1ml
1 M Tris-HCI, pH 6.8 1.25 ml
Distilled H,O 7.65 ml
1.5% (w/v) ammonium persulphate 0.5 ml
10% (w/v) SDS 100 pl
N,N,N’,N’-Tetramethylethylenediamine 10 wl

2.2.10. Immunoblotting (Western Blotting)

Proteins resolved by SDS-PAGE were transferred to Immobilon-P polyvinylidene fluoride
(PVDF) membrane (Merck Millipore, Darmstadt, Germany) by wet blotting. The membrane was first
equilibrated by submerging in methanol for 10 sec, distilled water for 2 min and then in Towbin
transfer buffer (20 mM Tris, 150 mM Glycine, methanol 20% (v/v) in dH>0) for 20 min. Resolving gels
were equilibrated briefly in transfer buffer for a maximum of 5 min before assembling the transfer

sandwich which consisted of 4x blotting papers, gel, PVDF membrane and another 4x blotting papers
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in a blotting cassette. All components of the transfer sandwich were equilibrated in transfer buffer
and then proteins were wet-blotted at 115V for 1 h. Following transfer, the gel was discarded and the
PVDF membrane was washed for 5 min with PBS before blocking for 1 h at room temperature in 5%
(w/v) semi-skimmed milk in PBS containing 0.1% (v/v) Tween-20 (PBS-Tween) on a shaking platform.
The membrane was then washed in PBS for 5 min before adding the primary antibody (Table. 2.4) and
incubating overnight in a Falcon tube on a spiramix at 4° C (except for the anti B-actin antibody where
the membranes were incubated for 2 h at RT). The primary antibody was then discarded and the
membranes were rinsed for 1x 1 min and 2x 15min in PBS-Tween on a shaking platform. This was
followed by incubation with the horse radish peroxidase (HRP)-conjugated secondary antibody (Table.
2.4) for 1 h at RT. All antibodies were dissolved in PBS + 0.1% (v/v) Tween-20 containing 2% (w/v) BSA.

Finally, the membranes were rinsed for 1x 1 min and 2x 15 min with PBS prior to developing the blots.

Table. 2.4. Primary and secondary antibodies used and their concentrations.

Primary antibody Dilution (v/v) Secondary antibody Dilution (v/v)
Rabbit polyclonal anti- 1/5000 Goat anti-rabbit-HRP 1/4000
APP-CT
Mouse monoclonal 1/4000 Rabbit anti-mouse- 1/4000
anti-p53 HRP
Mouse monoclonal; 1/5000 Rabbit anti-mouse- 1/4000
anti-B-actin HRP
Mouse monoclonal 1/4000 Rabbit anti-mouse- 1/4000
anti-B-amyloid 1-16 HRP
antibody (clone 6E10)
Rabbit polyclonal anti- 1/1000 Goat anti-rabbit-HRP 1/4000
SAPPB

In the darkroom, the PVDF membranes were then incubated for 2 min with 6 ml (3 ml of each
solution supplied) of enhanced chemiluminescence (ECL) western blotting substrate (Pierce, Rockford,
USA) with manual shaking. They were then placed between two acetate films and exposed to X-ray
films in a developing cassette for variable exposure time periods depending on the antibody used. X-

ray films were then developed manually.
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Western blots were analysed by calculating the area of protein bands on the X-ray films using
image J software. Cell lysate samples were equalised using BCA assay (section 2.2.8) before performing
electrophoresis and western blotting. Equal amounts of protein were also confirmed by checking the
actin blots by naked eye. Media samples were equalised by concentrating samples to equal volumes

of 250 pl and results were corrected to account for observed changes in cell viability.

For the quantification of FL-APP blots, the areas of both mature and immature protein bands
were combined and represented in the bar charts. This is because, depending on protein separation
quality, it was not always possible to separate the two bands and calculate their areas separately. The
acrylamide gels used were also unable to resolve individual CTFs of the a- and B-secretase cleavage.
Moreover, smaller peptides such as AP species were not picked up on the 6E10 blot (used to blot
media samples) as AP peptide (4 kDa) is below the detection ability of the acrylamide gradient gels
utilised in the current study. Note that only 6E10 antibody can recognise the AP sequence (1-16).
Furthermore, given that 10 kDa filters were used to concentrate media samples, it is most likely that

AP peptides were filtered out.

2.2.11. Amido Black staining of membranes

After development, the PVDF membranes were removed from the acetate film and stained
with Amido Black stain (0.1% (w/v) Amido Black, 1% (v/v) acetic acid, 40% (v/v) methanol in dH,0) by
submerging the membranes in the solution for 2 min until protein bands became visible. Membranes

were then rinsed under tap water to remove excess stain and left to air-dry.

2.2.12. APP depletion using siRNA transfection

Endogenous APP was depleted in ARPE-19 cells using siRNA purchased from Dharmacon (Little

Chalfont, UK ):

Control/scramble siRNA: D-001810-10-05, ON-TARGETplus Non-targeting Pool, 5 nmol

APP siRNA: LQ-003731-00-0002, ON-TARGETplus Human APP (351) siRNA, set of four 2 nmol siRNA

quantities.
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The non-targeting (scramble) siRNA (5 nmol) was resuspended in 1 ml of RNase-free water
and the APP siRNA (8 nmol total amount) was resuspended in 1.6 ml of RNase-free water to prepare

5 uM siRNA stock solutions which were aliquoted and stored at -20° C.

The required volume of siRNA (see individual figures) was then diluted to a total of 200 ul with
UltraMEM in one Falcon tube whilst, in another, DharmaFECT transfection reagent (0.25 pl, unless
otherwise stated) (Dharmacon Little Chalfont, UK) was diluted in UltraMEM to a total of 200 pl. The
two solutions were incubated for 15 min at RT before combining them, mixing thoroughly by pipetting,
and incubating for a further 20 min at RT. The combined sample (400 ul) was then made up to 2 ml

with complete growth medium (DMEM:F12 + 10% (v/v) FCS) lacking antibiotics.

Cells were grown to 70 % confluence in 96-well plates and the spent medium was removed
and replaced with 100 ul of the transfection mixture described above. Following a 24 h incubation,
the transfection mixture was replaced with 200 pl of complete growth medium (containing

antibiotics) in which cells were incubated for a further 72 h.

For larger scale cultures, volumes were scaled up accordingly.

2.2.13. Bacterial transformation

Competent XL-1 Blue E. coli cells (Stratagene, California, USA) were aliquoted out into 20 pl
volumes in Eppendorf tubes on ice and 3-mercaptoethanol (0.4 ul) was added to each tube before
incubating on ice for 10 min swirling gently every 2 min. DNA (1pul) was added and the cells were
incubated on ice for a further 30 min. The plasmids used consisted of the pIREShyg mammalian
expression vector (Clontech Takara, Saint-Germain-en-Laye, France) containing coding DNA
sequences corresponding to human FL-APPgss, SAPPsgsa. or SAPPgosf. After the 30 min incubation on
ice, cells were heat shocked at 42° C for 45 sec then allowed to cool on ice for 2 min before adding 0.9
ml of liquid Luria Broth (LB) (Melford Ltd, Ipswich, UK) prewarmed to 37°C. The cells were then
incubated for 30 min at RT with mixing on a carousel before centrifuging for 10 min at 2000 rpm in a
bench-top microcentrifuge. 800 pl of the supernatant was discarded and the cells were resuspended
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in the remaining 100 pl of liquid. The transformed cells were then plated onto antibiotic-containing
agar plates and incubated overnight at 37° C. Agar plates were prepared by adding 7.5 g of agar to
500 ml LB broth. This was autoclaved and allowed to cool to 45° C for 1 h prior to adding 500 ul of 100
mg/ml filter-sterilised ampicillin. Plates were poured and left to set for at least 10 min at RT before

plating the transformed bacteria.

2.2.14. Bacterial suspension cultures

Bacterial mini-cultures were grown by stabbing single colonies from the agar plate with a
sterile pipette tip and inoculating 3 ml of LB broth containing 3 pl of filter-sterilised ampicillin. Cultures
were grown overnight at 37° C in a BioSan Shaker-Incubator ES-20 at 250 rpm (Berlin, Germany).
Bacterial midi-cultures were produced by inoculating 50 ml of LB broth (containing 50 pl ampicillin
(100 mg/ml)) with 500 pl of mini-culture. Cultures were incubated overnight at 37° C in the bench top

shaker-incubator.

2.2.15. DNA preparation

Bacterial midi-cultures were centrifuged for 20 min at 7300 rpm and 4° C using a JLA 25.50
rotor (Beckman Coulter, Indianapolis, USA). The supernatant was discarded and cell pellets were
stored at -20° C for at least 24 h before use. Plasmid DNA purification was carried out using QIAGEN
Plasmid Midi Kits (Hilden, Germany) following the manufacturer’s protocol. Finally, the DNA pellet was
re-dissolved in 250 ul of filter-sterilised dH,O and quantified using a NanoDrop spectrophotometer

(Thermo Fisher Scientific, Waltham, USA).

2.2.16. Plasmid linearization and DNA precipitation

Restriction enzyme digest mixture (Table. 2.5) was prepared for each plasmid and samples
were incubated overnight at 37° C. The DNA was then precipitated by adding 1/10 volume of filter-
sterilised 3 M sodium acetate, pH 5.2 to the 50 pul digested DNA. This was followed by the addition of
two volumes of cold absolute ethanol, mixing and incubating at -20° C for 1 h. DNA samples were then

centrifuged for 20 min at 14 000 rpm (4° C) in a benchtop microcentrifuge. The supernatant was
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removed and 300 pl of cold 80 % (v/v) ethanol was added to the DNA pellet without resuspending.
The DNA was then centrifuged again for 5 min under the same conditions. The supernatant was

removed and the DNA was resuspended in 30 pl of sterile dH,0 in a sterile flow hood.

Table. 2.5. Components of restriction enzyme digest solutions.

Ingredient Quantity
DNA 10 ug
Restriction enzyme (Ahd1) 0.5 ul
Acetylated BSA (10 ug/ul stock) 0.5 ul
10x restriction enzyme buffer 5ul
dH,0 (filter-sterilized) To make the volume up to 50 pl.

2.2.17. Stable transfection of mammalian cells

HEK293 cells were grown to confluence in T75 cm? flasks, harvested by trypsinisation (section
2.2.1) and the cell pellet was resuspended in 0.8 ml of complete growth medium. The 30 ul of
previously linearized plasmid (section 2.2.16) was added to a 2 mm electroporation cuvette (Gene
Pulser®/MicroPulser™ 0.4 cm gap; Bio-rad, Deeside, UK) to which the resuspended cells were
transferred and mixed well with the DNA. Cells were stably transfected by electroporation in the ECM
630 electroporator (square wave, 120V, 25 ms, 2 mm path width; Bio-rad, Deeside, UK). Transfected
cells were resuspended in 5 ml of complete growth medium prior to transferring them into another
10 ml of DMEM in a T75 cm? flask. A selection control flask with electroporated cells (but no plasmid)
was also produced. The growth medium was replaced the following morning with a fresh 10 ml of the
same medium. Once the cells reached approximately 60% confluence, 30 ul of the selection antibiotic
hygromycin B (provided as a 50 mg/ml stock in PBS; Thermo Fisher Scientific, Waltham, USA) was
added to the medium. The cells were then cultured as previously described (section 2.2.1) in the
presence of antibiotic until all of the selection control cells had died. At this point the surviving
transfected cells were split into two flasks and cultured once more in the presence of antibiotic until
confluent. The successfully transfected cells were then either frozen in liquid nitrogen (section 2.2.1)

or used for further experiments.
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2.2.18. Co-culture of ARPE-19 and HEK293 cells

A transwell system consisting of a 24-well plate and ThinCert™ Cell Culture Inserts was
purchased from Greiner Bio One (Stonehouse, UK). HEK293 cells were grown in the inserts (0.1-1.15
ml total medium volume) and ARPE-19 cells were seeded into the basal wells of the system (1.2 ml
total medium volume). Both cell types were cultured in DMEM:F12 complete growth medium at the
indicated volumes for 7 days before discarding the inserts and collecting ARPE-19 cells by
trypsinisation (120 pl of trypsin added to each well). The trypsin was neutralized by the addition of 1.2
ml of growth medium and cells were pelleted in 1.5 ml Eppendorf tubes centrifuged at low speed
(1500 rpm) for 5 min in a bench-top microcentrifuge. Cell pellets were resuspended in 360 ul of PBS
and cell viability was determined using the Trypan blue assay (section 2.2.5) taking into account the

volume differences compared to T25 cm? flasks.

2.2.19. Statistical analysis

Statistical analysis was conducted using IBM SPSS statistics software (version 28). Normal
distribution was confirmed for the data using Shapiro Wilk’s test then a Student’s t-test or Welch's t-
test was used for comparing two sets of data depends on the equality of variances (Levene’s F-test)
result. For comparing multiple groups of data, ANOVA and Tukey or Games-Howell post-hoc analysis
were conducted (also depends on the equality of variances (Levene’s F-test) result). Error bars
represent the means * standard deviation (SD). Figures show a representative immunoblot and the
number of replicates and significance level for each experiment is indicated in the relevant figure

legends. The n number represents sample replicates in the same experiment.
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Chapter 3

Optimisation of the effects of UV-A on APP processing and
viability in ARPE19 cells
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3. Optimisation of the effects of UV-A on APP processing and viability in
ARPE-19 cells

Although several protective mechanisms exist to block UV from reaching the retina including
the cornea and the lens, a proportion of UV-A light (315-400nm) is still able to penetrate the retina
and cause photochemical damage (Roberts, 2001; Glickman, 2011). Studies have shown an association
between the severity of light exposure and the development and exacerbation of multiple age-related
ocular diseases including AMD (Chalam et al., 2011; Roberts, 2011). The specific mechanisms leading
to AMD are largely unknown. However, the pathology of the disease involves degeneration of the
retinal photoreceptors, RPE and Bruch’s membrane (Ding et al., 2009). One of the main characteristics
of AMD is the formation and accumulation of subretinal pigment epithelial deposits named “drusen”
which contain amyloid beta (generated from the amyloid precursor protein) as a major constituent

(Ratnayaka et al., 2015).

In the current study, we sought to determine the effects of UV-A light on the viability of human
retinal pigment epithelial cells (ARPE-19) and to examine possible links to APP expression and
proteolysis. Given the established link between UV light exposure and p53 levels (Ayala et al., 2007,
Latonen and Laiho, 2005; McFeat et al., 2013) and the links between this latter protein and APP
expression (Cuesta et al., 2009b; Buizza et al., 2013) we also examined any concomitant effects of UV-
A on p53 levels in ARPE-19 cells. Furthermore, later experiments would examine any potentially
protective effects of GLP-1 mimetics against UV-A in this cell line. As such it was essential that we
determined an appropriate UV-A dosage that could be used to achieve significant but not total cell

death.
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3.1. Optimisation of UV-A effects on cell viability

Initially UV dosage effects on cell viability were examined with subsequent experiments using
GLP-1 mimetics in mind. Previous publications have incorporated a pre-treatment period with GLP-1
mimetics in serum-free medium prior to stress exposure (Sharma et al., 2014; Panagaki et al., 2017).
The induction of apoptosis and the associated effects of UV light on cell counts have also commonly
been examined following a suitable recovery period following treatment (Gao and Talalay, 2004; Chou
et al., 2018). As such, the initial experiment conducted in the current study involved pre-incubating
ARPE-19 cells for 6 h in UltraMEM before exchanging this for phenol red-free medium (to mitigate any
UV absorption effects of phenol red) for various timed exposures to UV-A. The cells were then
transferred into fresh UltraMEM for an 18 h recovery period prior to determining cell viability using
Trypan blue counts as described in the Materials and Methods section. Note that 80% confluent cells
were employed initially such that they would still be actively dividing during the extended treatment

periods (Youn et al., 2011).

The results (Fig. 3.1.) demonstrated that 50 min exposure of ARPE-19 cells to UV-A irradiation
induced a moderate but significant decrease in viable cell count by 32.1 + 2.0 % relative to the control
cell cultures. However, longer UV-A treatment times of 75, 100 and 125 min led to dramatic decreases
in the number of viable cells by 79.8 + 4.0, 99.8 £ 0.3 and 100 * 0 % respectively, relative to controls.
Therefore, 50 min was chosen as the optimum UV-A treatment time to be used in the subsequent UV

experiments.
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Figure 3.1. Trypan blue viable cell counts following UV-A irradiation of 80% confluent ARPE-19 cells and a
subsequent 18 h post-irradiation recovery period. 725 cm? flasks of 80% confluent cells were preincubated for
6 h in UltraMEM and then transferred into phenol red-free DMEM during UV exposure for the indicated times.
The cells were then transferred into UltraMEM for an 18 h recovery period. Viable cell numbers were then
determined using the Trypan blue assay as described in the Materials and Methods. Results are expressed as a
percentage of no UV exposure control cell cultures and are means + S.D. (n=3). ***, p<0.001.

3.2. The effects of UV-A light on p53 levels

Given the previously established links between UV-A exposure and apoptosis (Ayala et al,.
2007; Latonen & Laiho, 2005) and the links between p53 and APP expression (Cuesta et al., 2009;
Buizza et al.,, 2013) the relationship between UV-A light exposure and p53 protein levels was
investigated in the current study. As such, lysates from ARPE-19 cells treated for 50 min with UV-A
light were prepared and equal amounts of proteins were resolved by SDS-PAGE and immunoblotted

using an anti-p53 antibody (see Materials and Methods). The results (Fig. 3.2.) showed a trend towards
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an increase in p53 levels following UV exposure. However, the level of increase of 78.0 + 58.5 % was

highly variable between different samples and therefore it was statistically insignificant.
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Figure 3.2. p53 levels following 50 min UV-A irradiation of 80% confluent ARPE-19 cells and a subsequent 18
h post-irradiation recovery period. T25 cm? flasks of 80% confluent cells were preincubated for 6 h in UltraMEM
and then transferred into phenol red-free DMEM during UV exposure for 50 min. The cells were then transferred
into UltraMEM for an 18 h recovery period. Cell lysates were then prepared and proteins were resolved by SDS-
PAGE and immunoblotted as described in the Materials and Methods section. (A) Detection of p53 using the
anti-p53 antibody. (B) Quantification of multiple p53 immunoblots by densitometric analysis. (C) Detection of
actin using the anti-actin antibody. Results are expressed as a percentage of control cell culture p53 levels and
are means * S.D. (n=3).
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3.3. The effects of UV-A light on APP expression and proteolysis

A previous study has shown the ability of UV light to decrease APP levels in SH-SY5Y cells and
various other cell lines by accelerating its secretase-dependant processing (Almenar-Queralt et al.,
2014). Therefore, in the current study, we examined the effect of UV-A on APP expression and
proteolysis in ARPE-19 cells. As such, lysate samples from the UV-A treatments described in the
preceding section were also subjected to immunoblotting using the anti-APP C-terminal antibody (Fig.
3.3.). Various possible isoforms and maturation states of APP were detected (Fig. 3.3.A). Given that
ARPE-19 cells are not neuronal cells, it is most likely that the heavier protein band shown in (Fig. 3.3.A)
represents the mature forms of APP770 and/or APP;s; and the lighter band indicates the immature
form(s) of these isoforms. Furthermore, the absence of APPgss in ARPE-19 cells has previously been
confirmed by comparing immunoblot patterns between mock- and APPggs-transfected ARPE-19 stable
transfectants (Parkin et al. unpublished data). Notably, the APP immunoblots showed that the upper
band appeared to decrease to a greater degree than the lower band following UV-A treatment
indicating a possible increased processing of the mature protein following UV-A treatment.
Quantification of multiple immunoblots (Fig. 3.3.B) showed that FL-APP expression decreased

significantly (45.9 + 23.1 %) following UV-A treatment.
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Figure 3.3. FL-APP expression following 50 min UV-A irradiation of 80% confluent ARPE-19 cells and a
subsequent 18 h post-irradiation recovery period. T25 cm? flasks of 80% confluent cells were preincubated for
6 h in UltraMEM and then transferred into phenol red-free DMEM during UV exposure for 50 min. The cells were
then transferred into UltraMEM for an 18 h recovery period. Cell lysates were then prepared and proteins were
resolved by SDS-PAGE and immunoblotted as described in the Materials and Methods section. (A) Detection of
mature and immature forms of FL-APP using the anti-APP C-terminal antibody. (B) Quantification of multiple
APP immunoblots by densitometric analysis. (C) Detection of actin using the anti-actin antibody. Results are
expressed as a percentage of control cell cultures and are means + S.D. (n=3). *, p<0.05. Dashed lines indicate
where protein bands on the same immunoblot have been rearranged for illustrative purposes.

In order to examine the effects of UV-A irradiation on APP processing, medium samples of UV-
treated cells were concentrated and equal volumes were resolved on SDS-PAGE (Materials and

Methods). Medium samples were then immunoblotted using two different antibodies to examine the
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concentrations of both soluble fragments produced by the amyloidogenic and non-amyloidogenic

pathway.

First, the anti-APP 6E10 antibody which recognises amino acid residues 1-16 of the beta
amyloid sequence (Pirttila et al., 1994) was used in order to detect sAPPa. The results (Fig. 3.4A and
B) showed that sAPPa levels decreased significantly (28.2 + 11.0 %) following UV-A treatment.
However, when results were corrected in order to account for observed changes in cell viability (Fig.

3.4.C), sAPPa levels showed no significant difference from the control levels.

Second, medium samples were immunoblotted using the anti-sAPP[3 antibody that recognises
the beta-secretase generated fragment sAPP[. The results (Fig. 3.5A and B) revealed a significant
decline in SAPPf production (51.7 £ 9.8 %) following UV-A treatment. This decline persisted even after

taking viability results into account (37.8 + 12.9 % decrease following UV-A treatment, Fig. 3.5C).
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Figure 3.4. sAPPa production following 50 min UV-A irradiation of 80% confluent ARPE-19 cells and a
subsequent 18 h post-irradiation recovery period. T25 cm? flasks of 80% confluent cells were preincubated for
6 h in UltraMEM and then transferred into phenol red-free DMEM during UV exposure for 50 min. The cells were
then transferred into UltraMEM for an 18 h recovery period. Conditioned medium samples were concentrated
as described in the Materials and Methods section and equal volumes were resolved by SDS-PAGE and
immunoblotted (Materials and Methods). (A) Detection of sAPPa using the anti-APP 6E10 antibody. (B)
Quantification of multiple immunoblots by densitometric analysis showing uncorrected results. (C)
Quantification of multiple immunoblots by densitometric analysis showing results corrected for observed
changes in cell viability. Results are expressed as a percentage of control cell cultures and are means +S.D. (n=4).
*, p<0.05.
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Figure 3.5. sAPPf production following 50 min UV-A irradiation of 80% confluent ARPE-19 cells and a
subsequent 18 h post-irradiation recovery period. 725 cm? flasks of 80% confluent cells were preincubated for
6 hin UltraMEM and then transferred into phenol red-free DMEM during UV exposure for 50 min. The cells were
then transferred into UltraMEM for an 18 h recovery period. Conditioned medium samples were concentrated
as described in the Materials and Methods section and equal volumes were resolved by SDS-PAGE and
immunoblotted (Materials and Methods). (A) Detection of sAPPB using the anti-sAPPJ antibody. (B)
Quantification of multiple immunoblots by densitometric analysis showing uncorrected results. (C)
Quantification of multiple immunoblots by densitometric analysis showing results corrected for observed
changes in cell viability. Results are expressed as a percentage of control cell cultures and are means +S.D. (n=3).
** p<0.01; *** p<0.001. Dashed lines indicate where protein bands on the same immunoblot have been
rearranged for illustrative purposes.
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3.4. Summary

The aim of these experiments was to optimise UV-A treatment conditions in ARPE-19 cells by
firstly determining an appropriate UV dosage that would lead to significant but not total cell death.
This was essential considering subsequent experiments in which the effects of GLP-1 mimetics and
various secretase inhibitors on UV-treated cells will be examined. It was shown that treatment of 80%
confluent cells with 50 min of UV-A light reduced the viable cell count significantly by approximately
30% relative to the control cell cultures. The second aim was to study the effects of UV-A on p53 levels
and APP expression and proteolysis in these cells. p53 levels were highly variable following UV-A
exposure with a trend towards an increase. On the other hand, UV-A light lead to a significant decrease
in FL-APP expression which was accompanied by a significant reduction in the production of the
secreted APP fragment sAPP[3 but not significant for sAPPa after correcting results to account for

observed changes in cell viability.
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Chapter 4

The effects of full-length APP and its proteolytic fragments
on UV-mediated decreases in ARPE-19 cell viability
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4, The effects of full-length APP and its proteolytic fragments on UV-
mediated decreases in ARPE-19 cell viability

Full-length APP levels in ARPE-19 cell lysates were reduced following UV treatment in the
current study (see Chapter 3, Fig. 3.3) and have also previously been shown to decrease in SH-SY5Y
cells and various other cell lines following similar treatment (Almenar-Queralt et al., 2014). In the
current study, there were also some UV-mediated changes in the generation of soluble APP fragments
following UV treatment (see Chapter 3, Figs. 3.4 and 3.5) and similar decreases in soluble APP
production have previously been inferred following a decrease in cell-associated APP C-terminal
fragment levels after UV treatment (Almenar-Queralt et al., 2014). Furthermore, the soluble APP
(sAPPa) fragment generated via the non-amyloidogenic pathway is known to exert neuroprotective
and neurotrophic functions linked to growth-factor-like properties (Plummer et al., 2016; Gralle et al.,
2009; Wehner et al., 2004); properties not shared by the sAPPJ3 fragment generated via the opposing
amyloidogenic pathway (Copanaki et al., 2010).

The data outlined above raise the possibility of APP being mechanistically linked to a cellular
response to UV treatment. As such, in the current study, the effects of full-length APP and its
metabolites, sSAPPo. and sAPPJ3, on the proliferation and resistance to UV-A treatment of ARPE-19 cells

were examined.

4.1. The effects of siRNA-mediated APP depletion on ARPE-19 cell viability
following UV-A treatment

In order to explore what effects FL-APP might have on the response of ARPE-19 cells to UV-A
exposure, an siRNA protein depletion strategy was initially employed. In this respect, it was first
necessary to determine a suitable concentration of both DharmaFECT transfection reagent and APP
siRNA that did not impact significantly on cell viability whilst still significantly depleting APP

expression.
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Initially, a range of DharmaFECT concentrations (as recommended in the manufacturer’s
protocol) were applied to 70% confluent ARPE-19 cells in 96-well plates in a final volume of 100 pl.
Here, a mock transfection process lacking siRNA was performed (see Materials and Methods) such
that the final DharmaFECT concentrations added to cells were 0, 0.5, 1, 2.5 and 5 pl/ml. The cells were
then cultured for a total of 48 h and an MTS assay was subsequently performed in order to determine
cell viability (see Materials and Methods). The results (Fig. 4.1) showed that viable cell numbers
decreased by 10.6 + 6.8 % at the highest concentration of DharmaFECT (5 pl/ml). However, a similar
reduction in cell numbers was also apparent at the lowest DharmaFECT concentration of 0.5 pl/ml
(10.1 £ 3.1 %). Given that the second highest compound concentration did not yield any reductions in
cell viability even after 48 h, 2.5 pl/ml DharmaFECT was chosen as a suitable concentration to use in
subsequent transfections.

Next, the toxicity of different concentrations of APP siRNA were determined whilst the final
DharmaFECT concentration was kept constant at 2.5 ul/ml. In these experiments the preparation of
DharmaFECT:siRNA complexes was performed (see Materials and Methods) and they were
subsequently applied to 70% confluent cells for 24 h before changing the medium to complete growth
medium and culturing the cells for a further 72 h before conducting an MTS assay. Note, here that the
incubation time with DharmaFECT:siRNA complexes (24 h) was half that with DharmaFECT alone as
detailed in the preceding paragraph. As such, no toxicity from the DhramaFECT alone would be
expected. The results (Fig. 4.2.) showed that none of the siRNA concentrations resulted in any
decreases in cell viability. As such, the highest concentration of APP siRNA (37.5 nM) was employed

for future experiments in order to achieve the highest level of APP depletion.
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Figure 4.1. Cell viability following DharmaFECT treatment of ARPE-19 cell cultures. ARPE-19 cultures (70%
confluent) were treated for 48 h with the indicated concentrations of DharmaFECT in 100 pl of a mixture of
UltraMEM and DMEM:F12 media lacking antibiotics and then subjected to an MTS viability assay as described
in the Materials and Methods section. Results are expressed as a percentage of no DharmaFECT control cell

cultures and are means + S.D. (n=4). *, p<0.05.
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Figure 4.2. Cell viability following APP siRNA treatment of ARPE-19 cell cultures. ARPE-19 cultures (70%
confluent) were treated for 24 h with DharmaFECT/siRNA complexes (final DharmaFECT concentration of 2.5
pl/ml) at the indicated final siRNA concentrations in 100 pl of a mixture of UltraMEM and DMEM:F12 media
lacking antibiotics (see Materials and Methods). The medium was then replaced with fresh complete medium
(DMEM:F12) and cells were incubated a further 72 h before performing an MTS cell viability assay (Materials
and Methods). Results are expressed as a percentage of no siRNA control cell cultures and are means + S.D.
(n=6).

Cell viability (% of control)
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Having ascertained suitably non-toxic concentrations of both Dharmafect and siRNA to use
(2.5 pl/ml final DharmaFECT concentration and 37.5 nM APP-siRNA) the effects of these conditions on
APP levels and the resistance of ARPE-19 cells to UV-A irradiation were examined. In this experiment,
60% confluent T25cm? flasks of cells were employed such that they would be at 80% confluence
following the initial 48 h siRNA transfection period (24 h with the complexes on the cells followed by
a further 24 h after complex removal and replacement with complete growth medium). Medium was
then exchanged for phenol red-free DMEM while cells were subjected to 50 min UV-A exposure (see
Materials and Methods). The medium was then exchanged again for UltraMEM and the cells were
cultured for an 18 h recovery period prior to determining cell viability using Trypan blue counts as
described in the Materials and Methods section. Note that the incubation period was a total of
approximately 24 h shorter than in the preceding experiment (Fig. 4.2) so should not have resulted in
any appreciable toxicity from DharmaFECT:siRNA complexes alone. The results (Fig. 4.3.) revealed that
UV treatment for 50 min caused a significant decrease in viable cell counts (by 25.4 + 2.2 %) as seen
previously (see Chapter 3, Fig. 3.1). The depletion of APP using siRNA did not affect the viability of cells
without UV-A treatment. However, interestingly, depleting APP seemed to increase the resistance of

cells to UV-A treatment restoring viability to 94.2 + 4.1 % that of the control cultures.
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Figure 4.3. Viable cell numbers of ARPE-19 cell cultures following APP siRNA treatment combined with 50 min
UV-A irradiation. T25 cm? flasks of 60% confluent cells were treated for 24 h with DharmaFECT/siRNA complexes
(final DharmaFECT concentration of 2.5 pl/ml) and either APP or scramble siRNA at 37.5 nM (see Materials and
Methods) in a mixture of UltraMEM and DMEM:F12 media lacking antibiotics. The medium was then replaced
with fresh complete medium DMEM:F12 and cells were incubated further for 24 h before transferring them into
phenol red-free DMEM during UV exposure for 50 min. The cells were then transferred into UltraMEM for an 18
h recovery period. Viable cell numbers were then determined using the Trypan blue assay as described in the
Materials and Methods. Results are expressed as a percentage of control cell cultures and are means * S.D.
(n=3). **, p<0.01; ***, p<0.001.

Lysate samples from the APP siRNA and UV-A treatments described above were subjected to
immunoblotting using the anti-APP C-terminal antibody. The results (Fig. 4.4A and C) showed a
significant decrease in full-length APP levels following siRNA treatment (32.6 4.3 %). Furthermore,
APP levels were also decreased following UV-A treatment (in the absence of APP siRNA) as observed
in the preceding results chapter (Fig. 3.3). Interestingly, these two effects seemed additive in terms of
the decreased levels of APP in APP siRNA and UV-A treated cells. Similar results were observed in

terms of the APP-CTF (Fig. 4.4B and C).
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Figure 4.4. APP expression in ARPE-19 cells following APP siRNA treatment combined with 50 min UV-A
irradiation. T25 cm? flasks of 60% confluent cells were treated for 24 h with DharmaFECT/siRNA complexes (final
DharmaFECT concentration of 2.5 pl/ml) and either APP or scramble siRNA at 37.5 nM (see Materials and
Methods) in a mixture of UltraMEM and DMEM:F12 media lacking antibiotics. The medium was then replaced
with fresh complete medium DMEM:F12 and cells were incubated further for 24 h before transferring them into
phenol red-free DMEM during UV exposure for 50 min. The cells were then transferred into UltraMEM for an 18
h recovery period. Cell lysates were then prepared and proteins were resolved by SDS-PAGE and immunoblotted
as described in the Materials and Methods section. (A) Detection of mature and immature forms of FL-APP using
the anti-APP C-terminal antibody. (B) Detection of APP-CTF using the anti-APP C-terminal antibody. (C)
Quantification of multiple APP immunoblots by densitometric analysis. (D) Detection of actin using the anti-actin
antibody. Results are expressed as a percentage of control cell cultures and are means + S.D. (n=3). *, p<0.05;
** p<0.01, compared with the corresponding control.
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The same lysates were then immunoblotted for p53 and the results (Fig. 4.5) showed a trend
towards an increase in p53 levels following UV-A exposure. However, none of the changes reached

statistical significance.
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Figure 4.5. p53 levels in ARPE-19 cells following APP siRNA treatment combined with 50 min UV-A irradiation.
T25 cm? flasks of 60% confluent cells were treated for 24 h with DharmaFECT/siRNA complexes (final
DharmaFECT concentration of 2.5 ul/ml) and either APP or scramble siRNA at 37.5 nM (see Materials and
Methods) in a mixture of UltraMEM and DMEM:F12 media lacking antibiotics. The medium was then replaced
with fresh complete medium DMEM:F12 and cells were incubated further for 24 h before transferring them into
phenol red-free DMEM during UV exposure for 50 min. The cells were then transferred into UltraMEM for an 18
h recovery period. Cell lysates were then prepared and proteins were resolved by SDS-PAGE and immunoblotted
as described in the Materials and Methods section. (A) Detection of p53 using the anti-p53 antibody. (B)
Quantification of multiple p53 immunoblots by densitometric analysis. Results are expressed as a percentage of
control cell cultures and are means + S.D. (n=3).
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4.2. The effects of exogenous soluble APP fragments on the
growth/viability of ARPE-19 cells

Given the results in the preceding section showing that depleting endogenous APP enhanced
the resistance of ARPE-19 cells to UV-A treatment (Fig. 4.3), we next sought to determine the effects
of increasing soluble APP fragment levels on the viability of ARPE-19 cells. To this end stable HEK cell
transfectants over-expressing FL-APPggs, SAPPgssoL or SAPPgosP3 were generated and co-cultured with

ARPE-19 cells in a transwell system followed by subsequent monitoring of ARPE-19 cell viability.

4.2.1. Confirmation of APP/APP fragment over-expression in HEK cell lines

HEK cell stable transfectants were generated as described in the Materials and Methods
section using pIREShyg vector containing coding inserts corresponding to FL-APPgss, SAPPgoscl or
sAPPgssP3 or an empty vector for the control cells. In order to verify transfection levels, confluent
T75cm? flasks of transfected cells were incubated for 24 h in UltraMEM before harvesting cells and
preparing lysates and concentrated conditioned medium (see Materials and Methods).

Equal amounts of protein from cell lysates were then immunoblotted using the anti-APP C-
terminal antibody and the results (Fig. 4.6A) showed three bands, the lower two and most intense of
which likely corresponded to mature and immature forms of FL-APPgos as these bands were far more
prominent (increased by 118.8 + 28.7%; Fig. 4.6C) in the FL-APPsgs-transfected cell lysates. The upper
most band in the anti-APP C-terminal antibody blots was the same in all four cell lysates and,
therefore, likely corresponded to the endogenous APP;s1/770in HEK cells (Fig. 4.6A). Notably levels of
APP-CTFs were massively increased in the FL-APPggs-transfected cell lysates (Fig. 4.6B); in fact
endogenous levels of these fragments were below the levels of detectability in HEK cells and so could

not be quantified relative to the mock-transfected cells.
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Figure 4.6. FL-APP and APP-CTF expression in HEK293 cell stable transfectant cell lysates. Stable transfectants
were generated as described in the Materials and Methods section using pIREShyg vector containing coding
inserts corresponding to FL-APPegs, SAPPegsc or sAPPegs3 or an empty vector for the control cells. Confluent
T75cm? flasks of transfectants were then cultured in UltraMEM for 24 h before harvesting cells and preparing
lysates (see Materials and Methods). Equal amounts of protein from lysates were then immunoblotted with the
APP C-terminal antibody in order to detect (A) FL-APP and (B) APP-CTFs. (C) Quantification of multiple FL-APP
immunoblots by densitometric analysis. (D) Detection of actin using the anti-actin antibody. Results are
expressed as a percentage of control (mock-transfected) cell cultures and are means + S.D. (n=3). ***, p<0.001.
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The concentrated conditioned medium samples (equal volumes) from the stable HEK
transfectants were then immunoblotted using the 6E10 antibody in order to determine sAPPa levels.
The results (Fig. 4.7A) showed prominent bands corresponding to sAPPgssa in medium from both FL-
APPsgs and sAPPgssa-transfected cells. At this level of blot exposure, there were no corresponding
fragments detected in the mock- or sAPPsss3-transfected cells. Therefore, quantification of the results
was performed relative to the FL-APPgss-transfected cells and showed 1.82 + 0.34-fold more sAPPgsgsa
in medium from cells expressing the soluble fragment compared to the full-length protein (Fig. 4.7B).
It was only when the blots were over-exposed that endogenous sAPPa shed from cells became visible
(Fig. 4.7C) and, although it is conceded that at this level of over-exposure the blots were most-likely
not quantitative, it is estimated that the sAPPa generated by the FL-APP¢ss and sAPPggsa-transfected
cells was 684.2 + 72.3 % and 1082.5 + 44.4 % higher, respectively, than the mock-transfected cells

whereas levels produced by the sAPPgos3-transfected cells were unchanged (Fig. 4.7D).

Immunoblotting the same medium samples using the anti-sAPP[3 antibody showed a protein
band corresponding to sAPPgsspP in the medium from both FL-APPsss and sAPPgssp-transfected cells
(Fig. 4.8.A). Endogenous sAPP[ was not detectable even with longer blot exposure times.
Quantification of multiple sAPPJ3 immunoblots (Fig. 4.8.B) revealed that levels of this fragment were
7.82 + 2.37-fold higher in medium from the sAPPgssf-transfected HEK cells compared to those

transfected with FL-APPggs.
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Figure 4.7. sAPPq production by HEK293 cell stable transfectants. Stable transfectants were generated as
described in the Materials and Methods section using pIREShyg vector containing coding inserts corresponding
to FL-APPsss, SAPPeosot or sAPPsssPB or an empty vector for the control cells. Confluent T75cm? flasks of
transfectants were then cultured in UltraMEM for 24 h before harvesting cells and preparing concentrated
conditioned medium samples (see Materials and Methods). Equal volumes of these samples were then
immunoblotted with the 6E10 antibody in order to detect sAPPa. (A) Representative lower exposure 6E10 blot
with (B) quantification of multiple immunoblots relative to the sAPPessa generated by the FL-APPsgs-transfected
cells. (C) Representative over-exposure 6E10 blot and associated (D) quantification relative to mock-transfected
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Figure 4.8. sAPPP production by HEK293 cell stable transfectants. Stable transfectants were generated as
desribed in the Materials and Methods section using pIREShyg vector containing coding inserts corresponding
to FL-APPess, sAPPsssot or sAPPessP or an empty vector for the control cells. Confluent T75cm? flasks of
transfectants were then cultured in UltraMEM for 24 h before harvesting cells and preparing concentrated
conditioned medium samples (see Materials and Methods). Equal volumes of these samples were then
immunoblotted with the anti-sAPP[ antibody (A) and multiple immunoblots were quantified by densitometric
analysis (B). Results are expressed as a percentage of sSAPPf3 production by cells transfected with FL-APP and are
means + S.D. (n=3). **, p<0.01.

4.2.2. Lack of effect of APP transfections on p53 levels in HEK cells

Previous studies have demonstrated a relationship between p53 and APP expression levels
(Cuesta et al., 2009b; Buizza et al., 2013). As such, cell lysate samples from the HEK293 stable
transfectants in the current study were also subjected to immunoblotting using an anti-p53 antibody
(see Materials and Methods). However, the results (Fig. 4.9) showed that overexpressing FL-APP or its

soluble fragments had no effect on cellular p53 levels.
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Figure 4.9. p53 levels in HEK293 cell stable transfectant cell lysates. Stable transfectants were generated as
described in the Materials and Methods section using pIREShyg vector containing coding inserts corresponding
to FL-APPsss, sAPPsosot or sAPPessP or an empty vector for the control cells. Confluent T75cm? flasks of
transfectants were then cultured in UltraMEM for 24 h before harvesting cells and preparing lysates (see
Materials and Methods). Equal amounts of protein from lysates were then immunoblotted with the p53 (A) and
multiple immunoblots were quantified by densitometric analysis (B). Results are expressed as a percentage of
control (mock-transfected) cell cultures and are means + S.D. (n=3).

4.2.3. Co-culture of ARPE-19 and HEK293 APP stable transfectants

Having confirmed the over-expression of FL-APPggs, SAPPgssat and sAPPsssf3 in the HEK cell
stable transfectants, the next step was to examine the effects of co-culturing these cells in a transwell
system on the proliferation of ARPE-19 cells. Initially it was necessary to determine appropriate

numbers of each cell line to seed into the upper and lower chamber of the system.

The ARPE-19 cells would be seeded in the lower chamber and, ideally, should grow to
confluence over a 7-day period to permit appropriate monitoring of cell proliferation. As such, a range

of ARPE-19 cell numbers were seeded into the wells of a 24 well transwell plate and the time taken
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for each well of cells to reach confluence was monitored by light microscopy. The results (Fig. 4.10)

showed that wells seeded initially with 12250 cells reached confluence after 7 days.

As far as the HEK cells were concerned, they would ideally reach confluence in the upper
chambers of the transwell plates very quickly in order to maximize soluble APP fragment production
but, at the same time, not become so over-confluent that they died off before the end of a 7-day
growth period. Seeding 150 000 HEK cells led to 70% confluence by about day 3 (data not shown) and
the cells continued to proliferate reaching about 90% confluence by day 7 (Fig. 4.11). Cells seeded at
higher densities had begun to die off by day 7 (data not shown). Therefore, 150,000 was chosen as

the optimum number of HEK cells to seed in the subsequent transwell co-culture experiments with

ARPE-19 cells.
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Figure 4.10. Time taken by ARPE-19 cells to reach 100% confluence as a function of the number of cells initially
seeded. ARPE-19 cells were counted on a haemocytometer and seeded out in triplicate wells in a 24-well plate
at the cell numbers indicated (X-axis). Cells were monitored daily by light microscopy in order to determine the
approximate time taken to reach full confluence as indicated on the Y-axis. Results are the means of the three
triplicate wells.

78



100

80 -
70 -
60 -
50 -
40 -
30 -
20
10 A
0

7500 15000 75000 150000
Initial HEK293 cell count (cell)

Confluence (%)

Figure 4.11. The level of confluence of HEK293 cells 7 days after seeding as a function of the number of cells
initially seeded. HEK293 cells were counted on a haemocytometer and seeded out in triplicate wells in a 24-well
plate at the cell numbers indicated (X-axis). Cells were monitored by light microscopy in order to determine their
confluency. Results represent the percentage of confluence at day 7. Results are the means of the three triplicate
wells.

Next, the effects of HEK cell transfectant co-culture on the proliferation of ARPE-19 cells were
monitored. ARPE-19 cells (12250) were seeded into the lower chambers of the transwell system whilst
150 000 HEK cells expressing FL-APPggs, SAPPsosl, SAPPgos3 or empty vector were seeded in the upper
chambers. Both chambers contained complete growth medium (DMEM:F12) as both types of cells
grew effectively in this medium. After 7 days the number of viable ARPE-19 cells in the lower chambers
was determined by Trypan blue counts as described in the Materials and Methods section. The results
(Fig. 4.12) demonstrated that culturing ARPE-19 cells in the presence of sAPPgssa-transfected HEK293

cells led to a 55.8 + 12.0 % increase in viable cell numbers compared to cells cultured in the presence
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of mock-transfected HEK cells. Neither FL-APPgss nor sAPPsosf3 appeared to increase the viable ARPE-

19 cell count.
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Figure 4.12. ARPE-19 viable cell counts following 7-day co-culture with HEK293 stable transfectants. ARPE-19
and the indicated HEK293 transfectants were seeded in the lower and upper chambers, respectively, of transwell
plates. Both cell types were grown in the same DMEM:F12 medium for 7 days at which point the upper
chambers/inserts were discarded and the ARPE-19 cells in the lower chambers were harvested by trypsinisation.
Viable cell numbers were then determined using the Trypan blue assay as described in the Materials and
Methods section. Results are expressed as a percentage of viable cell numbers in control cell cultures (i.e. AREPE-
19 cells cultured in the presence of mock-transfected HEK293 cells) and are means * S.D. (n=6). ***, p<0.001.

4.3. Summary

The aim of these experiments was to examine the effects of FL-APP and its proteolytic
fragments on the viability and proliferation of ARPE-19 cells in the presence and absence of UV-A light
exposure. The results showed that depleting endogenous APP using APP-siRNA significantly increased
the resistance of ARPE-19 cells to UV-A irradiation restoring viable cell counts to approximately control

levels.

80



On the other hand, sAPPa. produced exogenously by HEK cells enhanced viable ARPE-19 cell
numbers in co-culture experiments. An effect that was not observed when the latter cell type was

incubated with HEK293 cells over-expressing either FL-APPgss or SAPPgosf3.

Finally, the manipulation of APP levels whether by siRNA-mediated depletion of the protein
in ARPE-19 cells or by the stable overexpression of APP or its proteolytic fragments in HEK293 cells did

not affect cellular p53 levels in the current study.
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Chapter 5

The effects of secretase inhibitors on ARPE-19 cell
proliferation and resistance to UV-A exposure
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5. The effects of secretase inhibitors on ARPE-19 cell proliferation and
resistance to UV-A exposure

The HEK/ARPE-19 co-culture experiments in the previous chapter showed that sAPPa
enhanced the proliferation of the latter cell line (Fig. 4.12). However, other results showed that down
regulating FL-APP using APP-siRNA enhanced the resistance of cells to UV-A irradiation (Fig. 4.3.).
Therefore, it was possible that the proteolytic fragments of APP generated by the amyloidogenic and
non-amyloidogenic pathways might have differential effects on ARPE-19 cells. In order to investigate
this, the effects of secretase inhibitors on the proliferation and resistance to UV-A of ARPE-19 cells

were examined.

5.1. Optimisation of a-secretase inhibitor concentrations

Studies have shown that ADAM10, a member of the ADAM family is the key constitutive a-secretase
(Lammich et al., 1999; Postina et al., 2004) whereas ADAM17 is thought to be a regulated a-secretase
(Buxbaum et al., 1998). Therefore, initially we decided to use an inhibitor which might be somewhat
more specific towards ADAM10. In this respect, GI254023X (Tocris, Bristol, UK) has distinct I1Cso values
with respect to ADAM10 (ICsp = 5.3 nM) and ADAM17 (ICso = 541 nM) (Ludwig et al., 2005). Initially,
the effects of a range of inhibitor concentrations on APP metabolism in ARPE-19 cells were examined.
Confluent cells were incubated for 24 h in UltraMEM in the presence of 0-100 nM GI254023X and cell
lysates and concentrated conditioned medium samples were subsequently prepared as described in
the Materials and Methods section. Following equalisation of protein concentrations, the lysates were
immunoblotted with the anti-APP C-terminal antibody. The results (Fig. 5.1A and C) showed that
GI254023X caused a slight accumulation of full-length APP in cell lysates that was only statistically
significant at the concentration of 50 nM (increased by 17.6 + 0.8% ). On the other hand, APP-CTF
levels actually decreased at 50nM (decreased by 11.9 + 3.6 %). However, none of the changes in APP-

CTF levels at any of the inhibitor’s concentrations tested were statistically significant (Fig. 5.1B and C).

83



FL-APP (lysates)

A Mature —»|
Immature —»|
- 97 kDa
APP-CTF (lysates)
B -20.1 kDa
AR A R R —
-14.4 kDa
MFLAPP
C 150 CJAPP-CTF
g *
‘s
§_
g 100
U
g 50
§
w
° 0 125 25 50 100

[G1254023X] nM

-45kDa

Figure 5.1. The effect of GI254023X on FL-APP and APP-CTF levels in cell lysates following 24 h treatment of
confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the absence or
presence of the indicated drug concentrations for 24 h. Cell lysates were then prepared and equal protein
amounts from each sample were immunoblotted (see Materials and Methods). (A) Detection of mature and
immature forms of FL-APP using the anti-APP C-terminal antibody. (B) Detection of APP-CTF using the anti-APP
C-terminal antibody. (C) Quantification of multiple APP immunoblots by densitometric analysis. (D) Detection of
actin using the anti-actin antibody. Results are expressed as a percentage of no inhibitor control cell cultures
and are means + S.D. (n=3). *, p<0.05.
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Conditioned medium samples from the GI254023X-treated cells were then concentrated and
equal volumes were subjected to immunoblotting using antibody 6E10 to detect sAPPa. The results

(Fig. 5.2) showed no significant alteration in sAPPa. levels in conditioned medium.

The lack of effect of GI254023X on sAPPa production by ARPE-19 cells was surprising given
that the previously published ICsq value of the inhibitor with respect to ADAM10 was 5.3 nM (Ludwig
et al., 2005). This raised the possibility that APP might be constitutively cleaved by another member
of the ADAM family in the cell line. In order to investigate this, we next tested the effects of a more
general ADAM inhibitor, batimastat, on sAPPa secretion from ARPE-19 cells. Here, we extended the
concentration range of inhibitor to include a higher, 500 nM, concentration. As in the previous

experiment, confluent cells were incubated in UltraMEM for 24 h in the absence or presence of
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Figure 5.2. The effect of GI254023X on sAPPa levels in conditioned medium following 24 h treatment of
confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the absence or
presence of the indicated drug concentrations for 24 h. Concentrated conditioned medium samples were then
prepared and equal volumes from each sample were immunoblotted. (A) Detection of sAPPa using antibody
6E10. (B) Quantification of multiple 6E10 immunoblots by densitometric analysis. Results are expressed as a
percentage of control cell cultures and are means + S.D. (n=3).
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inhibitor and equal protein from lysate samples was immunoblotted initially with the anti-APP C-

terminal antibody. The results (Fig. 5.3) showed no major changes in either FL-APP or APP-CTF levels.
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Figure 5.3. The effect of batimastat on FL-APP and APP-CTF levels in cell lysates following 24 h treatment of
confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the absence or
presence of the indicated drug concentrations for 24 h. Cell lysates were then prepared and equal protein
amounts from each sample were immunoblotted (see Materials and Methods). (A) Detection of mature and
immature forms of FL-APP using the anti-APP C-terminal antibody. (B) Detection of APP-CTF using the anti-APP
C-terminal antibody. (C) Quantification of multiple APP immunoblots by densitometric analysis. (D) Detection of
actin using the anti-actin antibody. Results are expressed as a percentage of no inhibitor control cell cultures
and are means * S.D. (n=3).
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Next, medium samples from batimastat treated cells were concentrated and equal volumes
were immunoblotted with the 6E10 antibody in order to detect sAPPa.. As for GI254023X previously,

the results (Fig. 5.4.) showed no changes in sAPPq, levels in the medium from batimastat-treated cells.
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Figure 5.4. The effect of batimastat on sAPPa. levels in conditioned medium following 24 h treatment of
confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the absence or
presence of the indicated drug concentrations for 24 h. Concentrated conditioned medium samples were then
prepared and equal volumes from each sample were immunoblotted. (A) Detection of sAPPa using antibody
6E10. (B) Quantification of multiple 6E10 immunoblots by densitometric analysis. Results are expressed as a
percentage of control cell cultures and are means * S.D. (n=3).

Given that neither batimastat nor GI1254023X inhibited sAPPa production by ARPE-19 cells, it
was postulated that the mechanisms underlying generation of this fragment might differ from
previously studied cell lines. As such, the effects of two of the higher concentrations of the inhibitors
on sAPPq, shedding by the neuroblastoma cell line, SH-SY5Y, were examined. Here, confluent cells
were transferred to UltraMEM and incubated in the absence or presence of 50 nM GI254023X or 100
nM batimastat for 24 h. Lysate samples were then prepared and immunoblotted with the APP C-

terminal antibody. The results (Fig. 5.5) showed no drug-induced changes in either FL-APP or APP-CTFs
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in SH-SY5Y cells. Levels of sAPPa in conditioned medium were then examined using antibody 6E10
(Fig. 5.6) and showed a trend towards a decrease following both treatments of 50 nM GI1254023X and
100 nM batimastat (by approximately 30 and 25 % respectively) although these changes were not

statistically significant.
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Figure 5.5. The effect of GI1254023X (50 nM) and batimastat (100 nM) on FL-APP and APP-CTF levels in cell
lysates following 24 h treatment of confluent SH-SY5Y cells. Confluent cells were transferred into UltraMEM
and incubated in the absence or presence of the indicated drug concentrations for 24 h. Cell lysates were then
prepared and equal protein amounts from each sample were immunoblotted (see Materials and Methods). (A)
Detection of FL-APP using the anti-APP C-terminal antibody. (B) Detection of APP-CTF using the anti-APP C-
terminal antibody. (C) Quantification of multiple APP immunoblots by densitometric analysis. (D) Detection of
actin using the anti-actin antibody. Results are expressed as a percentage of no inhibitor control cell cultures
and are means % S.D. (n=3).
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Figure 5.6. The effect of GI254023X (50 nM) and batimastat (100 nM) on sAPPa. levels in conditioned medium
following 24 h treatment of confluent SH-SY5Y cells. Confluent cells were transferred into UltraMEM and
incubated in the absence or presence of the indicated drug concentrations for 24 h. Concentrated conditioned
medium samples were then prepared and equal volumes from each sample were immunoblotted. (A) Detection
of sAPPa. using antibody 6E10. (B) Quantification of multiple 6E10 immunoblots by densitometric analysis.
Results are expressed as a percentage of control cell cultures and are means + S.D. (n=3).

From the preceding results, it was apparent that the effective concentration of GI254023X in
SH-SY5Y cells was still much higher than the published IC50 value for the compound relative to
ADAM10 (ICsp = 5.3 nM) (Ludwig et al., 2005). It was noted that the latter value was determined using
recombinant enzyme and would not, therefore, be impacted by any cell-associated factors such as
permeability or interaction with other proteins. Therefore, it was postulated that even higher
concentrations of the a-secretase inhibitors might be required to inhibit sSAPPa production by ARPE-
19 cells. To this end, we tested a batimastat concentration (5 pM) more in-line with previously
published cell-based studies (Leriche et al., 2016; Woods and Padmanabhan, 2013). Here, confluent
ARPE-19 cells were, once more, transferred to UltraMEM and treated for 24 h in the absence or

presence of 5 uM batimastat. Lysates were subsequently prepared and equal amounts of protein were
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immunoblotted with the anti-APP C-terminal antibody. The results (Fig. 5.7A and C) demonstrated an
increase in cell associated FL-APP following batimastat treatment (27.2 £ 12.7 %) and an 89.8 £ 1.5 %

decrease in APP-CTF levels relative to controls (Fig. 5.7B and C).

Next the concentrated conditioned medium samples from 5 uM batimastat treated cells were
immunoblotted with antibody 6E10. The results (Fig. 5.8) showed a 72.7 + 7.8 % decrease in sAPPq.
production by ARPE-19 cells following batimastat treatment. As we had now identified an effective
drug concentration, the effect of batimastat on sAPPf3 levels in conditioned medium were also
investigated by immunoblotting. The results (Fig. 5.9) showed that the inhibitor had no effect on the

production of this fragment via the amyloidogenic processing of APP.
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Figure 5.7. The effect of batimastat (5 uM) on FL-APP and APP-CTF levels in cell lysates following 24 h
treatment of confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the
absence or presence of the indicated drug concentrations for 24 h. Cell lysates were then prepared and equal
protein amounts from each sample were immunoblotted (see Materials and Methods). (A) Detection of mature
and immature forms of FL-APP using the anti-APP C-terminal antibody. (B) Detection of APP-CTF using the anti-
APP C-terminal antibody. (C) Quantification of multiple APP immunoblots by densitometric analysis. (D)
Detection of actin using the anti-actin antibody. Results are expressed as a percentage of no inhibitor control
cell cultures and are means + S.D. (n=3). *, p<0.05; ***, p<0.001.
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Figure 5.8. The effect of batimastat (5 LM) on sAPPa. levels in conditioned medium following 24 h treatment
of confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the absence or
presence of the indicated drug concentrations for 24 h. Concentrated conditioned medium samples were then
prepared and equal volumes from each sample were immunoblotted. (A) Detection of sAPPa using antibody
6E10. (B) Quantification of multiple 6E10 immunoblots by densitometric analysis. Results are expressed as a
percentage of control cell cultures and are means + S.D. (n=3). **, p<0.01.
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Figure 5.9. The effect of batimastat (5 pM) on sAPPJ levels in conditioned medium following 24 h treatment
of confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the absence or
presence of the indicated drug concentrations for 24 h. Concentrated conditioned medium samples were then
prepared and equal volumes from each sample were immunoblotted. (A) Detection of sAPPJ using the anti-
sAPPJ antibody. (B) Quantification of multiple 6E10 immunoblots by densitometric analysis. Results are
expressed as a percentage of control cell cultures and are means + S.D. (n=3).

5.2. The effects of a-secretase inhibitor (batimastat) on ARPE-19 cell
viability in the absence of UV-A treatment

Having confirmed an effective batimastat concentration (5 uM) in terms of inhibition of SAPPa
generation, the effects of the drug on ARPE-19 viable cell numbers in the absence of UV-A treatment
were examined. Initially, cells were grown to confluence in 96-well plates before changing the medium

for UltraMEM and treating for 24 h with batimastat. An MTS assay was then used in order to determine
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the relative numbers of viable cells between treatments (see Materials and Methods). The results (Fig.
5.10) confirmed that there was no effect of this concentration of drug on the viability of confluent

cultures over 24 h.

Given that sAPPa is also known to promote cell proliferation (Demars et al., 2011; Ohsawa et
al., 1999) we also investigated the ability of batimastat to inhibit cell proliferation over a seven-day
period (adding the drug at the point of seeding). Cells were grown in DMEM:F12 and medium, together
with batimastat, were replaced every 48 h. At the end of the seven-day growth period the relative
numbers of viable cells were determined using the MTS assay. The results (Fig. 5.11) showed that
batimastat did indeed decrease the viable cell number after seven days of incubation (a 49.2 £ 21.8 %
decrease relative to control cell cultures). Thus, it would appear that any effects of batimastat in ARPE-

19 cells were cytostatic rather than cytotoxic.
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Figure 5.10. Relative viable cell numbers following 24 h treatment of confluent ARPE-19 cells with 5 pM
batimastat. Confluent cells were treated for 24 h with 5 uM of batimastat in UltraMEM and then subjected to
an MTS viability assay as described in the Materials and Methods section. Results are expressed as a percentage
of no inhibitor control cell cultures and are means * S.D. (n=4).
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Figure 5.11. Relative viable cell numbers following seven days of ARPE-19 cell growth in the presence of 5 uM
batimastat. ARPE-19 cells were seeded at an appropriate density to achieve confluence in 7 days. Cells were
grown in complete growth medium DMEM:F12 and batimastat was added to the cultures at the point of seeding
at a 5 uM final concentration. Medium was changed, and fresh inhibitor was added every 48 h until day 7 when
cells were subjected to an MTS viability assay as described in the Materials and Methods section. Results are
expressed as a percentage of no inhibitor control cell cultures and are means * S.D. (n=4). *, p<0.05.

5.3. The effects of a-secretase inhibitor (batimastat) on ARPE-19 cell
viability following UV-A treatment

Given that batimastat effectively inhibited sAPPa production at 5uM without altering viable
cell numbers over 24 h, this inhibitor concentration was then used to see if the compound would
modify the resistance of ARPE-19 cells to UV-A treatment. To this end, T25cm? flasks of cells were
grown to 80% confluence and pre-treated for 6h with 5 uM batimastat in UltraMEM. Following
transfer to phenol red-free DMEM, the cells were exposed to UV-A for 50 min before being transferred
back into UltraMEM (in the absence or presence of batimastat) for an 18 h recovery period. Viable cell
numbers were then determined using Trypan blue counts as described in the Materials and Methods
section. The results (Fig. 5.12) demonstrated that the 50 min exposure of cells to UV-A irradiation

resulted in a 29.2 £ 5.2 % decrease in viable cell numbers relative to control cultures. Notably,
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batimastat alone (i.e. without UV-A treatment did not affect viable cell counts (as observed in the
preceding section) but also did not significantly alter the resistance of the ARPE-19 cells to UV-A
treatment. These data indicate that inhibiting SAPPo. production does not impact on cellular resistance

to UV-A treatment.

In order to confirm the expected effects of batimastat on APP processing in the UV-A
experiments, lysates and concentrated conditioned medium samples were prepared from the same
treated cell samples. Following SDS-PAGE separation of equal amounts of lysate protein, the samples
were immunoblotted with the anti-APP C-terminal antibody and the results (Fig. 5.13A) confirmed
previous observations (Chapter 3, Fig. 3.3) that exposure of the cells to UV-A decreased FL-APP levels
in lysates. Immunoblotting of the conditioned medium (Fig. 5.13C) likewise confirmed previous

observations (Fig. 5.8) that 5 UM batimastat effectively inhibited sAPPa production.
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Figure 5.12. Inhibition of sAPPa production using batimastat does not alter the resistance of ARPE-19 cells to
UV-A treatment. T25 cm? flasks of 80% confluent cells were preincubated for 6 h in UltraMEM +/- 5uM
batimastat and then transferred into phenol red-free DMEM during UV exposure for 50 min. The cells were then
transferred into UltraMEM +/- batimastat as indicated for an 18 h recovery period. Viable cell numbers were
then determined using the Trypan blue assay as described in the Materials and Methods section. Results are
expressed as a percentage of control cell cultures and are means * S.D. (n=4). *, p<0.05; ***, p<0.001.
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Figure 5.13. FL-APP expression and sAPPa. production following UV-A and batimastat treatment of ARPE-19
cells. T25 cm? flasks of 80% confluent cells were preincubated for 6 h in UltraMEM +/- 5uM batimastat and then
transferred into phenol red-free DMEM during UV exposure for 50 min. The cells were then transferred into
UltraMEM +/- batimastat as indicated for an 18 h recovery period. Cell lysates and concentrated conditioned
medium samples were then prepared and immunoblotted as described in the Materials and Methods section.
(A) Detection of mature and immature forms of FL-APP in cell lysates using the anti-APP C-terminal antibody.
(B) Detection of actin in cell lysates using the anti-actin antibody. (C) Detection of sAPPa. in conditioned medium
using the anti-APP 6E10 antibody.

5.4. Optimisation of B-secretase inhibitor concentrations

In order to study the effects of 3-secretase cleavage products on ARPE-19 cell resistance to
UV-A treatment, B-secretase inhibitor IV (Merck, Darmstadt, Germany) was employed. This compound
is a selective BACE-1 inhibitor (BACE-1 ICsp = 15 nM, BACE-2 ICso = 541 nM) (Stachel et al., 2004).
Initially, and taking into account the ICso value of 15 nM, confluent T25cm? flasks of ARPE-19 cells were
transferred into UltraMEM and treated for 24 h with a 0-100 nM concentration range of B-secretase
inhibitor IV in order to investigate the effect of the drug on APP expression and proteolysis. Cell lysates
were then prepared and equal amounts of protein were immunoblotted with the anti-APP C-terminal
antibody. The results (Fig. 5.14 A and C) showed no significant changes in FL-APP levels but a dose-

dependent increase in APP-CTF levels in cell lysates was observed (Fig. 5.14 B and C). Quantification
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Figure 5.14. The effect of B-secretase inhibitor IV on FL-APP and APP-CTF levels in cell lysates following 24 h
treatment of confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the
absence or presence of the indicated drug concentrations for 24 h. Cell lysates were then prepared and equal
protein amounts from each sample were immunoblotted (see Materials and Methods). (A) Detection of mature
and immature forms of FL-APP using the anti-APP C-terminal antibody. (B) Detection of APP-CTF using the anti-
APP C-terminal antibody. (C) Quantification of multiple APP immunoblots by densitometric analysis. (D)
Detection of actin using the anti-actin antibody. Results are expressed as a percentage of no inhibitor control
cell cultures and are means + S.D. (n=3). *, p<0.05; **, p<0.01.
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of multiple blots revealed that APP-CTF levels increased by 20.2 +4.2,51.2 + 14.4 and 49.3 + 18.8 %
at inhibitor concentrations of 25, 50 and 100nM, respectively. This latter result was unexpected given
that one would expect to see a decrease rather than increase in CTF levels following B-secretase
inhibition.

Next the effects of -secretase inhibitor IV on the generation of SAPPa were examined by
immunoblotting equal volumes of concentrated conditioned medium samples with antibody 6E10.
The results (Fig. 5.15) revealed that the compound did not alter sAPPo. production as might be

expected given the fact that only minor amounts of APP are cleaved by the reciprocal amyloidogenic

pathway in non-diseased cells (Zhang and Song, 2013; Li et al., 2006).

Finally, the effects of B-secretase inhibitor IV on the generation of sAPP3 by ARPE-19 cells
were examined by immunoblotting the same medium samples with the anti-sAPPB antibody. The
results (Fig. 5.16) showed a dose-dependent decrease in the production of sAPP3 by 27.9 £ 3.9, 37.3
+6.4,50.5+7.9and 67.3 £ 12.5 % following treatment with 12.5, 25, 50 and 100nM concentrations

of the inhibitor, respectively.

Collectively, these data confirmed effective inhibition of SAPPJ3 production at the chosen drug

concentrations with no corresponding effect on sAPPa production.
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Figure 5.15. The effect of -secretase inhibitor IV on sAPPa levels in conditioned medium following 24 h
treatment of confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the
absence or presence of the indicated drug concentrations for 24 h. Concentrated conditioned medium samples
were then prepared and equal volumes from each sample were immunoblotted. (A) Detection of SAPPa using
antibody 6E10. (B) Quantification of multiple 6E10 immunoblots by densitometric analysis. Results are expressed
as a percentage of control cell cultures and are means + S.D. (n=3).
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Figure 5.16. The effect of B-secretase inhibitor IV on sAPPf levels in conditioned medium following 24 h
treatment of confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the
absence or presence of the indicated drug concentrations for 24 h. Concentrated conditioned medium samples
were then prepared and equal volumes from each sample were immunoblotted. (A) Detection of SAPPJ using
the anti-sAPPJ antibody. (B) Quantification of multiple SAPPJ3 immunoblots by densitometric analysis. Results
are expressed as a percentage of control cell cultures and are means + S.D. (n=3). *** p<0.001.

5.5. The effects of B-secretase inhibitor on ARPE-19 cell viability in the
absence of UV-A treatment

Having confirmed that all the concentrations (12.5, 25, 50 and 100 nM) of [B-secretase
inhibitor IV studied effectively inhibited sAPPJ3 production by ARPE-19 cells the effects of the drug on
ARPE-19 viable cell numbers in the absence of UV-A treatment were examined. Initially, cells were
grown to confluence in 96-well plates before changing the medium for UltraMEM and treating for 24
h with inhibitor IV. An MTS assay was then used in order to determine the relative numbers of viable
cells between treatments (see Materials and Methods). The results (Fig. 5.17) showed that the drug
did not alter the relative viable cell numbers except at the highest (100 nM) concentration at which

point it marginally decreased relative viable cell numbers by 10.7 £ 8.2 % relative to control cultures.
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We also investigated the ability of B-secretase inhibitor IV to inhibit cell proliferation over a
seven-day period (adding the drug at the point of seeding). Cells were grown in DMEM:F12 and
medium, together with B-secretase inhibitor IV, were replaced every 48 h. At the end of the seven-
day growth period the relative numbers of viable cells were determined using the MTS assay. The
results (Fig. 5.18) showed that inhibitor IV had minimal effects on cell proliferation over a seven-day
period with a 21.5 + 11.2 % increase (relative to control cultures) being observed at only one drug

concentration (50 nM).
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Figure 5.17. Relative viable cell numbers following 24 h treatment of confluent ARPE-19 cells with -secretase
inhibitor IV. Confluent cells were treated for 24 h with the indicated concentrations of inhibitor IV in UltraMEM
and then subjected to an MTS viability assay as described in the Materials and Methods section. Results are
expressed as a percentage of no inhibitor control cell cultures and are means * S.D. (n=4). *, p<0.05.
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Figure 5.18. Relative viable cell numbers following seven days of ARPE-19 cell growth in the presence of j3-
secretase inhibitor IV. ARPE-19 cells were seeded at an appropriate density to achieve confluence in 7 days.
Cells were grown in complete growth medium DMEM:F12 and inhibitor IV was added to the cultures at the point
of seeding at the indicated concentrations. Medium was changed, and fresh inhibitor was added every 48 h until
day 7 when cells were subjected to an MTS viability assay as described in the Materials and Methods section.
Results are expressed as a percentage of no inhibitor control cell cultures and are means + S.D. (n=4). *, p<0.05.

5.6. The effects of B-secretase inhibitor on ARPE-19 cell viability following
UV-A treatment

Given that the highest concentration of -secretase inhibitor IV (100 nM) caused a slight but
significant decrease in cell viability in the 24 h treatment of confluent cells (Fig. 5.17), the second
highest concentration (50 nM) was adopted in order to investigate the potential effects of the drug
on the resistance of ARPE-19 to UV-A treatment. Notably this concentration still dramatically reduced
SAPP production (Fig. 5.16). T25 flasks of cells were grown to 80% confluence and pre-treated for 6h
with 50 nM inhibitor IV in UltraMEM. Following transfer to phenol red-free DMEM, the cells were
exposed to UV-A for 50 min before being transferred back into UltraMEM (in the absence or presence
of inhibitor IV) for an 18 h recovery period. Viable cell numbers were then determined using Trypan
blue counts as described in the Materials and Methods section. The results (Fig. 5.19) showed that, as
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observed previously, UV-A exposure significantly decreased viable cell numbers (a reduction of 22.4 +
3.4 % relative to control cultures). However, 3-secretase inhibitor IV did not modify the susceptibility
of the cells to UV-A treatment. Notably, the viable cell numbers in cultures treated with inhibitor IV in
the absence of UV-A treatment increased relative to control cultures in this set of experiments (23.5
+12.2 % increase). Although it was not deemed statistically significant, this increase was not expected
given that the 24 h treatment of confluent cells did not alter cell numbers at this concentration (Fig.
5.17). However, this might be explained looking at the effects of 50 nM inhibitor IV on actively growing

cultures (Fig. 5.18) given that cells were treated with the inhibitor at 80% confluence in the UV

experiment.
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Fig. 5.19. Inhibition of SAPPJ production using [-secretase inhibitor IV does not alter the resistance of ARPE-
19 cells to UV-A treatment. T25 cm? flasks of 80% confluent cells were preincubated for 6 h in UltraMEM +/-
inhibitor IV (50 nM) and then transferred into phenol red-free DMEM during UV exposure for 50 min. The cells
were then transferred into UltraMEM +/- inhibitor IV as indicated for an 18 h recovery period. Viable cell
numbers were then determined using the Trypan blue assay as described in the Materials and Methods section.
Results are expressed as a percentage of control cell cultures and are means + S.D. (n=4 except with UV samples
where n=3). *, p<0.05.
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In order to confirm the expected effects of B-secretase inhibitor IV on APP processing in the
UV-A experiments, lysates and concentrated conditioned medium samples were prepared from the
same treated cell samples. Following SDS-PAGE separation of equal amounts of lysate protein, the
samples were immunoblotted with the anti-APP C-terminal antibody and the results (Fig. 5.20A)
confirmed previous observations (Chapter 3, Fig. 3.3) that exposure of the cells to UV-A decreased FL-
APP levels in lysates. Immunoblotting of the conditioned medium (Fig. 5.20C) likewise confirmed

previous observations (Fig. 5.16) that 50 nM inhibitor IV effectively inhibited sAPPf production.
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Figure 5.20. FL-APP expression and sAPPJ production following UV-A and [3-secretase inhibitor IV treatment
of ARPE-19 cells. T25 cm? flasks of 80% confluent cells were preincubated for 6 h in UltraMEM +/- 50 nM inhibitor
IV and then transferred into phenol red-free DMEM during UV exposure for 50 min. The cells were then
transferred into UltraMEM +/- inhibitor as indicated for an 18 h recovery period. Cell lysates and concentrated
conditioned medium samples were then prepared and immunoblotted as described in the Materials and
Methods section. (A) Detection of mature and immature forms of FL-APP in cell lysates using the anti-APP C-
terminal antibody. (B) Detection of actin in cell lysates using the anti-actin antibody. (C) Detection of sAPPf3 in
conditioned medium using the anti-sAPPf antibody.
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5.7. Optimisation of y-secretase inhibitor concentrations

In order to study the effects of blocking y-secretase cleavage of APP-CTFs on ARPE-19 cell
response to UV-A irradiation the selective y-secretase inhibitor begacestat (GSI-953) (Tocris, Bristol,
UK) was employed. This compound demonstrates a 14- to 16-fold selectivity towards the inhibition of
APP-CTF cleavage relative to Notch-CTFs (Mayer et al., 2008; Martone et al., 2009). Initially the effects
of begacestat on APP expression/proteolysis were investigated by transferring confluent T25cm? flasks
of ARPE-19 cells into UltraMEM and treating for 24 h with a 0-100 nM concentration range of the
inhibitor. This concentration range was selected on the basis that the ICso value for begacestat relative
to APP-CTFs is between 12.4 and 14.8 nM (Mayer et al., 2008). Cell lysates were then prepared and
subjected to immunoblotting using the anti-APP C-terminal antibody (see Materials and Methods).
The results (Fig. 5.21A and C) showed no significant effects of the y-secretase inhibitor on FL-APP
levels. However, a dose-dependent increase in the levels of APP-CTF was observed and showed
statistical significance at the concentrations of 25, 50 and 100 nM of the inhibitor (increases of 132.6
+48.1,182.6 £ 92.4 and 232.4 £ 26.2 % respectively) (Fig 5.21B and C). This latter result was expected

given that y-secretase cleavage of the APP-CTFs should have been inhibited by the compound.

Next, the effects of begacestat on the generation of sSAPPa were examined by immunoblotting
equal volumes of concentrated conditioned medium samples with antibody 6E10. The results (Fig.
5.22) revealed that the compound had minimal effects on sAPPa. with a slight increase (31.2 £ 9.5 %
relative to controls) at the highest concentration (100 nM). However, this increase was not deemed
statistically significant. Imnmunoblotting of the same samples with the anti-sAPP[3 antibody (Fig. 5.23)
similarly showed minimal effects of begacestat on the generation of sAPPS with no significant

difference being evident.
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Figure 5.21. The effect of the y-secretase inhibitor begacestat on FL-APP and APP-CTF levels in cell lysates
following 24 h treatment of confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and
incubated in the absence or presence of the indicated drug concentrations for 24 h. Cell lysates were then
prepared and equal protein amounts from each sample were immunoblotted (see Materials and Methods). (A)
Detection of mature and immature forms of FL-APP using the anti-APP C-terminal antibody. (B) Detection of
APP-CTF using the anti-APP C-terminal antibody. (C) Quantification of multiple APP immunoblots by
densitometric analysis. (D) Detection of actin using the anti-actin antibody. Results are expressed as a
percentage of no inhibitor control cell cultures and are means + S.D. (n=3). *, p<0.05; **, p<0.01.
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Figure 5.22. The effect of begacestat on sAPPa levels in conditioned medium following 24 h treatment of
confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the absence or
presence of the indicated drug concentrations for 24 h. Concentrated conditioned medium samples were then
prepared and equal volumes from each sample were immunoblotted. (A) Detection of sAPPa using antibody
6E10. (B) Quantification of multiple 6E10 immunoblots by densitometric analysis. Results are expressed as a
percentage of control cell cultures and are means + S.D. (n=3).

Collectively, these data confirmed effective inhibition of y-secretase APP cleavage at the

inhibitor concentrations employed starting from 25 nM and higher with an accumulation of APP-CTFs

but only minor effects on FL-APP, sAPPa. or sAPPJ3 levels.
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Figure 5.23. The effect of begacestat on sAPPJ levels in conditioned medium following 24 h treatment of
confluent ARPE-19 cells. Confluent cells were transferred into UltraMEM and incubated in the absence or
presence of the indicated drug concentrations for 24 h. Concentrated conditioned medium samples were then
prepared and equal volumes from each sample were immunoblotted. (A) Detection of sAPPJ using the anti-
SAPPJ antibody. (B) Quantification of multiple sAPPB immunoblots by densitometric analysis. Results are
expressed as a percentage of control cell cultures and are means £ S.D. (n=3).

5.8. The effects of y-secretase inhibitor on ARPE-19 cell viability in the
absence of UV-A treatment

Having confirmed that the following concentrations (25, 50 and 100 nM) of begacestat
effectively inhibited y-secretase cleavage of APP-CTFs in ARPE-19 cells, the effects of the drug on ARPE-
19 viable cell numbers in the absence of UV-A treatment were examined. Initially, cells were grown to
confluence in 96-well plates before changing the medium for UltraMEM and treating for 24 h with
begacestat. An MTS assay was then used in order to determine the relative numbers of viable cells
between treatments (see Materials and Methods). The results (Fig. 5.24) showed that the drug did

actually slightly reduce cell viability although these effects could only be deemed statistically
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significant at the lowest drug concentrations (12.5 nM) where viable cell numbers were reduced by

11.0 + 3.5 relative to control cell cultures.

We also investigated the ability of begacestat to inhibit cell proliferation over a seven-day
period (adding the drug at the point of seeding). Cells were grown in DMEM:F12 and medium, together
with begacestat, were replaced every 48 h. At the end of the seven-day growth period the relative
numbers of viable cells were determined using the MTS assay. The results (Fig. 5.25) showed that the
y-secretase inhibitor did effectively inhibit ARPE-19 cell proliferation over a seven-day growth period
in a dose-dependent manner with relative viable cell numbers being reduced significantly by 22.1 +

4.4 % at 100 nM inhibitor concentration.
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Figure 5.24. Relative viable cell numbers following 24 h treatment of confluent ARPE-19 cells with begacestat.
Confluent cells were treated for 24 h with the indicated concentrations of begacestat in UltraMEM and then
subjected to an MTS viability assay as described in the Materials and Methods section. Results are expressed as
a percentage of no inhibitor control cell cultures and are means £ S.D. (n=4). *, p<0.05.
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Figure 5.25. Relative viable cell numbers following seven days of ARPE-19 cell growth in the presence of
begacestat. ARPE-19 cells were seeded at an appropriate density to achieve confluence in 7 days. Cells were
grown in complete growth medium DMEM:F12 and begacestat was added to the cultures at the point of seeding
at the indicated concentrations. Medium was changed, and fresh inhibitor was added every 48 h until day 7
when cells were subjected to an MTS viability assay as described in the Materials and Methods section. Results
are expressed as a percentage of no inhibitor control cell cultures and are means + S.D. (n=4). **, p<0.01.

5.9. The effects of y-secretase inhibitor on ARPE-19 cell viability following
UV-A treatment

Given that the highest concentration of begacestat (100 nM) caused no significant reduction
in viable cell numbers over a 24 h period (Fig. 5.24) this concentration of inhibitor was adopted in
order to investigate the potential effects of the drug on the resistance of ARPE-19 cells to UV-A
treatment. T25 flasks of cells were grown to 80% confluence and pre-treated for 6 h with 100 nM
begacestat in UltraMEM. Following transfer to phenol red-free DMEM, the cells were exposed to UV-
A for 50 min before being transferred back into UltraMEM (in the absence or presence of begacestat)
for an 18 h recovery period. Viable cell numbers were then determined using Trypan blue counts as
described in the Materials and Methods section. The results (Fig. 5.26) showed that, as observed
previously, UV-A exposure significantly decreased viable cell numbers (a reduction of 28.7 £+ 1.7 %

relative to control cultures). Blocking APP-CTF proteolysis using the y-secretase inhibitor did not
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impact on cell viability in the absence of UV-A treatment. However, interestingly, the decline in cell
numbers following UV-A exposure was partially abrogated by treatment with begacestat; here viable
cell numbers were increased by 14.2 + 4.1 % relative to the cells exposed to UV-A in the absence of

the inhibitor.
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Fig. 5.26. Inhibition of y-secretase-mediated APP-CTF cleavage using begacestat increases the resistance of
ARPE-19 cells to UV-A treatment. T25 cm? flasks of 80% confluent cells were preincubated for 6 h in UltraMEM
+/- begacestat (100 nM) and then transferred into phenol red-free DMEM during UV exposure for 50 min. The
cells were then transferred into UltraMEM +/- begacestat as indicated for an 18 h recovery period. Viable cell
numbers were then determined using the Trypan blue assay as described in the Materials and Methods section.
Results are expressed as a percentage of control cell cultures and are means £ S.D. (n=4). ***, p<0.001.

In order to confirm the expected effects of begacestat on APP-CTF processing in the UV-A
experiments, lysates and concentrated conditioned medium samples were prepared from the same
treated cell samples. Following SDS-PAGE separation of equal amounts of lysate protein, the samples
were immunoblotted with the anti-APP C-terminal antibody and the results (Fig. 5.27A) confirmed
previous observations (Chapter 3, Fig. 3.3) that exposure of the cells to UV-A decreased FL-APP levels
in lysates. Using the same antibody, we were also able to confirm that APP-CTFs accumulated in the

presence of the inhibitor regardless of whether cells were also treated with UV-A (Fig. 5.27B).
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Figure 5.27. FL-APP and APP-CTF levels in cell lysates following UV-A and begacestat treatment of ARPE-19
cells. T25 cm? flasks of 80% confluent cells were preincubated for 6 h in UltraMEM +/- 100 nM begacestat and
then transferred into phenol red-free DMEM during UV exposure for 50 min. The cells were then transferred
into UltraMEM +/- inhibitor as indicated for an 18 h recovery period. Cell lysates were then prepared and
immunoblotted as described in the Materials and Methods section. (A) Detection of mature and immature forms
of FL-APP in cell lysates using the anti-APP C-terminal antibody. (B) Detection of APP-CTFs in cell lysates using
the anti-APP C-terminal antibody. (C) Detection of actin in cell lysates using the anti-actin antibody.

5.10. Summary

In the current chapter, the effects of secretase inhibitors on ARPE-19 cell proliferation and

resistance to UV-A exposure were examined.

Initial experiments using the a-secretase inhibitors GI254023X and batimastat at
concentrations around the published ICso values (relative to ADAM10) failed to significantly reduce
sAPPq, production by ARPE-19 cells and had only mild effects on the generation of the fragment by
SH-SY5Y neuroblastoma cells. Eventually, a 5 uM batimastat concentration was shown to inhibit

sAPPq, production by ARPE-19 cells with a concomitant decrease in the levels of cell-associated APP-
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CTFs but no significant effect on sAPP[3 generation. The same batimastat concentration impaired cell
proliferation over a seven-day period but had no effect on the viability of confluent ARPE-19 cells
when treated for 24 h. Interestingly, the inhibition of sAPPa production did not modify the response

of ARPE-19 cells to UV-A treatment.

B-secretase inhibitor IV successfully inhibited sAPPP production by ARPE-19 cells in the
concentration range 0-100 nM whilst having minimal effects on sAPPa production. Interestingly, the
same compound caused an unexpected dose-dependent accumulation of APP-CTFs in cell lysates but
did not alter levels of FL-APP. The inhibitor had minimal effects on relative viable cell numbers
regardless of whether confluent cells were treated for 24 h or whether the drug was added to cells at
the point of seeding. Furthermore, B-secretase inhibitor IV did not alter the resistance of ARPE-19 cells

to UV-A treatment.

Finally, the APP-CTF specific y-secretase inhibitor begacestat caused a dose-dependent
accumulation of APP-CTFs in ARPE-19 cell lysates at concentrations in the range of 25-100 nM. No
major effects of this drug on FL-APP, sAPPa or sAPPf levels were observed. Minimal effects of
begacestat on viable cell numbers were observed when confluent cells were treated with the drug for
24 h but a slight and dose-dependent decrease in relative viable cell numbers was observed when the
drug was added to cells at the point of seeding which was statistically significant at the highest
concentration applied (100 nM). These latter observations indicate that begacestat had a cytostatic
rather than cytotoxic effect on ARPE-19 cells in the absence of UV-A treatment. Finally, begacestat

was shown to partially protect ARPE-19 against the effects of UV-A treatment on viable cell numbers.

Collectively, these data suggest that neither a- nor B-secretase processing are important in
modifying the response of ARPE-19 cells to UV-A treatment. The lack of effect of the -secretase
inhibitor in this respect also suggests that AB-peptide generation is not linked to the effects of UV-A

on cell viability. In contrast, the fact that the y-secretase inhibitor, begacestat, enhanced the resistance
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of cells to UV-A treatment suggests that, rather than A, APP intracellular domain (AICD) fragment

formation may be mechanistically linked to the effects of UV-A on ARPE-19 cells.
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Chapter 6
The protective effects of GLP-1 analogues in ARPE-19 cells
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6. The protective effects of GLP-1 analogues in ARPE-19 cells

Glucagon-like peptide-1 (GLP-1) analogues are clinically used as type 2 diabetes drugs and
have been shown to exert neurotrophic (Perry et al., 2002b) and neuroprotective properties in cellular
and animal models of neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease
(Harkavyi and Whitton, 2010; Sharma et al., 2014; McClean and Hélscher, 2014). These effects are
thought to be related to the stimulation of the GLP-1 receptor initiating a subsequent decrease in
levels of AP and related cytotoxicity in cellular and animal models of neurodegenerative diseases (Li
et al., 2010; Perry et al., 2003). Moreover, GLP-1 analogues might shift APP processing towards the
non-amyloidogenic pathway by increasing expression levels of ADAM10 and thus releasing more of

the neuroprotective sAPPa fragment (Ohtake et al., 2014).

In addition, a number of studies have established a link between diabetes and AMD (Chen et
al., 2014; Hahn et al., 2013; Leske et al., 2006; Topouzis et al., 2009), implicating diabetes as a risk
factor for developing AMD. Hence, an effective treatment strategy against diabetes could have

potential therapeutic value in AMD.

As such, in the current study, we sought to examine whether three GLP- 1 analogues (exendin-
4, liraglutide and lixisenatide) were capable of protecting ARPE-19 cells against chemical stressors and

UV-A irradiation.

6.1. The protective effects of GLP-1 analogues; hydrogen peroxide

Oxidative stress has been implicated in the pathology of AMD leading to the degeneration of
photoreceptors and RPE cells (Pawlowska et al., 2019; Beatty et al., 2000). Moreover, AP aggregates
present in neurodegenerative diseases such as AD have been shown to induce reactive oxygen species
(ROS) production and contribute to oxidative damage (Sayre et al., 2000; Cheignon et al., 2018). These
oxidative stress effects catalysed by A oligomers have also been demonstrated in relation to AMD

pathology (AP is a major constituent of drusen deposits in RPE cells) (Bruban et al., 2009).
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Given that GLP-1 analogues have been shown to protect cells against oxidative stress (Oh and
Jun, 2017) and AP cytotoxicity (Li et al., 2010), we decided in the current study to examine whether
these drugs could protect ARPE-19 cells against hydrogen peroxide (H,03) which has been employed
in previous studies to cause oxidative stress in vitro (Coyle and Kader, 2007; Oraki Kohshour et al.,

2013).

Initially, it was necessary to determine suitably toxic concentrations of H,0; and so confluent
ARPE-19 cells were transferred into fresh complete growth medium and treated for 24 h in the
presence of 0-500 uM H,0, before quantifying relative viable cell numbers using an MTS assay
(Materials and Methods). The results (Fig. 6.1) showed no significant effects on cell viability at the
concentrations used apart from an unexpected trend towards an increase (by 27.2 + 15.5 %) at the

highest H,0, concentration (500uM) (although it was not statistically significant).

This result raised the possibility that factors in the complete growth medium might have
contributed to the elimination of H,0,; toxicity. Therefore, instead of adding the H,0;, to complete
growth medium, UltraMEM reduced serum medium was employed. A 6 h pre-treatment incubation
of the confluent cells in UltraMEM was also incorporated into this next set of experiments in order to
take into account the pre-treatment with GLP-1 analogues that would be incorporated into
subsequent experiments. The results (Fig. 6.2) showed significant reductions in relative viable cell
numbers by 16.8 +5.7,21.3 +5.0,91.0 £ 6.7 and 95.0 + 3.9 at concentrations of 350, 400, 450 and 500

1M H;0,, respectively.
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Figure 6.1. Relative viable cell numbers following 24 h treatment of confluent ARPE-19 cell cultures with H202
in complete growth medium. Confluent cells were treated for 24 h with the indicated concentrations of H20; in
fresh complete growth medium and then subjected to an MTS viability assay as described in the Materials and
Methods section. Results are expressed as a percentage of no hydrogen peroxide control cell cultures and are
means + S.D. (n=4).
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Figure 6.2. Relative viable cell numbers following 24 h treatment of confluent ARPE-19 cell cultures with H202
in reduced serum medium (UltraMEM). Confluent cells were transferred into UltraMEM for 6 h before adding
H20:2 to the indicated final concentrations and culturing for a further 24 h after which the cells were subjected
to an MTS viability assay as described in the Materials and Methods section. Results are expressed as a
percentage of no hydrogen peroxide control cell cultures and are means + S.D. (n=4). ***, p<0.001.
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Having determined suitable doses of H,0, to use, we next examined the ability of GLP-1
analogues to protect against a 500 1M concentration of this chemical stressor. Again, cells were grown
to confluence and transferred to UltraMEM for a 6 h pre-treatment incubation period in the presence
of 0, 1, 10, 100 or 200 nM concentrations, initially, of exendin-4 (concentrations based on Sharma et
al., 2014; Jalewa et al., 2016). Hydrogen peroxide (500 uM) was then added to the same medium (i.e.
the medium was not changed) and the cells were incubated for a further 24 h before conducting an
MTS assay. The results (Fig. 6.3) showed the previously determined toxic effect of 500 uM hydrogen
peroxide on ARPE-19 cells. However, none of the exendin-4 concentrations had any effect on cell

viability regardless of whether hydrogen peroxide was present.
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Figure 6.3. Lack of appreciable effect of exendin-4 on ARPE-19 cell viability in the absence or presence of 500
pM hydrogen peroxide. Confluent cells were transferred into UltraMEM containing the indicated
concentrations of exendin-4 for 6 h before adding H202 (500 pM) to the same medium, incubating for a further
24 h and then conducting an MTS viability assay as described in the Materials and Methods section. Results are
expressed as a percentage of no exendin-4 and no hydrogen peroxide control cell cultures and are means + S.D.
(n=3). *** p<0.001.
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Similarly, the effects of the two other GLP-1 analogues, liraglutide and lixisenatide, were
examined in relation to 500 uM H,0,. As observed previously for exendin-4, liraglutide also exhibited
no increase in viable cell numbers regardless of whether hydrogen peroxide was present (Fig. 6.4).
The results were also very similar for lixisenatide (Fig. 6.5) with no significant effect on relative viable

cell numbers in the absence or presence of hydrogen peroxide.
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Figure 6.4. Lack of appreciable effect of liraglutide on ARPE-19 cell viability in the absence or presence of 500
EM  hydrogen peroxide. Confluent cells were transferred into UltraMEM containing the indicated
concentrations of liraglutide for 6 h before adding H202 (500 uM) to the same medium, incubating for a further
24 h and then conducting an MTS viability assay as described in the Materials and Methods section. Results are
expressed as a percentage of no liraglutide and no hydrogen peroxide control cell cultures and are means + S.D.
(n=3). **, p<0.01; ***, p<0.001.
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Figure 6.5. Lack of appreciable effect of lixisenatide on ARPE-19 cell viability in the absence or presence of 500
EM  hydrogen peroxide. Confluent cells were transferred into UltraMEM containing the indicated
concentrations of lixisenatide for 6 h before adding H202 (500 uM) to the same medium, incubating for a further
24 h and then conducting an MTS viability assay as described in the Materials and Methods section. Results are
expressed as a percentage of no lixisenitide and no hydrogen peroxide control cell cultures and are means £ S.D.
(n=3). **, p<0.01; ***, p<0.001.

Whilst none of the three GLP-1 analogues studied were able to protect ARPE-19 cells against
the effects, on cell viability, of 500 uM H.0; it was considered that such a high stressor concentration
might simply overwhelm any potential protective effects of the drugs (given that 500 uM H,0, resulted
in near complete cytotoxicity). As such, the experiments in Figs 6.3, 6.4 and 6.5 were repeated using
a lower (425 uM) H,0, concentration under the pretense that this stressor concentration might yield
a reduced, yet still appreciable, effect on cell viability. The results using exendin-4, liraglutide and
lixisenatide (Figs 6.6., 6.7 and 6.8, respectively) did indeed show that the lower H,0, concentration
was less toxic than the previously employed 500 uM concentration. However, as observed previously,

no protective effects of the three GLP-1 analogues were apparent in relation to H,0, toxicity.
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Figure 6.6. Lack of appreciable effect of exendin-4 on ARPE-19 cell viability in the absence or presence of 425
pM hydrogen peroxide. Confluent cells were transferred into UltraMEM containing the indicated
concentrations of exendin-4 for 6 h before adding H202 (425 uM) to the same medium, incubating for a further
24 h and then conducting an MTS viability assay as described in the Materials and Methods section. Results are
expressed as a percentage of no exendin-4 and no hydrogen peroxide control cell cultures and are means + S.D.

(n=3). *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 6.7. Lack of appreciable effect of liraglutide on ARPE-19 cell viability in the absence or presence of 425
UM hydrogen peroxide. Confluent cells were transferred into UltraMEM containing the indicated
concentrations of liraglutide for 6 h before adding H202 (425 uM) to the same medium, incubating for a further
24 h and then conducting an MTS viability assay as described in the Materials and Methods section. Results are
expressed as a percentage of no liraglutide and no hydrogen peroxide control cell cultures and are means + S.D.

(n=3). *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 6.8. Lack of appreciable effect of lixisenatide on ARPE-19 cell viability in the absence or presence of 425
pM  hydrogen peroxide. Confluent cells were transferred into UltraMEM containing the indicated
concentrations of lixisenatide for 6 h before adding H202 (425 uM) to the same medium, incubating for a further
24 h and then conducting an MTS viability assay as described in the Materials and Methods section. Results are
expressed as a percentage of no lixisenatide and no hydrogen peroxide control cell cultures and are means *
S.D. (n=3). *, p<0.05; **, p<0.01; ***, p<0.001.

6.2. The protective effects of GLP-1 analogues; AB-peptide

Prior to determining whether GLP-1 analogues might protect ARPE-19 cells against AB-
induced toxicity it was first necessary to determine peptide concentrations that yielded appropriate
levels of cell toxicity. Previous studies had employed peptide concentration ranges between 1 and 25
UM with retinal pigment epithelial cells (Yoshida et al., 2005; Masuda et al., 2019). Therefore, in the
current study, confluent ARPE-19 cells were transferred into UltraMEM and incubated for 24 h in the
presence of 0-50 uM final concentrations of synthetic B-amyloid (1-42) peptide (GenScript,
Piscataway, USA). Relative viable cell numbers were then determined using the MTS assay (Materials
and Methods). The results (Fig. 6.9) showed minimal effects of the peptide on cell viability with only
the highest (50 uM) peptide concentration showing any toxicity (an 8.7 £ 1.8 % decrease relative to

control cultures).
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Figure 6.9. Lack of appreciable effect of AB-peptide (0-50 pM) on ARPE-19 cell viability. Confluent cells were
treated for 24 h with the indicated concentrations of AB-peptide in UltraMEM and then subjected to an MTS
viability assay as described in the Materials and Methods section. Results are expressed as a percentage of no
AB-peptide control cell cultures and are means + S.D. (n=3). *, p<0.05.

Relative viable cell numbers (%of control)

These results were rather unexpected given the afore mentioned studies. However, another
study by Chen et al. (2016) used higher concentrations in the millimolar range to attain significant
effects in ARPE-19 cells. Unfortunately, given the economic considerations in the current study, such
high concentrations of synthetic peptide were simply not viable and so it was decided not to continue

with this aspect of the research.

6.3. The protective effects of GLP-1 analogues; UV-A

We next examined whether exendin-4, liraglutide or lixisenatide showed any protective
effects in terms of preventing the UV-A-mediated reduction in viable cell numbers observed previously
(Chapter 3, Fig. 3.1). Furthermore, the effect of the drugs on full-length APP levels and its metabolites
were also monitored as we had previously shown changes in these proteins/fragments following UV-
Airradiation of ARPE-19 cells (Chapter 3, Fig. 3.3, 3.4 and 3.5). These experiments were performed on
cells in T25 cm? flasks as opposed to 96 well plates as in the preceding sections. Therefore, economic
necessity dictated that only the highest GLP-1 analogue concentration (200 nM) was investigated in

these experiments.
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6.3.1. Exendin-4

Cells (80% confluent) were transferred into UltraMEM in the absence or presence of exendin-
4 (200 nM) and cultured for 6 h. The UltraMEM was then removed and replaced with phenol red-free
DMEM and the cells were irradiated with UV-A for 50 min as described in the Materials and Methods
section before replacing the medium once more with UltraMEM +/- exendin-4 and culturing the cells
for a further 18 h. Conditioned medium was then stored pending protein analysis and cells were
released from the flasks by trypsinisation before counting using Trypan blue and freezing the
remaining cells for later protein analysis. The cell viability results (Fig. 6.10) showed that, as previously
observed (Chapter 3, Fig. 3.1), UV-A irradiation caused a significant decrease in viable cell counts (32.9
+ 8.1 %). Interestingly, exendin-4 caused a significant increase in viable cell numbers in the absence of
UV-A treatment (18.8 + 10.6 % increase) but the drug did not protect the cells against the effects of

UV-A on cell viability.
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Figure 6.10. Exendin-4 does not protect ARPE-19 cells against UV-A-mediated decreases in cell viability. ARPE-
19 cells (80% confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM exendin-
4 before exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see
Materials and Methods). The medium was then exchanged for fresh UltraMEM +/- exendin-4 and the cells were
cultured for a further 18 h before analysing viable cell numbers using the Trypan blue assay. Results are
expressed as a percentage of control cell cultures and are means +S.D. (n=7). *, p<0.05; **, p<0.01; ***, p<0.001.
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Next, the treated cells were used to prepare lysates, from which the proteins were resolved
by SDS-PAGE and immunoblotted using the anti-APP C-terminal antibody. The results (Fig. 6.11)
showed the previously observed (Chapter 3, Fig. 3.3) decrease in full-length APP and APP-CTF levels
following UV-A irradiation (decreased by 53.0 + 29.3 and 60.5 + 11.0 %, respectively relative to
controls). Furthermore, exendin-4 did not impact on these UV-A mediated changes in FL-APP and APP-

CTF levels.
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Figure 6.11. APP expression following UV-A and exendin-4 treatment of ARPE-19 cells. ARPE-19 cells (80%
confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM exendin-4 before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- exendin-4 and the cells were cultured
for a further 18 h. Cell lysates were then prepared and proteins were resolved by SDS-PAGE and immunoblotted
as described in the Materials and Methods section. (A) Detection of mature and immature forms of FL-APP using
the anti-APP C-terminal antibody. (B) Detection of APP-CTF using the anti-APP C-terminal antibody. (C)
Quantification of multiple APP immunoblots by densitometric analysis. (D) Detection of actin using the anti-actin
antibody. Results are expressed as a percentage of control cell cultures and are means + S.D. (n=4). *, p<0.05;
** p<0.01; ***, p<0.001.
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Conditioned medium samples from the exendin-4 experiments were concentrated and equal
volumes were then immunoblotted with the anti-6E10 antibody in order to detect sAPPa.. The results
(Fig. 6.12A and B) showed an apparent decrease in sAPPa levels following UV-A treatment (by 28.5 +
8.2 %) but, once the results were adjusted in order to take into account decreased cell numbers in
cultures, this difference was no longer significant (Fig. 6.12C). Exendin-4 did not modify the amount

of sAPPq, produced regardless of whether cells were irradiated with UV-A.

The medium samples were also immunoblotted using the anti-sAPP[3 antibody (Fig. 6.13) and,
as observed previously, UV-A irradiation was shown to result in decreased sAPPf3 production by cells
whether or not the results were corrected in order to account for the decreased cell numbers present
following irradiation (Fig. 6.13B and C). In UV-A-irradiated cells, there was no difference in SAPPf

production between those cells incubated in the presence or absence of exendin-4.
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Figure 6.12. sAPPa. production following UV-A and exendin-4 treatment of ARPE-19 cells. ARPE-19 cells (80%
confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM exendin-4 before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- exendin-4 and the cells were cultured
for a further 18 h. Conditioned medium samples were concentrated as described in the Materials and Methods
section and equal volumes were resolved by SDS-PAGE and immunoblotted (Materials and Methods). (A)
Detection of sAPPa using antibody 6E10. (B) Quantification of multiple immunoblots by densitometric analysis
showing uncorrected results. (C) Quantification of multiple immunoblots by densitometric analysis showing
results corrected for observed changes in cell viability. Results are expressed as a percentage of control cell
cultures and are means + S.D. (n=4) except UV+Exendin-4 where n=3. *, p<0.05; **, p<0.01.
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Figure 6.13. sAPPJ production following UV-A and exendin-4 treatment of ARPE-19 cells. ARPE-19 cells (80%
confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM exendin-4 before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- exendin-4 and the cells were cultured
for a further 18 h. Conditioned medium samples were concentrated as described in the Materials and Methods
section and equal volumes were resolved by SDS-PAGE and immunoblotted (Materials and Methods). (A)
Detection of sAPPJ using the anti-sAPPJ} antibody. (B) Quantification of multiple immunoblots by densitometric
analysis showing uncorrected results. (C) Quantification of multiple immunoblots by densitometric analysis
showing results corrected for observed changes in cell viability. Results are expressed as a percentage of control
cell cultures and are means + S.D. (n=3). *, p<0.05.
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6.3.2. Liraglutide

The experiments described in the preceding section were then repeated but using 200 nM
liraglutide in place of the exendin-4. The Trypan blue cell viability assay results (Fig. 6.14) showed the
previously observed decrease (Chapter 3, Fig. 3.1) in viable cell numbers following 50 min UV-A
irradiation (by 23.4 £ 6.2 % relative to controls). Liraglutide treatment had no significant effect on cell
viability in the absence of UV-A treatment. However, interestingly, liraglutide treatment was able to
completely prevent UV-A-mediated decreases in cell viability resulting in the recovery of viable cell

numbers to approximately control levels (98.6 + 20.1 %).
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Figure 6.14. Liraglutide protects ARPE-19 cells against UV-A-mediated decreases in cell viability. ARPE-19 cells
(80% confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM liraglutide before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- liraglutide and the cells were cultured
for a further 18 h before analysing viable cell numbers using the Trypan blue assay. Results are expressed as a
percentage of control cell cultures and are means +S.D. (n=11). *, p<0.05; ***, p<0.001.

Next, the treated cells were used to prepare lysates, from which the proteins were resolved
by SDS-PAGE and immunoblotted using the anti-APP C-terminal antibody. The results (Fig. 6.15)

showed the previously observed (Chapter 3, Fig. 3.3) decrease in full-length APP and APP-CTF levels
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following UV-A irradiation (decreased by 51.8 + 25.2 and 56.7 + 9.9 %, respectively relative to
controls). Furthermore, liraglutide did not impact on these UV-A mediated changes in FL-APP and APP-

CTF levels.

Conditioned medium samples from the liraglutide experiments were concentrated and equal
volumes were then immunoblotted with the anti-6E10 antibody in order to detect sAPPa.. The results
(Fig. 6.16A and B) showed an apparent decrease in sAPPa levels following UV-A treatment but this
was, again, deemed insignificant when the results were corrected in order to account for the
decreased cell numbers present following irradiation (Fig. 6.16C). In UV-A-irradiated cells, there was
no difference in sAPPa production between those cells incubated in the presence or absence of

liraglutide.

The same conditioned medium samples were also immunoblotted using the anti-sAPPJ
antibody and the results (Fig. 6.17) demonstrated that sAPPJ3 production declined significantly in UV-
A treated samples (57.0 £ 7.4 %) and in the co-treatment with liraglutide (56.5 + 5.2%) and this decline
persisted in both treatments after correction for viability results as observed previously (Chapter 3,

Fig. 3.5). Liraglutide treatment alone did not affect the levels of this APP fragment.
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Figure 6.15. APP expression following UV-A and liraglutide treatment of ARPE-19 cells. ARPE-19 cells (80%
confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM liraglutide before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- liraglutide and the cells were cultured
for a further 18 h. Cell lysates were then prepared and proteins were resolved by SDS-PAGE and immunoblotted
as described in the Materials and Methods section. (A) Detection of mature and immature forms of FL-APP using
the anti-APP C-terminal antibody. (B) Detection of APP-CTF using the anti-APP C-terminal antibody. (C)
Quantification of multiple APP immunoblots by densitometric analysis. (D) Detection of actin using the anti-actin
antibody. Results are expressed as a percentage of control cell cultures and are means + S.D. (n=4). *, p<0.05;
** p<0.01.
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Figure 6.16. sAPPa production following UV-A and liraglutide treatment of ARPE-19 cells. ARPE-19 cells (80%
confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM liraglutide before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- liraglutide and the cells were cultured
for a further 18 h. Conditioned medium samples were concentrated as described in the Materials and Methods
section and equal volumes were resolved by SDS-PAGE and immunoblotted (Materials and Methods). (A)
Detection of sAPPa using antibody 6E10. (B) Quantification of multiple immunoblots by densitometric analysis
showing uncorrected results. (C) Quantification of multiple immunoblots by densitometric analysis showing
results corrected for observed changes in cell viability. Results are expressed as a percentage of control cell
cultures and are means + S.D. (n=4). *, p<0.05.
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Figure 6.17. sAPP production following UV-A and liraglutide treatment of ARPE-19 cells. ARPE-19 cells (80%
confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM liraglutide before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- liraglutide and the cells were cultured
for a further 18 h. Conditioned medium samples were concentrated as described in the Materials and Methods
section and equal volumes were resolved by SDS-PAGE and immunoblotted (Materials and Methods). (A)
Detection of sAPPJ using the anti-sAPP[} antibody. (B) Quantification of multiple immunoblots by densitometric
analysis showing uncorrected results. (C) Quantification of multiple immunoblots by densitometric analysis
showing results corrected for observed changes in cell viability. Results are expressed as a percentage of control
cell cultures and are means + S.D. (n=3). *, p<0.05.
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6.3.3. Lixisenatide

The preceding experiments were again repeated but this time using lixisenatide (200 nM). In
this instance, the Trypan blue results (Fig. 6.18) showed that viable cell count decreased significantly
following 50 min of UV-A exposure (21.5 + 8.5 %). Interestingly, when cells were treated with
lixisenatide and UV-A irradiation, the GLP-1 analogue was able to revert the viable cell count to that
of controls (104.4 + 9.2 %). It was also notable that lixisenatide treatment in the absence of UV
irradiation lead to slight but significant increase in viable cell counts (by 12.2 + 10.4 %) relative to

controls.
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Figure 6.18. Lixisenatide protects ARPE-19 cells against UV-A-mediated decreases in cell viability. ARPE-19
cells (80% confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM lixisenatide
before exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see
Materials and Methods). The medium was then exchanged for fresh UltraMEM +/- lixisenatide and the cells were
cultured for a further 18 h before analysing viable cell numbers using the Trypan blue assay. Results are
expressed as a percentage of control cell cultures and are means +S.D. (n=11). *, p<0.05; ***, p<0.001.
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The cells harvested from the preceding experiment were then used to prepare lysates which
were resolved by SDS-PAGE and immunoblotted using the anti-APP C-terminal antibody (Materials
and Methods). The results (Fig. 6.19) showed that the expression levels of both FL-APP and APP-CTF
decreased following UV-A treatment (by 41.5 + 11.3 and 53.1 + 21.3 % respectively, relative to the
controls) as observed previously (Chapter 3, Fig. 3.3). Lixisenatide did not modify levels of APP/APP-

CTF regardless of whether or not the cells were irradiated with UV-A.

When concentrated conditioned medium samples from the same experiment were
immunoblotted with the anti-APP 6E10 antibody, previous results were confirmed in that, before
correcting for cell numbers, there was an apparent decrease in sAPPa production by cells following
UV-A irradiation (38.7 + 11.2 %) (Fig. 6.20A and B). However, once the results were corrected in order
to take into account the number of viable cells, this difference was rendered not significant (Fig.

6.20C). No modification of sAPPa generation following lixisenatide treatment was evident.

Immunoblotting the same medium samples in order to detect SAPP[3 again showed a decrease
in the production of this fragment following UV-A irradiation; a difference which persisted even after
the results were corrected for cell numbers (a decrease of 42.5 + 16.9 % relative to controls). Notably,
lixisenatide treatment did not impact on sAPPJ levels in the presence or absence of UV-A light

exposure.
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Figure 6.19. APP expression following UV-A and lixisenatide treatment of ARPE-19 cells. ARPE-19 cells (80%
confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM lixisenatide before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- lixisenatide and the cells were cultured
for a further 18 h. Cell lysates were then prepared and proteins were resolved by SDS-PAGE and immunoblotted
as described in the Materials and Methods section. (A) Detection of mature and immature forms of FL-APP using
the anti-APP C-terminal antibody. (B) Detection of APP-CTF using the anti-APP C-terminal antibody. (C)
Quantification of multiple APP immunoblots by densitometric analysis. (D) Detection of actin using the anti-actin
antibody. Results are expressed as a percentage of control cell cultures and are means + S.D. (n=4). *, p<0.05.
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Figure 6.20. sAPPa production following UV-A and lixisenatide treatment of ARPE-19 cells. ARPE-19 cells (80%
confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM lixisenatide before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- lixisenatide and the cells were cultured
for a further 18 h. Conditioned medium samples were concentrated as described in the Materials and Methods
section and equal volumes were resolved by SDS-PAGE and immunoblotted (Materials and Methods). (A)
Detection of sAPPa using antibody 6E10. (B) Quantification of multiple immunoblots by densitometric analysis
showing uncorrected results. (C) Quantification of multiple immunoblots by densitometric analysis showing
results corrected for observed changes in cell viability. Results are expressed as a percentage of control cell
cultures and are means + S.D. (n=4). *, p<0.05.
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Figure 6.21. sAPPJ production following UV-A and lixisenatide treatment of ARPE-19 cells. ARPE-19 cells (80%
confluent) were pre-incubated for 6 h in UltraMEM in the absence or presence of 200 nM lixisenatide before
exchanging the medium for phenol red-free DMEM and irradiating the cells with UV-A for 50 min (see Materials
and Methods). The medium was then exchanged for fresh UltraMEM +/- lixisenatide and the cells were cultured
for a further 18 h. Conditioned medium samples were concentrated as described in the Materials and Methods
section and equal volumes were resolved by SDS-PAGE and immunoblotted (Materials and Methods). (A)
Detection of sAPPJ} using the anti-sAPP[} antibody. (B) Quantification of multiple immunoblots by densitometric
analysis showing uncorrected results. (C) Quantification of multiple immunoblots by densitometric analysis
showing results corrected for observed changes in cell viability. Results are expressed as a percentage of control
cell cultures and are means + S.D. (n=4). *, p<0.05.
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6.4. Summary

In the current chapter, the effects of chemical stress and UV-A irradiation on ARPE-19 cells
were examined alongside the ability of the GLP-1 analogues, exendin-4, liraglutide and lixisenatide, to

protect cells against these toxic insults.

ARPE-19 cells were largely resistant to hydrogen peroxide up to 425 uM with only minor
decreases in cell viability observed below this concentration. However, none of the three GLP-1
analogues tested were able to protect cells against 425 or 500 puM concentrations of this chemical

stressor.

As far as AB-peptides were concerned, ARPE-19 cells proved remarkable resistance to these
toxic entities and only a minor decrease in cell viability was observed even at a 50 uM concentration
of these peptides. Unfortunately, one ramification for this result was that it was not economically
viable to investigate whether the GLP-1 analogues were able to protect against AB-peptide-mediated

toxicity.

In terms of UV-A irradiation of cells, liraglutide and lixisenatide but not exendin-4 were able
to protect cells against the reduction in viable cell numbers associated with this treatment. The
previously observed decreases in cell-associated levels of FL-APP and APP-CTFs associated with UV-A
irradiation were again observed in this chapter as too was the lack of change in SAPPa generation but
the UV-A-associated decrease in sAPP[3 production by cells. However, it was clear that the ability of
liraglutide and lixisenatide to prevent UV-A-associated decreases in cell viability was not
mechanistically linked to APP metabolism as these compounds (and exendin-4) did not further modify
FL-APP, APP-CTF, sAPPa or sAPPJ levels regardless of whether or not the cells were irradiated with

UV-A.
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Chapter 7

Discussion
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7. Discussion

7.1. Introduction

Amyloid 3 has been found to be a major component of drusen deposits in AMD playing key
roles in disease pathology including drusen formation, inflammation and oxidative stress leading to
retinal degeneration (Ratnayaka et al., 2015; Ohno-Matsui, 2011; Johnson et al., 2002). This project
aimed to investigate the role of APP and its proteolytic fragments from the amyloidogenic and non-
amyloidogenic pathways in AMD using ARPE-19 as a cellular model of the disease and UV-A light as
the stressor. Additionally, given the neuroprotective properties of GLP-1 analogues and its
enhancement of the non-amyloidogenic pathway (Ohtake et al., 2014; Perry et al., 2003; McClean et
al., 2011), this study examined the possible use of GLP-1 analogues as drugs for the prevention or

treatment of AMD.

7.2. Characterising the effects of UV-A on cell viability, p53 levels, and APP
expression and processing in ARPE-19 cells

Initially, the effect of UV-A light exposure on ARPE-19 cell viability was assessed and a
moderately toxic dose was used (consisting of 50 min irradiation of 80% confluent cells 8 cm away
from the light source) which resulted in an approximately 30% decrease in viable cell counts (Fig. 3.1).
The effects of this UV-A dose on p53 levels and APP expression/processing were characterised. UV-A
light exposure resulted in a trend towards an increase in p53 levels (Fig. 3.2). However, due to
variability between samples this increase was deemed insignificant. Although previous studies have
consistently reported the role of p53 in the induction of apoptosis following UV-A exposure (Zhang,
2006; Santamaria et al., 2002), a study by McFeat et al. (2013) demonstrated that, in contrast to UV-
C, UV-Airradiation failed to induce p53 accumulation in mouse embryonic fibroblasts indicating that

the induction of certain elements in the p53 pathway is wavelength specific.

In terms of APP, the results showed a significant decrease in FL-APP expression following UV-
A irradiation (Fig. 3.3) which is in line with the previous findings of Almenar-Queralt et al. (2014)

showing a decline in FL-APP protein levels following UV exposure in SH-SY5Y cells and various other
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cell lines. The current results also demonstrated a greater decline of the mature (upper) protein band
of FL-APP (Fig. 3.3A) possibly corresponding to increased shedding of the mature (post-translationally
modified) protein by secretases at the cell surface. However, quantification of the secreted APP
proteolytic fragments showed a significant decrease in both sAPPa and sAPPf following UV-A
irradiation. Interestingly, levels of sAPPa but not sAPP3 were normalised after correcting results to
account for observed changes in cell viability. Although levels of sAPPa. and sAPPJ following UV
irradiation were not quantified in the literature to allow for direct comparison, levels of APP-CTFs were
measured in Almenar-Queralt et al. (2014) and showed a significant decrease reportedly as the
consequence of increased y- secretase activity towards these fragments. The authors did also conclude
that the activity of a-, - and y- secretases was enhanced by UV irradiation increasing the processing
of full-length APP. By inference, this would mean that levels of the soluble fragments produced
through a- and - secretases would also increase which was not the case in the current study. That
said, the near control levels of sAPPa observed after viability correction in the UV treated samples
(Fig. 3.4C) may suggest an increased a-secretase activity as levels of the substrate (APP) expression
were lower in UV treated cells compared to those of the control. Notably, results in the following
chapters (Fig. 4.4 and Fig. 5.27) showed similar patterns to those observed in Almenar-Queralt et al.

(2014) in terms of decreased levels of APP-CTFs following UV irradiation.

7.3. The effects of depleting full-length APP on ARPE-19 cell viability and
resistance to UV-light

The data outlined in the previous section raised the possibility that APP might be linked to a
cellular response to UV light in ARPE-19 cells. To examine this hypothesis, APP siRNA was utilised to
deplete endogenous APP and subsequently monitor any changes in cell viability in the absence or
presence of UV-A irradiation. The results showed that treatment of cells with APP siRNA (37.5 nM) did
not affect cell viability (Fig. 4.3). Interestingly, however, treatment of cells with APP siRNA resulted in
an increased cell resistance to UV-A irradiation. Viable cell counts increased significantly in APP siRNA

and UV co-treated cells by approximately 20% compared to UV-A treated cells in the absence of APP

144



siRNA treatment (Fig. 4.3). This result might indicate that APP or some of its proteolytic fragments

may be mediating the detrimental effects of UV-irradiation on cell viability.

7.4. The effects of exogenous sAPPa and sAPPJ3 on ARPE-19 cell proliferation

In the current study, ARPE-19 cells were co-cultured with HEK cell stable transfectants over-
expressing FL-APPsos, SAPPgssat or SAPPsosf3 in a transwell system. As expected, the results showed that
cells incubated with the neuroprotective/trophic fragment sAPPo exogenously secreted from
sAPPggsar HEK transfectants exhibited approximately 56 % higher numbers after a 7-day treatment
compared to cells grown with HEK mock transfectants. On the other hand, no increase in viable cell
counts was detected in cells cultured with HEK cells over-expressing FL-APPgss or sAPPgos3. Although
FL-APPgss HEK transfectants also produce high concentrations of sAPPgsor compared to mock
transfectants (Fig. 4.7C and D), sAPPgoso. HEK transfectants produce approximately 2-fold higher
concentrations of this fragment compared to FL-APPess HEK transfectants (Fig. 4.7A and B) which might
explain the lack of the proliferative effect of HEK cells over-expressing FL-APPgss in the co-culture
experiment. Numerous studies have demonstrated the neuroprotective and neurotrophic roles of
sAPPq not shared by the sAPPf fragment (reviewed in Habib et al., 2017). A study by Tackenberg and
Nitsch (2019) showed that sAPPa and not sAPP[3 was neuroprotective against AB-induced toxicity in
mouse neuronal primary cultures and hippocampal slices. This neuroprotective role was related to the
16 additional amino acids at the C-terminus of sAPPa which are not present in sAPPJ (Barger and
Harmon, 1997; Furukawa et al., 1996b). Moreover, in the case of epithelial cells, (Pietrzik et al., 1998)
demonstrated that sAPPa acts as a local mediator of growth and proliferation in rat thyroid epithelial

cells.

7.5. The effects of manipulating full-length APP and its proteolytic fragments
on p53 expression in ARPE-19 cells

APP levels were manipulated by siRNA depletion of endogenous FL-APP in ARPE-19 cells and

by over-expressing FL-APPgss or its fragments sAPPggsal and sAPPggsP in HEK cells. p53 levels were
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monitored in both cases and no significant changes were observed (Fig. 4.5 and Fig. 4.9). These results
were unexpected given the previous findings in several studies showing a strong relationship between
APP and p53 levels (Cuesta et al., 2009b; Buizza et al., 2013; Ozaki et al., 2006; Li et al., 2015). Cuesta
et al. (2009) demonstrated that p53 inhibited APP gene expression and that UV-C exposure leads to a
decline in APP levels through a p53-dependant mechanism in murine neuroblastoma cells (N2a-f3). On
the other hand, Ozaki et al. (2006) showed that over expression of APP in the human bone
osteosarcoma epithelial cell line, U20S, enhanced apoptosis through a p53 dependant pathway and
this was related to AICD interaction with p53. The contradictions between these studies and the

current study although not fully explainable, could be related to the differences in cell types employed.

7.6. The effects of a-secretase inhibitors on ARPE-19 cell proliferation and
resistance to UV-A exposure

In the current study, the a-secretase inhibitors GI254023X and batimastat were applied to
ARPE-19 cells. GI254023X was tested first because of its increased specificity towards ADAM10 (ICso =
5.3 nM) relative to ADAM17 (ICsp = 541 nM). However, concentrations around the published ICso
(Ludwig et al., 2005) failed to significantly reduce the production of sAPPa by ARPE-19 cells and only
had a mild effect in SH-SY5Y cells. Similar results (lack of significant a-secretase inhibition) were
achieved with batimastat at similarly low concentrations. This was explained by the fact that the
published 1Cso value was determined using recombinant enzyme and, therefore, did not consider any
cell-associated factors such as permeability or interaction with other proteins. As such, a
concentration of 5uM batimastat was tested on ARPE-19 cells which achieved the desired effect of
significantly reducing sAPPa production (by approx. 70 %) (Fig. 5.8) with no significant effects on
SAPPJ production (Fig. 5.9). This was accompanied by the accumulation of FL-APP, specifically the
upper (mature) protein band, and a dramatic decrease in APP-CTF levels (by approx. 90 %) (Fig. 5.7)
indicating the effective inhibition of a-secretase shedding which is responsible for the majority of APP

processing in this cell line. The effective batimastat dose shown in the current study is in line with the
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findings of Parkin et al. (2002) demonstrating that the batimastat ICso for a-secretase is 1.2 uM in cell-

based experiments.

The same effective concentration of batimastat (51uM) was tested for its effects on cell viability
and growth in the absence or presence of UV-A irradiation. The results showed that the compound
did indeed impair cell proliferation over a 7-day treatment of cells starting at the point of seeding (Fig.
5.11) with no significant effects on cell viability in a 24 h treatment of confluent cells (Fig. 5.10). It was,
therefore, concluded that batimastat had cytostatic but not cytotoxic effects on ARPE-19 cells. The
cytostatic effect of batimastat could be due to the lack of sSAPPa which is consistent with the results
of the co-culture experiment (Fig 4.7) emphasising the essential role of sAPPa. in driving cell growth
and proliferation and in line with the previously acknowledged trophic and proliferative roles of sAPPa.
(Demars et al., 2011; Tsang et al., 2018; Habib et al., 2017). However, it should be mentioned that,
due to lack of specificity, batimastat could be also inhibiting metalloproteinases other than ADAM10
at this high concentration (5uM) and, therefore, the cleavage of proteins essential for cell survival
other than APP could be implicated including Notch which is cleaved by both ADAM10 and ADAM17

(Christian, 2012; Zolkiewska, 2008).

Finally, inhibition of SAPPa production using batimastat did not alter the resistance of cells to
UV-A treatment. This indicated that the sAPPa fragment itself may not have a role to play in protecting
cells against UV-induced damage in ARPE-19 cells. The question of whether sAPPa. might harbour any
protective effects against UV irradiation in ARPE-19 cells might be further clarified in future by adding
conditioned medium from HEK cells over-expressing sAPPgosa to UV-A irradiated ARPE-19 cells and
monitoring any effects on cell viability but this was beyond the scope of the current study. In fact, a
previous study by Copanaki et al. (2010) demonstrated that sAPPo. was able to attenuate caspase-3
like activity, an apoptosis marker, following UV light exposure in PC12 cells indicating a protective
effect of this fragment against UV-induced apoptosis although changes in cell viability were not

directly quantified.
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7.7. The effects of B-secretase inhibitor on ARPE-19 cell proliferation and
resistance to UV-A exposure

BACE-1 is the first and rate-limiting enzyme in the production of the toxic A fragment. -
secretase inhibitor 1V, a selective BACE-1 inhibitor, was utilised in the current study to monitor the
effects of inhibiting -cleavage on the resistance of cells to UV-A light. Results demonstrated
successful inhibition of SAPP3 production when the inhibitor was applied in the concentration range
0-100 nM (Fig. 5.16) which is in agreement with the published ICso value relative to BACE-1 (15 nM)
(Stachel et al., 2004). No significant effects on sAPPa production were observed (Fig. 5.15) as expected
given the specificity of the inhibitor to BACE-1. However, unexpectedly, the compound resulted in a
dose-dependent accumulation of APP-CTFs with no significant effects on FL-APP levels (Fig. 5.14).
Given the fact that sAPPa levels were not significantly altered, this increase in APP-CTFs could not be

explained by a shift towards non-amyloidogenic processing of APP and, as yet, remains unresolved.

With regards to ARPE-19 cell viability and proliferation, B-secretase inhibitor IV had minimal
effects following either a 24 h treatment of confluent cells or a 7-day treatment from the point of
seeding (Fig. 5.17 and Fig. 5.18). The fact that the compound started demonstrating minor toxic effects
at the highest concentration could be related to the inhibition of cleavage of any of the various
substrates of BACE-1 as it is involved in the shedding of various type 1 transmembrane proteins

(Hemming et al., 2009).

Finally, B-secretase inhibitor IV did not modify the response of ARPE-19 cells to UV-A light
which might indicate that the metabolites resulting from this pathway including SAPP[3 and A} peptide
are not linked to UV toxicity or protection. These results are in line with the findings of the co-culture
experiment in which sAPPf3 had no growth promoting properties and therefore no effect was expected

when knocking the production of this fragment down.
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7.8. The effects of y-secretase inhibitor on ARPE-19 cell proliferation and
resistance to UV-A exposure

y-secretase cleavage is an essential step in APP processing following o- or - cleavage. The
resulting products of y-secretase cleavage are AP or a shorter (p3) fragment for the amyloidogenic or
non-amyloidogenic pathway, respectively, plus a common AICD for both pathways. Begacestat, a y-
secretase inhibitor demonstrating a 14- to 16-fold selectivity towards the inhibition of APP-CTFs
cleavage relative to Notch-CTFs (Mayer et al., 2008; Martone et al., 2009) was utilised in the current
study to inhibit y-secretase cleavage of APP-CTFs. As expected, begacestat led to a dose dependant
accumulation of APP-CTFs in the concentration range 0-100 nM (Fig. 5.21) which is in line with the
published ICsp value for begacestat relative to APP-CTFs (between 12.4 and 14.8 nM) (Mayer et al.,
2008). No significant effects of begacestat on FL-APP levels were shown and only minor effects were

observed relative to sAPPa. or sAPPf3 levels (Fig. 5.21, Fig. 5.22 and Fig. 5.23).

The effects on ARPE-19 cell viability were minimal when confluent cells were treated for 24 h
with begacestat (Fig. 5.24), while more significant and dose-dependent decreases in viability occurred
after a 7-day treatment of cells at the point of seeding (Fig. 5.25). This indicated that y-secretase
inhibition impaired cell growth (cytostatic) rather than causing toxicity. This effect could be related to
the inhibition of APP-CTF processing but could also be an effect on Notch CTFs which might be
inhibited at the high concentrations of begacestat employed. Notch receptors are widely expressed in
a variety of tissues and they have roles in cell-cell signalling, cell fate and differentiation both during
development and in the adult organism (Mao and Ito, 2017; Boyton and Altmann, 2006). Notably,
Notch and APP are both cleaved in a similar manner by a- and y-secretase activities (Lazarov and
Demars, 2012). Notch cleavage also yields a soluble ectodomain and an intracellular domain (NICD)
which, like the APP (AICD), regulates gene transcription (O'Brien and Wong, 2011). However, by taking
into account the IC50 values of begacestat relative to APP-CTFs mentioned by Mayer et al. (2008)
(between 12.4 and 14.8 nM) and the fact that begacestat is 14- to 16-fold more selective towards the

inhibition of APP-CTF cleavage relative to Notch-CTFs, the lowest possible IC50 towards Notch would
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be 173.6 nM which is still higher than the 100 nM used in our experiment. Therefore, the negative
effects shown with begacestat on cell growth and proliferation are likely related to the inhibition of
APP-CTFs processing rather than Notch-CTFs although an effect on other transmembrane protein

fragments cleaved by y-secretase cannot be completely excluded.

Interestingly, the inhibition of y-secretase using begacestat (100 nM) did indeed modify the
response of ARPE-19 cells to UV-A light. The number of viable cells was significantly higher in cells co-
treated with UV-A and begacestat compared to cells treated with UV-A in the absence of the inhibitor
(Fig. 5.26). Begacestat had no effect on viability in the absence of UV treatment in this experiment
which is consistent with the results of the 24 h treatment of confluent cells (Fig. 5.24). The effect of
begacestat increasing cell resistance to UV-A is likely related to the absence of gamma secretase
cleavage products mainly those resulting from APP-CTFs cleavage including AB, p3 and the AICD given
the specificity of begacestat to the inhibition of APP-CTFs cleavage over Notch. Furthermore, the lack
of effect displayed when cells were treated with a- or - secretase inhibitors in the presence of UV-A
suggests that neither AB nor p3 are linked to the effects of UV-A on cell viability. However, a study by
Kume et al. (2003) has shown that APP can be cleaved by y-secretase independently without prior
cleavage of a- or - secretase. Moreover, it was observed in non-canonical cleavage of APP that y-
secretase can cleave APP directly after Meprin-3 cleavage and without prior cleavage by a- or j3-
secretase (Andrew et al., 2016; Garcia-Gonzalez et al., 2019). Meprin-3 cleaves APP at several sites
including a position close to B-secretase cleavage site, thus producing sAPPJ with one or two
additional amino acids and its complementary C-terminal fragment (B-CTF) with one or two less amino
acids (Scharfenberg et al., 2019; Andrew et al., 2016). The B-CTF generated by Meprin-f3 cleavage can
be then cleaved by y-secretase to produce an N-terminally shorter AP species and the normal AICD
(Bien et al., 2012). This means that AICD production may not be completely blocked by the inhibition
of a- or B- secretase which suggests that the AICD may be the fragment responsible for UV decreases

in cell viability. Indeed, several studies have linked the AICD to the regulation of apoptosis and gene
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expression (Midiller et al., 2008; Lu et al., 2000; Giliberto et al., 2008). A study by Kinoshita et al. (2002)
demonstrated that the AICD can translocate to the nucleus and induce apoptosis in H4 neuroglioma
cells by interaction with a histone acetyltransferase called Tip60. Another study by Giliberto et al.
(2008) demonstrated a role for AICD in increasing neuronal sensitivity to toxic and apoptotic stimuli.
Moreover, Ozaki et al. (2006) proved that the AICD enhances p53-mediated apoptosis by enhancing

its transcriptional and pro-apoptotic activities.

Finally, the results of the APP siRNA and UV experiment (Chapter 4, Fig 4.3) showed a
significant effect in protecting cells against UV-A light when the full-length protein (FL-APP) was
knocked down using APP siRNA. It follows that depletion of FL-APP would also decrease levels of AICD
thereby fitting the above hypothesis that it is this latter fragment that is responsible for mediating UV-

A associated decreases in ARPE-19 cell viability.

7.9. GLP-1 analogues and the lack of protective effects against hydrogen
peroxide

Previous studies have demonstrated protective effects of GLP-1 and its analogues in
decreasing oxidative stress associated with the development of several chronic diseases such as
diabetes, cancer and neurodegenerative diseases (Oh and Jun, 2017; Petersen et al., 2016; Cai et al.,
2018). Given the link between diabetes and AMD (Chen et al., 2014; Hahn et al., 2013) and the
similarity between AMD and AD in terms of the pathophysiology (Masuzzo et al., 2016; Ratnayaka et
al., 2015), it was postulated that the diabetes drug GLP-1 analogues might prove effective in protecting
retinal ARPE-19 cells through a similar mechanism to that observed in AD cell culture models (Li et al.,
2010; Jalewa et al., 2016). Three GLP-1 analogues, exendin-4, liraglutide and lixisenatide, were
employed in the current study to examine their effects on ARPE-19 cell viability and APP processing
and whether they could protect cells against various stresses associated with AMD including oxidative

stress and UV-A exposure.
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Hydrogen peroxide was toxic to ARPE-19 cells in the current study at concentrations of 350
UM and above when the H,0, was added in reduced serum medium (UltraMEM) (Fig. 6.2). However,
the same concentrations did not induce any toxicity when the H,0, was added to cells in complete
growth medium (DMEM:F12) (Fig. 6.1). This might be explained by the presence of certain
components in the complete growth medium that might have contributed to the degradation of H,0,.
Indeed, several studies have emphasised the effect of components of the cell culture medium
specifically the serum in affecting the response of cells to various treatments (Nass et al., 2014;
Halliwell, 2014; Arigony et al., 2013). Mun et al. (2017) found that fetal bovine serum (FBS) added to
cell culture medium significantly reduced ROS levels in in vitro-produced (IVP) porcine embryos.
Moreover, treatment with FBS increased the levels of antioxidant transcript in these porcine
embryonic cells (Mun et al., 2017). Additionally, Tangtrongsup and Kisiday (2018) demonstrated

antioxidant properties of FBS leading to reduced ROS production in mesenchymal stem cells.

None of the three GLP-1 analogues used in the current study showed any protective effects in
relation to H,0, toxicity. In contrast, a number of previous in vitro studies have shown a protective
effect of GLP-1 analogues against oxidative stress and apoptosis induced by various stress factors in a
variety of cell types (Wang et al., 2013; Tomas et al., 2011; Kimura et al., 2009). Chang et al. (2013)
demonstrated that pre-treatment with the GLP-1 analogue, exenatide, at concentrations of 0.1, 1 and
10 nM was able to protect rat cardiomyoblast H9c2 cells from H,0-induced oxidative stress. Notably
the H9c2 cells used in the study seemed more susceptible to H,0, treatment (significant decreases in
cell viability were observed following a 200 uM treatment for 6 h) than the ARPE-19 cells used in the
current study where 350 uM H,0, for 24 h was required for appreciable toxicity. It may well be
possible that ARPE-19 cells have already very efficient inherent mechanisms imparting resistance to

H,0, toxicity that might not be activated significantly further through the addition of GLP-1 analogues.
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7.10. GLP-1analogues and their protective effects against UV-A light exposure

Interestingly the current study was able to demonstrate that liraglutide and lixisenatide but
not exendin-4 were able to protect ARPE-19 cells from the toxic effects of UV-A irradiation (Fig 6.10,
Fig. 6.14 and Fig 6.18); a stress factor known to be associated with AMD (Vojnikovi¢ et al., 2007,
Chalam et al., 2011). However, looking at the concentrations of FL-APP in the absence or presence of
each of the GLP-1 analogues (Fig. 6.11, Fig. 6.15 and Fig. 6.19), it was evident that none of these drugs
had significant effects on APP expression in ARPE-19 cells in the current study regardless of whether
cells were irradiated with UV-A. Also, by analysing the level of the soluble fragment of the non-
amyloidogenic pathway (sAPPa) (Fig. 6.12, Fig. 6.16 and Fig. 6.20) and the amyloidogenic pathway
(sAPPB) (Fig. 6.13, Fig. 6.17 and Fig. 6.21) as well as the APP-CTF (Fig. 6.11, Fig. 6.15 and Fig. 6.19) in
the absence or presence of the GLP-1 analogues, results showed that these drugs did not significantly
affect APP processing either. Therefore, it was concluded that neither liraglutide nor lixisenatide
exerted their protective effects against UV-A light through the modification of APP expression or

proteolysis.

In contrast, several previous studies have shown a connection between the protective effects
of GLP-1 analogues and their effects on APP and its metabolites (Perry et al., 2003; Ohtake et al., 2014;
Jantrapirom et al., 2020). A study by Perry et al. (2003) demonstrated that GLP-1 can mitigate AB
production in the brain in vivo and reduce the levels of APP in cultured neurons. Moreover, GLP-1 and
its analogue, exendin-4, were able to protect cultured neurons from AB-induced toxicity (Perry et al.,
2003). Another study by Ohtake et al. (2014) demonstrated that subcutaneous injections of mice with
exendin-4 (0.2 mg/kg five times) shifted APP processing towards the non-amyloidogenic pathway by
increasing expression of ADAM10 in the mouse neocortex. Moreover, Jantrapirom et al. (2020) found
that incubation of human neuroblastoma SH-SY5Y cells with 500 nM of liraglutide for 24 h can reduce
the activity of BACE-1, thus decreasing the amyloidogenic processing of APP and reducing AP

formation in insulin-resistant cells.
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Notably, the above-mentioned studies were performed in neuronal cells which might react
differently to GLP-1 and its analogues compared to non-neuronal cells given the specificity of the
neuronal environment such as the existence of specific APP isoform (APPgs) only in the brain.
Additionally, the concentrations of GLP-1 analogues used in the current study may not have been
sufficient to induce significant effects on APP expression or proteolysis and it is possible that the
protective effects of liraglutide and lixisenatide against UV-A light in ARPE-19 cells were mediated
through a different cellular mechanism that was not investigated here. In fact, the variability in p53
levels following UV-A exposure (discussed in 7.2.) as well as the lack of relation between p53 and APP
in the current study (discussed in 7.5.) has hindered the investigation of a possible mechanism of
action of the GLP-1 analogues as to whether they could have manifested their protective effects

against UV-A through the modulation of p53 levels.

7.11. Limitations

It is important to point out that there are limitations to the model of AMD utilised in the
current study. RPE cells in this model were exposed to high doses of UV at a close distance which is
not the case in vivo. Moreover, there are several protective anatomical structures in the human eye
including the cornea, the intraocular lens, the aqueous humour and vitreous humour which all play a
vital part in absorbing any excess of light photons thus protecting the retina from the damaging
wavelengths of the UV spectrum (Walsh, 2009). These protective structures are all absent in this cell
culture model where RPE cells are directly exposed to UV-A irradiation with minimal protection (i.e.
only the flask walls and the DMEM free media). Similar limitations exist with regards to oxidative stress
where cells are exposed to high doses of H,0, with limited protective mechanisms and lack of access

to dietary antioxidants (Widomska and Subczynski, 2019).

Other limitations include the timing of treatments with the secretase inhibitors. When
studying the effects of the secretase inhibitors on APP expression and processing in the optimisation

experiments, cells were treated for 24 h before harvesting cell lysates and media samples for
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immunoblotting analysis. On the other hand, when studying the effects of these inhibitors on cell
resistance to UV-A irradiation, cells were also treated for a total of 24 h but this was divided into a 6
h pre-incubation (before UV-A irradiation) and an 18 h post-incubation in UltraMEM in the presence
or absence of the drug under examination. Although the immunoblots in Fig. 5.13, 5.20 and 5.27
confirmed the expected effects of the inhibitors on APP expression/processing, it is important to note
that these effects might not have been fully attained at the point of irradiation (after only 6 h
incubation with the drugs) and therefore this might have played a role in limiting the effects of these

inhibitors in modifying the response of ARPE-19 cells to UV-A irradiation.

Similarly, when cells were treated with GLP-1 analogues alongside H,0,, they were pre-
incubated with the drugs for 6 h and then H,0, was added to the same medium and cells were further
incubated for 24 h. This meant that cells were incubated for a total of 30 h with GLP-1 analogues
before conducting an MTS assay. On the other hand, in the GLP-1 and UV-A treatment, cells were
incubated with the drugs for 6 h before irradiation, however, they were subjected to an 18 h post-
incubation with the drugs before harvesting cells and conducting Trypan Blue viable cell counts. That
will add up as a 24 h incubation with GLP-1 analogues in the later experiment. These discrepancies in
treatment times might have contributed to the inconsistencies observed with regards to the effects
of GLP-1 analogues on cell viability in the absence of the stressors (Fig. 6.6 compared to Fig. 6.10) and

(Fig. 6.5 compared to Fig. 6.18).

7.12. Concluding remarks and further research

The key findings of the current study are as follows:

1. UV-A light was shown to consistently decrease the expression of APP with a concomitant
decrease in the production of sAPP[} but not sAPPq. after correcting the results to account for

decreases in cell viability.
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FL-APP or some of its fragments may be detrimental to cells as depleting endogenous APP
using APP siRNA significantly increased the resistance of ARPE-19 cells to UV-A irradiation

restoring viable cell counts to approximately control levels.

sAPPa, was important for ARPE-19 cell growth and proliferation as shown by the growth
enhancement when ARPE-19 cells were co-cultured with HEK cells stably transfected with a
construct encoding the fragment. The fact that sAPPa promotes ARPE-19 cell growth can also

be inferred from the inhibitory effect of batimastat in this respect.

Whilst sAPPa. promoted proliferation the inhibition of its production by batimastat did not

seem to protect against the reductions in cell viability effected by UV-A irradiation.

SAPPJ did not share the growth promoting effects observed with sAPPa. This is also consistent

with the lack of appreciable effects of the -secretase inhibitor IV on cell growth.

The inhibition of SAPPJ3 generation using [-secretase inhibitor IV did not modify the reduction
in cell viability effected by UV-A suggesting that this fragment (and possibly AB-peptides) are

not mechanistically involved.

The fact that the y-secretase inhibitor begacestat ablated the toxic effects of UV-A on ARPE-
19 cells, together with point 6 (above), suggest that AICD generation may well be necessary
for mediating the reductions in viability effected by UV-A. Although, as discussed, this
hypothesis would require AICD generation without prior a- or B-secretase cleavage of APP

given that neither batimastat nor 3-secretase inhibitor IV exerted a similar effect.

Two of the tested GLP-1 analogues, liraglutide and lixisenatide, were able to increase cell
resistance to UV-A light showing a significant restoration of viable cell numbers to control

levels following UV-A exposure.
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Future experiments in which ARPE1-9 cells are exposed to UV-A in the presence and absence
of purified sAPP fragments or conditioned medium from the sAPP HEK stable transfectants used in the
current study would further confirm the roles of these fragments in the proliferation and response of
this retinal cell line to UV-A irradiation. Furthermore, the generation of stable transfections of ARPE-
19 cells over-expressing FL-APP or the various APP fragments is also likely to prove useful in this
respect. A possible way to confirm the role of the AICD in mediating cell toxicity from UV-A could be
through the transfection of ARPE-19 cells with a construct expressing the AICD fragment and
monitoring the effects on cell viability in the presence or absence of UV-A light. Moreover, using
different types of SDS gels that allow the separation of low molecular weight protein fragments might
be another approach to evaluate the role of the AICD in UV-A mediated toxicity by quantifying its

concentrations while cells are treated with the various inhibitors alongside UV-A light.

The results in the current study provide an insight into the role played by APP and its
metabolites in the pathophysiology of AMD. A possible treatment strategy could be through shifting
APP processing towards the non-amyloidogenic pathway given the essential role played by the a-
secretase generated fragment in maintaining the growth and proliferation of retinal pigment epithelial

cells.

Finally, the results regarding GLP-1 analogues indicate that activating GLP-1 receptors in RPE
cells might be of benefit in the protection of these cells from stress inducing reagents such as UV light.
This result warrant further investigation of the cellular pathways which might be responsible for their
cytoprotective effects against UV-A. Such studies might identify new drug targets for the prevention

and treatment of retinal neurodegenerative diseases such as AMD.
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