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Things without hands take hands: there is no choice, 

Eternity’s not easily come by.  

When opposites come suddenly in place,  

I teach my eyes to hear, my ears to see  

How body from spirit slowly does unwind  

Until we are pure spirit at the end. 

Theodore Roethke – Infirmity. 
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Abstract 
 

 

The γ secretase is an intramembrane protease complex, essential for the processing of a wide 

variety of type-1 membrane proteins. Among these is the amyloid precursor protein (APP), a 

protein strongly linked to Alzheimer’s disease (AD), both for the role of the APP gene in the 

development of early-onset AD, as well as for being the precursor of the amyloid-β peptide, 

produced through sequential processing by β and γ-secretases. The primary catalytical proteins of 

the γ-secretase complex are Presenilins (PS). Interestingly, mutations in the PS genes are 

associated with the development of autosomal dominant forms of early-onset AD. However, the 

mechanisms by which APP and PS contribute to the pathogenesis of AD are not fully understood, 

nor are the cellular roles of APP or its cleavage by γ-secretase. Previous reports have revealed a 

link between PS and cellular lipid metabolism, with a lack of PS activity leading to dysregulation 

of cholesterol metabolism and lipoprotein endocytosis. This study revealed how a lack of PS 

activity leads to an elevation of lipid droplet levels, triglyceride levels, cholesterol metabolite levels 

and cholesterol secretion, as well as a decrease in cholesterol esterification. These observations 

are shown to involve an increment of LXR activity. In particular, cells lacking PS activity display a 

substantial elevation of LXR protein levels, as well as of transcripts of LXR target genes involved in 

sterol and triglyceride metabolism. Additional experiments showed that the APP C-terminal 

fragment C99 (C99), a substrate of γ-secretase, accumulate in cholesterol-rich, AP-1 positive 

vesicles upon pharmacological inhibition of γ-secretase. The cellular levels of C99 positively 

correlate with an increase in lipid droplet levels, suggesting that C99 accumulation is involved in 

the alterations of lipid metabolism observed upon inhibition of γ-secretase activity. Together, our 

findings reveal a mechanism that functionally connects γ-secretase-dependent cleavage of the 

APP C-terminal fragment to cellular sterol and lipoprotein metabolism, which could potentially 

contribute to the pathogenesis of AD. 
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1 Introduction 
 

Since the description of the first identified case in 1906, Alzheimer’s disease (AD) has been 

steadily garnering the attention and interest of the scientific community, up to the point where, 

today, it is perhaps the most studied among all neurological diseases1 (Figure 1). This comes in 

great part as a consequence of the tremendous impact AD has on both a personal and a socio-

economic level, together with an alarming increase in patient numbers2. Yet there is another 

striking fact, equally fascinating and daunting, which stands out regarding AD: After more than 

100 years of research, we have yet to understand how precisely the disease originates3–5. Several 

pathophysiological markers have been identified which allow us to categorize and identify AD, as 

well as several genetic risk factors which increase the odds of getting the disease or lead to 

precocious development of the disease, yet the underlying mechanism behind AD has eluded us 

for more than a century. Throughout my doctoral work I have focused on studying some of the 

factors believed to be involved in AD and seeking to identify a functional metabolic relation 

between these factors and AD, in an attempt to assist in uncovering the underlying mechanism 

behind this disease. Specifically, my studies focused initially on the functional relation of γ-

secretase6–8 and cellular lipid metabolism9–11, later introducing a third factor, the trans-

membrane protein APP12,13 and its cleavage product C9914. On the following pages you will find a 

detailed description of the different pathological, biochemical and metabolic aspects of 

$0 $500 $1,000 $1,500 $2,000 $2,500 $3,000 $3,500 $4,000

Frontotemporal Dementia (FTD)

Transmissible Spongiform Encephalopathy (TSE)

Huntington's Disease
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Vascular Cognitive Impairment/Dementia

Alzheimer's Disease Related Dementias (ADRD) 2

Parkinson's Disease

Brain Cancer

Alzheimer's Disease

Neurodegenerative

Brain Disorders

Neurological Disease Funding by the NIH in 2015 

Figure 1: Most funded neurological diseases by the national institute of health (NIH) in 2015, reported in millions of dollars.
Data generated through the NIH Research Portfolio Online Reporting Tools1. 
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Alzheimer’s disease necessary to understand the findings and implications of this thesis in a 

proper context.  

 

1.1 Alzheimer’s disease: A short summary of a complicated disease  

 

Alzheimer’s disease (AD) is currently one of the most prevalent aging-related diseases and the 

most prevalent form of dementia, accounting for 60-70% of all dementia cases. This disease is a 

source of tremendous global financial and medical burden, affecting nearly 44 million people 

worldwide, a number which is expected to double every 20 years were the disease to be left 

unchecked. Additionally, annual AD-associated costs correspond to roughly 600 billion dollars, 

which amounts to 1% of the current worldwide gross domestic product (GDP)2,15–17. 

The main clinical hallmark of the disease is progressive cognitive impairment and substantial 

neurodegeneration in the central nervous system, ultimately leading to death. The disease can 

take more than a decade to run its course, initially displaying only mild behavioral symptoms but 

progressing to affect a diverse range of cognitive functions, from short-term memory and facial 

recognition, all the way to deglutition and sphincter control. Consequently, the disease places 

tremendous stress not only on the patient itself, but also on adjacent family members and 

caretakers, as intense and constant care becomes increasingly necessary with disease 

progression.  

Neuropathologically, AD is primarily characterized by the accumulation of intra- and extra-cellular 

aggregates within the brain, composed mainly of amyloidogenic peptides5. These aggregates are 

known as amyloid plaques (mostly extracellular) and neurofibrillary tangles (mostly intracellular) 

(Figure 2). The main component of extracellular plaques is the amyloid β-peptide (Aβ), which 

derives from proteolytic processing of the β-amyloid precursor protein (APP) by the β- and γ-

secretases. The Aβ peptide shows a strong propensity to spontaneously aggregate, and it is these 

aggregates which make up most of the extracellular AD plaques. Intracellular tangles, on the other 

hand, are primarily composed of the protein Tau, a neural protein essential for microtubule 

assembly and stabilization dynamics. Hyperphosphorylated forms of tau assemble into structures 

known as paired helical filaments (PHF-Tau), which then form the aforementioned neurofibrillary 
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tangles (NFTs)18,19. These plaques and tangles progressively accumulate and spread in the brain 

of an individual with AD. While AD is routinely diagnosed through neuropsychological testing and 

functional neuroimaging, the diagnosis can only be confirmed through post-mortem, 

histopathologic identification of these aggregates in brain tissue20,21.  

 

Figure 2: Aggregate build-up in Alzheimer’s disease. A) Schematic representation of AD amyloid plaque and NFT build up in a neural 

environment. B) Amyloid plaques (arrowheads) and NFTs (arrows) observed in an AD brain sample by the Bielschowsky silver stain. 

Images obtained from publications by Silbert22 and Nixon23. 

As highlighted above, the etiology and disease progression of AD is not well understood. Still, 

there are two important sources of information which have allowed us to better understand this 

disease. The first one can be found in an uncommon set of cases of AD known as familial 

Alzheimer’s disease (FAD) or early-onset Alzheimer’s disease (EOAD). While the majority of AD 

incidences (≈ 95%) arise in individuals over the age of 65 (known as sporadic AD, or SAD), FAD 

develops earlier in life, and has been linked to a set of mutations in three specific genes: PSEN1, 

PSEN2 and APP5. The proteins corresponding to these genes are central to Aβ generation, but the 

precise mechanisms of action by which these genes participate in the development of FAD are 

unclear. However, the fact that the genes, and corresponding proteins, play an essential role in 

FAD is widely accepted. The second source of information lies in the identification of genetic risk 

factors for the development of SAD. The principal and most recognized risk factor is APOE4, one 

of 3 common alleles of the APOE gene. Homozygous carriers of this APOE allele display a 12-time 

increase on the risk of developing AD, while in heterozygous carriers the risk can be 2-3 times 

higher than non-carriers24. Additionally, the E2 allele has been described as protective against 
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AD25,26. In addition to APOE, several other genetic risk factors for AD have been identified through 

genome-wide association studies, many of these, such as cholesterol transporter ABCA7, linked 

to lipid metabolism27–32. The genes identified this way have allowed us to find several target 

proteins to study the pathogenesis and disease progression of AD. In the following section, the 

main proteins used in the study of AD pathogenesis will be described. 

 

1.2 The main recognized proteins of AD 

 

As highlighted above, this section will focus on the main proteins which have been identified as 

relevant in AD pathology5: the amyloid precursor protein (APP) and its degradation products33–37, 

γ-secretase-associated Presenilins (PS)38–40, the apolipoprotein APOE9,41,42, and the microtubule-

associated protein Tau43–45. While the participation of these proteins in the disease is recognized 

and accepted as a consensus among the scientific community, the mechanism by which they do 

so, as well as the etiology of the disease itself, remain enigmatic and hotly debated topics. The 

focus of this work is primarily on PS, lipoproteins and APP, which will now be described in more 

detail. 

 

1.2.1 Presenilins 

 

PS are trans-membrane proteins of high interest to the AD field, due to their involvement in the 

etiology of the disease. Two homologues of this protein have been identified in humans, PS1 and 

PS2. Initially described by the center for research in neurodegenerative diseases in the University 

of Toronto, the protein class was found through a screen attempting to identify gene mutations 

involved in the development of early-onset Alzheimer’s disease38. In this first study, 5 missense 

mutations were identified which lead to the development of FAD, encouraging the study of the 

functional role of this protein, as well as its relationship to AD. Up to date, more than 200 PS FAD 

mutations have been identified46. 

PS proteins function predominantly as the catalytic core of the γ-secretase complex, a multi-

protein protease complex responsible for the cleavage of a wide array of type-1 transmembrane 
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proteins. Cleavage by γ-secretase is an important step in a various of developmental and 

metabolic pathways47, including processes such as cell adhesion and apoptosis, with target 

substrates such as Notch and Cadherins. Furthermore, γ-secretase is responsible for the last step 

of the sequential cleavage of APP, which leads to the formation of Aβ, the main component of 

amyloid plaques48. In addition to its role in γ-secretase activity, it has been proposed that PS has 

other metabolic functions which are independent from their enzymatic function, including 

regulation of lysosomal activity, WNT signaling and insulin signaling8,49. While this aspect is still 

under debate, studies have demonstrated that PS knock-out models display more severe 

phenotypes than knock-out models of other γ-secretase components, and that reintroduction of 

a catalytically inactive variant of PS in knock-out models partially alleviates the effects of the 

knock-out49. 

PS are highly-conserved polytopic transmembrane proteins, that is, they contain multiple 

membrane-spanning hydrophobic domains. Structural analysis of proteins rich in hydrophobic 

domains tends to be particularly challenging, and PS is no exception. As such, the structure of PS 

in biologically relevant conditions has been a matter of considerable debate. The protein is 

recognized as possessing at least six trans-membrane domains(TMDs) by consensus, but current 

models predict it to have as many as nine TMDs50,51 (Figure 3). PS are initially translated as 50kDa 

catalytically-inactive holoproteins, and require a maturation endoproteolysis step in order to 

become catalytically active6. In this maturation process, PS initially associates with γ-secretase 

components Nicastrin, Aph-1 and Pen-2. A cleavage event takes place following Pen-2 binding, 

between TMDs 6 and 7, which makes the catalytical site of the protein accessible to substrate 

peptides52 (Figure 3). This protein shares structural similarities with aspartyl proteases, and, 

indeed, a mutations in aspartic acid residues within the catalytic center (D257 or D385) leads to 

a loss of γ-secretase activity53. 
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As previously indicated, PS is responsible for the cleavage of APP C-terminal fragments leading to 

the formation of Aβ, one of the main factors linked to AD disease progression. While the 

involvement of PS in AD is well recognized, as is its role in the cellular production of Aβ, the 

mechanisms linking PS to the disease are not comprehensively understood. Studies regarding the 

pathogenic role of PS in AD are made challenging by the fact that γ-secretase has an extensive 

number of metabolically important substrates besides APP55. This makes the analysis and 

interpretation of observations made in models of altered γ-secretase activity difficult, as observed 

phenotypes can arise from the impaired processing of one or many of its substrates, not just APP. 

The current leading hypothesis on the involvement of PS in AD pathogenesis proposes that an 

alteration of γ-secretase activity leads to an overall elevation in Aβ production or a decrease in 

the ratio of Aβ40/Aβ4256, the latter peptide being assumed to be more pathogenic than the 

former as it has a higher propensity to aggregate57. Controversially, it is speculated that a 

substantial number of PS mutations associated with FAD are, biochemically, partial loss-of-

function mutations with impaired γ-secretase activity58–61, which is difficult to reconcile with the 

hypothesis that it is an elevated generation of Aβ which underlies the pathogenic effect of PS in 

AD. In this regard, it is important to note that FAD mutations have also been reported to alter the 

processivity of γ-secretase, that is, the shedding of Aβ following cleavage of C99 to produce 

shorter Aβ species, and that activity and processivity can be independent to each other62,63. 

Figure 3: Proposed 9 TMD membrane topology of Presenilin with transmembrane domains shown as blue columns. The catalytic 

activity of PS is exerted by two critical aspartyl residues in TM6 and TM7. Access of the corresponding substrates to PS requires 

endoproteolytic processing on the ICD between TMDs 6 and 7, here highlighted with an arrow. Image modified from Hornanejad 

and Herms54 
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Contrary to this is the hypothesis that PS FAD mutations are toxic gain-of-function mutations, 

supported by the fact that these mutations are autosomal-dominant, that is, genetically carrying 

a single copy of the mutation is sufficient to predispose carriers to FAD61. As such, accurately 

identifying the precise contribution of PS mutations to AD is a challenge which has yet to be 

achieved, and remains of central importance to the field of AD. 

Our working group has previously demonstrated a connection between PS activity, lipoprotein 

endocytosis, and sterol metabolism64. In particular, it was demonstrated that a lack of cellular PS 

activity leads to an impaired endocytosis of lipoprotein particles, an elevation of cellular 

cholesterol and desmosterol levels, and an impairment of membrane receptor recycling. These 

particular observations led us to further explore the impact PS activity has on sterol metabolism, 

storage and secretion, and it is one of the principal starting points of this thesis. 

 

1.2.2 The Amyloid Precursor Protein 

 

Another unusual aspect of AD research can be found in the research of the amyloid precursor 

protein, or APP. While this protein was in fact, since its initial cloning in 198765, identified as the 

precursor of the AD-related Aβ peptide, and has been heavily studied since, no consensus as-of-

yet has been reached regarding its developmental or metabolic function by the scientific body. 

All the while, we know the APP protein family is essential for post-natal survival in mice, with 

double knock-out of APP and APP paralogue APLP2 leading to early post-natal lethality66.  

 

Structurally, APP and its paralogues are classified as type-I transmembrane proteins, indicating 

that the proteins only traverse the membrane once, and the N-terminus of the protein is directed 

extracellularly. APP contains a long N-terminal domain, located extra-cellularly when the protein 

resides in the cell membrane, and a shorter C-terminal intra-cellular domain. In mammals, this 

protein has two paralogues, APLP1 and APLP267,68.  

 



19 

 

As previously highlighted, APP is of high interest to the AD field for being the precursor of the Aβ 

peptide after secretase processing. The processing of APP is primarily a two-step process which 

can take two different routes, known as the amyloidogenic and non-amyloidogenic pathways 

(Figure 4). There are three main differences between the two pathways: The cellular localization 

of the main processing step, the secretase responsible for the first APP cleavage event, and the 

produced APP cleavage fragments. The amlyoidogenic pathway, notable for leading to the 

formation of Aβ on its last processing step, starts with the cleavage of APP by the β-secretase 

(BACE1). BACE1 cleavage of APP is believed to take place primarily endosomal compartments, 

and leads to the formation of soluble sAPP-β and the APP-CTF C99, so called due to its length of 

99 amino acids. C99 is subsequently cleaved by γ-secretase, and leads to the formation of Aβ and 

the APP intracellular domain (AICD). The non-amyloidogenic pathway, on the other hand, begins 

with the cleavage of APP by the α-secretase. This cleavage takes place adjacent to the cell 

membrane, and leads to the generation of the slightly longer sAPP-α, and of the shorter C83. 

Following this, C83 is cleaved by γ-secretase, producing the peptides P3 and AICD (Figure 4). 

Figure 4: Amyloidogenic (yellow background) and non-amyloidogenic (blue background) processing of APP by secretases. The 

amyloidogenic pathway is initiated by β-secretase, producing sAPPβ and the APP CTF C99, and followed by γ-secretase cleavage 

of C99 by γ-secretase, which generates the Aβ peptide and the APP ICD. The non-amyloidogenic pathway, on the other hand, begins 

with α-secretase cleavage of APP, releasing sAPPα and APP C83, with subsequent C83 cleavage by γ-secretase, producing the P3 

peptide and the APP ICD (AICD). A color scheme is used to identify the different components of the γ-secretase: PS (red), Nicastrin 

(blue), Pen-2 (yellow), Aph-1 (green),69. Image obtained from Duggan and Mcarthy49. 
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The potential roles of APP are vast, which can be attested by the large number of reported 

interaction partners, including heparin, collagen type I, LRP1, notch2, and Reelin, among many 

others70. The metabolic relevance of many of these interactions has yet to be identified, however, 

and remains an open question. Importantly, APP has been found to carry a YENPTY clathrin-

binding motif, which mediates the protein’s cell surface recycling and trafficking. This motif has 

been reported to both mediate its processing and subsequent Aβ production, as well as confer 

potential roles in cell signaling, as it is essential for the binding of several interacting proteins, 

including adaptor proteins and kinases71–73. APP expression is ubiquitous, but substantially 

elevated expression levels can be observed in the nervous system, and the primary functions of 

APP are speculated to take place in a neural environment74,75. However, other more ubiquitous 

functions for APP are speculated as well, given that neural APP is primarily composed by one of 

eight identified splicing isoforms12,76. The proposed roles of APP are remarkably broad, and hinge 

on an important question, whether APP functions as a receptor, by binding its putative ligands,  

 

Figure 5: Cellular localization of amyloidogenic and non-amyloidogenic APP processing steps. Following APP translation in the ER, 

APP is transported to the Golgi apparatus. Subsequently, APP can be transported to the cell membrane by clathrin-coated vesicles 

(1), or to an endosomal compartment (2). Membrane-bound APP ca be either cleaved by the α secretase on the non-amylodiogenic 

pathway, which produces sAPP α and P3 (6), or be recycled back to endosomal compartments (3). Endosomal APP is cleaved by β-

secretase on the amyloidogenic pathway, leading to the production of sAPPβ and Aβ (4). APP retrograde transport from endosomes 

to the Golgi is also reported to take place (5). Image obtained from O’brien and Wong12. 
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or as a signaling ligand, through its processing and production of sAPP and AICD70. These proposed 

roles range from neurotrophic function and synaptic adhesion in a neural context, all the way to 

apoptosis, calcium homeostasis and intracellular signaling70. Until now, however, the findings on 

the precise function of APP remain remarkably ambiguous, frequently controversial, and lacking 

a clear mechanism70. Nonetheless, the fact that APP does indeed play an important role in neural 

metabolism is strongly supported by a wide range of in-vivo observations, such as the reduced 

neuronal viability and brain mass which can be observed in APP knockout models, as well as the 

reduced synaptic activity observed in siRNA knockdown models77–79.  

The mechanisms by which APP participates in the AD pathogenic process is a subject of ongoing 

debate, although it is frequently assumed that it is primarily associated to Aβ production and 

subsequent toxicity. Several APP mutations leading to FAD have been identified, most of these 

clustering around the γ-secretase cleavage site, but with some also within or neighboring the 

BACE1 cleavage site. These mutations have been reported to affect APP processing primarily by 

increasing the production of Aβ80,81, or by elevating the Aβ42/Aβ40 ratio82. It should be noted, 

however, that mouse models carrying single FAD APP mutations can develop abundant plaque 

load, but generally fail to display significant neurodegeneration or cognitive defects83, which 

further complicate the interpretation of how APP and Aβ contribute to AD. A few FAD APP 

mutations have also been reported to alter the production of AICD, which has been suggested to 

act as a signaling ligand following cleavage by γ-secretase, but these findings have been reported 

to be inconsistent and therefore controversial84. An interesting and seldom discussed aspect 

linking APP metabolism to AD is the APP-CTF C99. This C-terminal fragment is an intermediate 

fragment of the amyloidogenic processing of APP, produced by the cleavage of β-secretase and 

further cleaved by γ-secretase to produce Aβ. C99 was shown to be potentially relevant in the 

disease progression, originally by Neve et al. in 199685. Mice overexpressing C99 under a neural 

promoter were reported to show drastic neuronal loss, reduced axonal myelination, and 

accumulation of irregularly shaped secondary lysosomes, without amyolidogenesis86–88, 

indicating a potential role of the c-terminal fragment in neurotoxicity, independent of 

amyloidogenic peptide toxicity. Interestingly, the observed lysosomal aberrations recapitulate 

pathophysiological changes described on FAD cell models89. This model saw little follow through, 

in the advent of more recent amyloidosis-relevant models wherein neuropathology can be 
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observed in conjunction with amyloidogenesis, such as the 3x-FAD90, and, more recently, the 5x-

FAD mouse models91, which carry multiple FAD mutations on PS and APP simultaneously. The C99 

APP-CTF was additionally shown to be potentially involved in cholesterol metabolism, as recent 

findings by Barret et al.92, demonstrated by nuclear magnetic resonance (NMR) and electron 

paramagnetic resonance (EPR) spectroscopy, an in-vitro binding of cholesterol to C99. 

 

1.2.3 Apolipoproteins, lipoproteins and the AD risk factor APOE4 

 

Apolipoproteins constitute a highly conserved 

protein family across mammalian species, which play 

an essential role in the transport of cholesterol and 

other lipids through the circulatory system. These 

proteins associate in protein-lipid complexes known 

as lipoproteins, which function as soluble shuttles for 

otherwise insoluble or poorly soluble lipids. 

Apolipoproteins can perform their task because they 

are amphipathic, that is, they possess both 

hydrophilic and hydrophobic domains, which simultaneously permit water solubility and 

interaction with hydrophobic lipids. Lipoproteins adopt a spheroid form, with insoluble lipids in 

the core, and a protein-phospholipid-cholesterol shell (Figure 6). Several classes of 

apolipoproteins are present in mammals, and their relative distribution in different types of 

lipoproteins affects their density and size, by influencing the relative amounts of triglycerides (TG) 

and cholesterol esters. As the main cargo of lipoprotein consists of TG and esterified cholesterol, 

changes in their relative amounts in lipoproteins is primarily what leads to differences in 

lipoprotein density. Consequently, there are several types of lipoproteins, classed by density, 

from high-density lipoproteins (HDL) to ultra-low-density lipoproteins, also known as 

chylomicrons. One of the primary functions of lipoproteins is the distribution of cholesterol and 

lipids synthesized in the liver, the primary organ responsible for cholesterol synthesis in the body.  

It is important to note, however, that while most organic tissue greatly depends on circulating 

cholesterol, an important exception can be found in the brain, where lipoproteins access is 

Figure 6: Schematic representation of the structure and 

components of a lipoprotein298. 
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hindered by the blood-brain barrier. Therefore, brain cholesterol is synthesized within the brain, 

and is also internally transported by lipoproteins. In the brain, three primary apolipoproteins have 

been observed - APOE, APOEJ and APOA-1 – all present in lipoproteins of similar density to the 

peripheral high-density lipoprotein93,94. Of these apolipoproteins, APOE is the predominant brain 

lipoprotein94. Indeed, APOE expression in the brain is notably high, second only to expression in 

the liver95. Neurally, this protein is primarily expressed by astrocytes and microglia96, the former 

of which produce most of the neuronal cholesterol97, delivered via lipoprotein transport. 

Nonetheless, low amounts of APOE expression can also be observed in neurons98. 

Among apolipoproteins, apolipoprotein E (APOE) is of great interest in the study of AD pathology. 

This protein has 3 common alleles in humans, APOE2, 3 and 4, and APOE4 was identified as a 

strong genetic risk factor for SAD by chromosomal linkage and association analysis. Through one 

of these studies, it was reported that APOE4 carriers show a higher risk of developing AD than 

non-carriers, from 20% to 90%, and the median age of onset of carriers was reported to sink from 

84 to 68 years42. This link between APOE4 and AD has been confirmed by multiple independent 

studies9. Additionally, the allele APOE2 has been reported to have the opposite effect, reducing 

AD risk by as much as 50%25,99. The molecular mechanisms by which APOE influences APOE 

pathogenesis are not clear, but an interaction between this protein and Aβ has been 

described41,100. It is proposed that APOE may facilitate the clearance of amyloid plaques in the 

brain by directly binding Aβ and thereby enhancing glial clearance, and APOE4 has been reported 

to be less efficient at promoting this101–103. However, it has also been suggested that the role 

APOE plays in amyloid clearance may not be due to direct binding to Aβ, but rather by competing 

with Aβ for the same neural clearance pathways104,105. APOE plays, as indicated above, a crucial 

role in lipid metabolism, and an increasing number of publications have reported a connection 

between AD and the metabolism of various lipids and sterols11,106–110. As this last aspect plays an 

essential part in this work, it will be covered in more detail in the following section. 
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1.3 The theories of AD pathology and pathogenesis 

 

With a lack of clear consensus on the etiology of AD, several concurrent hypotheses on the matter 

have been developed and refined through the years since its discovery. The oldest proposed 

hypothesis is known as the cholinergic hypothesis, which proposes that AD is caused due to an 

impaired synthesis of the neurotransmitter acetylcholine111. Therapeutic approaches were 

developed on the basis of this hypothesis, intended to enhance or recover neural acetylcholine 

levels, primarily in the form of cholinesterase inhibitors. Unfortunately, while these approaches 

did show mild cognitive benefits in AD patients, they failed to show any signs of slowing or curing 

the disease112,113, and the theory was abandoned by most of the scientific body. A second, more 

accepted hypothesis is the tau hypothesis, which proposes that the microtubule-associated 

protein tau is at the heart of AD etiology. This hypothesis suggests that the abnormally elevated 

phosphorylation and aggregation of tau, which culminates in the formation of NFTs, leads to a 

destabilization of microtubule structure and dynamics, and that it is this event which initially 

triggers the disease cascade ultimately leading to neurodegeneration and dementia114,115. It is 

important to mention, however, that tau dysfunction is not unique to AD. Diseases where tau 

aggregation and tangle formation take place are known as tauopathies, and include conditions 

such as frontotemporal dementia, Parkinsonism and Picks disease. In addition, from more than 

200 familial forms of AD and a substantial number of reported risk factors, few, if any, have been 

directly linked to effects on tau. This suggests that while tau dysfunction and aggregation are 

important components of AD disease progression, these lie downstream in the disease cascade 

and are not directly involved in AD etiology. The third, and perhaps most widely accepted 

hypothesis is the amyloid hypothesis, which proposes that irregularities in the production and 

aggregation of Aβ is the main cause for the development of the disease. The amyloid hypothesis 

has evolved significantly since its conception, as initially it was based on the assumption that 

fibrillar amyloid plaques formed by Aβ aggregation are neurotoxic. Initial studies in cultured 

neurons supplemented with fibrillar Aβ reported changes in action potential frequency and 

membrane depolarization, together with reduced cell viability116. The neurotoxicity of amyloid 

plaques, however, proved to be neglectable in mice, as several mouse models were generated 

which displayed significant amyloid plaque formation in the absence of neurodegeneration83,117. 
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This development led to the idea that it is not amyloid plaques which are directly neurotoxic118,119, 

but smaller intermediate Aβ aggregate species, known as Aβ oligomers. Several studies have 

shown neurotoxic effects of Aβ oligomers120–123, as well as elevated levels in AD patients’ 

brain124,125 and CSF126,127, and oligomeric Aβ has been shown to have a strong binding affinity to 

synapses128 and inhibit long-term potentiation129. A challenge in the Aβ oligomer hypothesis lies 

in the interpretation of different findings, as both the size and conformation of oligomers used, 

as well as the conditions in which they are prepared and used, vary strongly between studies130. 

Currently, both the tau and amyloid hypotheses are hotly debated, and a difficulty in both is to 

fully account for all observed effects, that is, plaque theories have difficulties comprehensively 

accounting for tangle formation, and vice versa115.  

Autophagic and endolysosomal dysfunction have been proposed to possibly underlie the Aβ and 

tau pathology of AD131–133, as such dysfunction would impair the efficient degradation of 

aggregation-prone peptides and proteins, leading to their progressive accumulation134,135. 

Dysfunction of the endolysosomal–autophagic system has, in fact, been reported to take place in 

AD, wherein endosomal compartment enlargement, autophagic vacuole accumulation and 

lysosomal deficits can be observed133, together with altered levels of essential components of the 

endolysosomal–autophagic system, such as PI3P, Vps34, Beclin 1 and Sorl1131,136–139. In addition, 

PS has been reported to be essential for lysosomal proteolysis and calcium homeostasis89,140, and 

Aβ42 has been suggested to negatively impact endosomal sorting and cholesterol efflux from 

endosomes141,142. Several lysosomal storage disorders are known to lead to 

neurodegeneration143, and one in particular, Niemann–Picks disease type-C (NPC), displays 

notable biochemical similarities to AD. NPC is caused by mutations of the NPC1 or NPC2 proteins, 

and is characterized by an impairment of cholesterol shuttling within lysosomal compartments, 

leading to an accumulation of unesterified cholesterol in these compartments144. In addition to 

cholesterol accumulation, NPC displays tau NFT formation145, intracellular Aβ42 deposition146 and 

altered trafficking of APP and β-secretase147, features reminiscent of AD. This would suggest that 

NPC and AD may share common pathogenic processes, in particular regarding endolysosomal 

dysfunction. An important remaining question, however, regarding endolysosomal–autophagic 

disfunction in AD, is whether this dysfunction is an underlying cause or a consequence of AD. An 

additional theory which attempts to account for both abnormal tau phosphorylation and Aβ 
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aggregation proposes impaired WNT signaling as the precursor to both, as this signaling pathway 

can affect both APP processing and tau metabolism115. 

While the hypotheses presented above attempt to answer the question of what the main 

pathogenic entity in AD is, in all these, two essential question remain unanswered: What triggers 

the disease cascade which leads to the formation and accumulation of these neurotoxic entities 

in SAD? And how is APOE involved in the SAD pathogenic process? A hypothesis which attempts 

to comprehensively explain the systemic changes which trigger SAD during aging is that of the 

mitochondrial dysfunction cascade148,149. Mitochondrial dysfunction is a common and well 

described occurrence in aging150, and its effects include an impairment of the electron transport 

chain function, an elevated formation of noxious reactive oxygen species (ROS), 

neuroinflammation, alterations in lipid homeostasis, and impairment of essential signaling 

pathways151–155. Concerning SAD, the mitochondrial dysfunction cascade hypothesis proposes 

that it is primarily the production and accumulation of ROS during aging, combined with elevated 

neuroinflammation, which leads neural cells to increase the production of Aβ, cause neurotoxicity 

and lead to the hyperphosphorylation of tau148,150. While this hypothesis could comprehensively 

explain most of the features of AD pathophysiology, it is currently by no means accepted as 

consensus by the scientific community, as several aspects of it have yet to be thoroughly verified, 

and there are no available in-vivo models which show a direct causative link between 

mitochondrial dysfunction and AD. As for the role of APOE in SAD, this lipoprotein component has 

been associated with both Aβ clearance and mitochondrial dysfunction, but again, the lack of data 

clearly associating any of these observations with AD pathogenesis or disease progression 

underlies the lack of clear consensus, and the need to further study the question. All in all, the 

lack of a clear consensus on hypothesis regarding AD pathogenesis and disease progression 

highlight the need to explore alternative hypotheses. A particularly promising alternative 

hypothesis lies in the described connection between AD and lipid metabolism. 
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1.3.1 The link between AD and lipid metabolism 

 

While a great deal of academic research on Alzheimer's disease currently focuses on the 

formation, metabolism and accumulation of amyloidogenic peptides, such as APP-derived Aβ, and 

hyperphosphorylated Tau, a substantial amount of evidence has been accumulated in the past 

years suggesting a potential role of lipids in the pathogenesis and disease progression of this 

disease. A recent publication, by Tamboli et al.64, showed clear evidence associating γ-secretase 

activity to lipoprotein endocytosis and de-novo cholesterol synthesis64. A loss of the Presenilin 

genes, as well as pharmacological inhibition of γ-secretase activity correlated with an impaired 

endocytosis of lipoprotein particles, and a significant increase in cellular cholesterol and 

desmosterol. This accumulation was shown to be mediated by an increase in SREBP-2 expression, 

which likely mediates the observed increase in the expression of CYP51 and HMG-CoA reductase. 

Additionally, it was shown that an accumulation of C99 leads to an impaired endocytosis of LDLR, 

likely explaining the impaired lipoprotein endocytosis observed in PS deficient models. Overall, 

the results highlighted sterol metabolism as a potential link connecting γ-secretase activity and 

APP processing, both factors associated with FAD, to the main risk factor for late-onset AD, the 

lipoprotein APOE. A second recent publication reported a substantial increase of cholesteryl-ester 

content in brain samples from human AD patients and mouse AD models156. In addition, two 

publications, focusing on cell-based AD models and AD mouse models respectively, have reported 

a strong effect of the pharmacological inhibition of ACAT (ACAT is also known as SOAT1, an 

intracellular cholesterol acyltransferase) on Alzheimer pathology, reporting an 88-99% reduction 

in amyloid plaque load and an 83%-96% reduction in insoluble Aβ after treatment with the ACAT 

inhibitor157,158. Together, the presented data suggest that an involvement of sterol metabolism, 

potentially involving sterol storage mechanisms, such as lipid droplet formation and dynamics, 

could be relevant in the pathogenesis of AD. Indeed, the research articles highlighted above are 

but a small sample of a wealth of publications10,11,106–110,159–162 showing effects, in cases of altered 

metabolism, of virtually every major lipid class on markers for Alzheimer's disease, not only in 

regards to amyloidogenesis, but also affecting cognitive impairment and neuronal loss. While few 

publications claim to have found an etiological role of lipid metabolism in AD, the fact that it plays 

a role in the development of the disease is unmistakably clear. Unfortunately, several of these 
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findings have apparently not seen thorough follow through. One of the primary goals of this thesis 

is to further study and elucidate the observed link between PS activity, APP processing and lipid 

metabolism, in particular regarding sterol metabolism. 

 

1.4 Cholesterol metabolism 

 

Cholesterol is a remarkably important lipid in mammals, which plays essential roles both as a 

structural component of membranes and as a metabolite163,164. In the membranes, it contributes 

not only to overall membrane rigidity, but also as a lipid raft microdomain component. As a 

metabolite, it is the common precursor of steroid hormones, as well as vitamin D and bile acids. 

Body cholesterol is acquired both 

by nutrition and de-novo synthesis, 

the latter taking place primarily in 

the liver and then distributed to 

other tissues by the circulatory 

system. An exception to this is the 

brain, where cholesterol is 

produced and distributed locally165.    

Physiological regulation of 

cholesterol metabolism is mediated 

by a rich and complex set of intra -

and-extra cellular processes, which 

mediate intracellular sterol 

content, storage and 

dynamics163,166 (Figure 7). 

Lipoprotein particle endocytosis 

and de-novo cholesterol synthesis 

are two of the main mechanisms 

which determine the amount of 

Figure 7: Simplified schematical representation of cholesterol de-novo synthesis, 

esterification and transport. Relevant enzymes are displayed as blue ovals. 

Cholesterol precursors, lipoproteins and associated lipids are shown as green 

rectangles. Image obtained fom Mangavite et al.299. 
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cholesterol available in different peripheral cells. Excess cellular cholesterol is stored in the form 

of cholesteryl-esters, with cholesterol acyltransferases (such as LCAT and ACAT) and cholesteryl-

ester esterases (such as steryl-ester acylhydrolase) playing important roles in intracellular sterol 

storage and dynamics. Cholesteryl-esters, together with triglycerides, are stored in lipid droplets, 

cellular storage organelles for hydrophobic molecules167. The formation, and dynamics, of these 

organelles is closely related to the synthesis and available pools of free cholesterol, as both 

synthesis and storage of cholesterol is tightly regulated to maintain free cholesterol levels within 

a stable range166. De-novo cholesterol synthesis is a multi-step process mediated by several 

enzymes, such as HMG-CoA reductase and CYP51, and the expression of most of these enzymes 

is regulated by transcription factors known as sterol regulatory element-binding proteins 

(SREBPs)168. Cholesterol secretion is mediated by membrane transporters known as ABC 

transporters, primarily ABCA and ABCG. These proteins secrete cholesterol, either before or after 

esterification, to be loaded into lipoproteins extracellularly169. 

Cholesterol in the brain is isolated from peripheral cholesterol and synthesized locally, by 

astrocytes and oligodendrocytes, with dietary cholesterol being virtually absent165. This isolated 

system is achieved by means of the blood-brain barrier, which restricts the access of peripheral 

lipoproteins to the brain environment. While the general mechanisms by which cholesterol is 

synthesized and transported in the brain are believed to be comparable to those in the periphery, 

the specific neural mechanisms are not understood in depth170, and there are notable differences, 

such as is the case with brain lipoproteins, as has been covered in the corresponding section 

above.  

A more recently identified participant in the regulation of sterol metabolism is the liver-x receptor 

(LXR), essential in both peripheral and brain cholesterol homeostasis. 
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1.4.1 The Liver-X receptor 

 

The liver-x receptor (LXR) is an essential transcription factor in cholesterol and lipid homeostasis. 

LXR is one of many nuclear receptors (NR), which exert transcriptional regulation following 

nuclear translocation when binding a specific ligand. This transcription factor belongs to the type 

II NR family, a family of NRs which necessitate the formation of heterodimers with the retinoid-x 

receptor (RXR) for nuclear internalizations and gene regulation. As most type II NRs, LXR can act 

both as a gene repressor and gene activator, this function depending on its binding to a putative 

ligand (Figure 8A). Initially identified as an orphan receptor, LXR was later found to respond to 

cellular sterol levels, with oxysterols and cholestenoic acids as its natural ligands. This 

transcription factor promotes de-novo cholesterol synthesis, as well as cholesterol secretion and 

uptake. This is accomplished by regulating the expression of key enzymes in both pathways, such 

as SREBPs in de-novo synthesis171, as well as ABCA1, APOE and LRP in cholesterol distribution and 

uptake172. LXR has been found to act, additionally, as a regulator of triglyceride metabolism171, as 

well as inflammation173 (Figure 8B).   

LXR has two paralogues in humans, termed LXR-α and LXR-β. While LXR-α expression is primarily 

restricted to peripheral environments essential to lipid homeostasis, such as the liver and adipose 

tissue, LXR-β is more ubiquitously expressed, with notably high expression in the liver and the 

brain170. Indeed, in conjunction with peroxisome proliferator-activated receptors (PPARs), LXRs 

are the main regulators of lipid homeostasis in the brain176.  

LXR has, in previous years, been found as an interesting candidate in the study of AD pathology 

due to its regulatory effect in APOE expression176. Indeed, LXR inactivation was initially found to 

enhance Aβ load, potentially due to an impairment of glial phagocytosis, an important process 

for Aβ clearance in the brain, caused by a decrease in LXR-mediated inhibition of microglial 

inflammatory response177. Studies involving the use of synthetic LXR agonists were, however, 
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more complicated to interpret. Reports regarding the clearance of Aβ load following agonist 

treatment were conflicting, with some reporting positive changes while some revealed no  

 

Figure 8: LXR gene regulation and metabolic functions. A) Regulation of gene expression by LXR. In absence of activating ligands, 

LXR can function as a transcriptional repressor. In such instances, the LXR-RXR heterodimer is bound to co-repressors which hinder 

gene transcription and subsequent protein expression. Upon association to activating ligands, the LXR-RXR heterodimer undergoes 

conformational changes which displace bound co-repressors, and promote the binding of co-activators, thereby leading to an 

enhanced gene transcription. B) Metabolic effects of LXR activation in different tissues175. Broad metabolic effects of LXR activation 

in different tissues are highlighted with rectangles and arrows, and named proteins are those under transcriptional regulation by 

LXR which are relevant to the corresponding mechanisms. Image obtained from Hong and Tontonoz174. 
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 significant change176,178,179. Notwithstanding, most studies on mouse models reported an 

enhancement of cognitive performance following agonist treatment180,181. These studies 

highlighted the potential LXR has both as a candidate for improving our understanding of AD 

pathogenesis, and as a target for therapeutic approaches against AD.  

 

1.4.2 Lipid droplets 

 

Our understanding of lipid homeostasis has vastly 

improved in the last decades, including the 

understanding of the lipid droplet (LD). This 

intracellular organelle functions primarily as a 

storage compartment for poorly soluble lipids, in 

particular cholesterols and fatty acids, in the form of 

cholesterol esters and triglycerides. The organelle 

takes the form of a large, complex micellar structure, 

with a membrane monolayer composed of 

phospholipids, cholesterol and proteins, and a 

lipophilic core containing neutral lipids (figure 9). In 

addition to serving as a reserve for excess lipids, the LD also serve as a regulator of cellular lipid 

homeostasis, as LD formation, size, and dynamics responds rapidly to changes in cellular fatty acid 

and cholesterol levels166,182. While this organelle is currently not fully understood, it is an essential 

target in the study of sterol and lipid metabolism, in particular regarding the cellular regulation 

of excess cholesterol167. 

 

1.5 Aim of this study 

 

The purpose of this body of work, as a whole, is to uncover the underlying mechanisms which link 

AD pathology with lipid metabolism, PS activity, lipoprotein metabolism and APP processing. 

Previous reports by Tamboli et al.64 already suggested a metabolic relation between PS activity, 

Figure 9: Schematic representation of the structure, 

components and content of the lipid droplet300. 
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APP processing and lipoprotein metabolism could be found in sterol metabolism, and we 

intended to pursue that lead. 

Our point of departure was PS, the catalytic proteins of the γ-secretase protease complex6. This 

complex is responsible for the cleavage of a large number of type I membrane proteins, including 

the APP CTF C9948. The initial focus of this work was to further our understanding of the role of 

PS activity in lipid metabolism within the frame of AD pathology. Specifically, this study initially 

focused on uncovering the potential effects of PS activity on cholesterol esterification, storage, 

and secretion, as well as lipid droplet metabolism. Having identified a specific set of effects, we 

intended to uncover a molecular mechanism responsible for the observed effects. Finally, we 

intended to explore the possibility of a link between the uncovered effects, lipoprotein 

metabolism and APP processing. 

 By this, we hoped to examine the potential relevance of lipid metabolism in AD, as well as to 

facilitate a more unified understanding of several different facets known to play a role in AD 

pathology, which have been extensively described as individually linked to AD pathology, but 

which have yet to be comprehensively linked between each other in either a metabolic or 

pathogenic level.  
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2 Materials and Methods 
 

2.1 Chemical reagents 

 

Unless otherwise noted, the chemical reagents employed in the frame of this work were acquired 

in purity grade “per analisi” from the following suppliers: Sigma-Aldrich (Steinheim, Germany), 

Thermo Fisher Scientific (Waltham, Massachusetts, United States), Roth (Karlsruhe, Germany), or 

Applichem (Darmstadt, Germany). Cell culture media and buffers were acquired from Life 

Technologies (Frankfurt, Germany). 

LD540 lipid droplet-specific dye, alkyne cholesterol ((25R)-25-ethinyl-26-nor-3β-hydroxycholest-

5-en), alkyne cholesterol ester ((25R)-25-ethinyl-26-nor-3β-Hydroxycholest-5-en 3-oleate), and 

reagents for the labeling of alkyne derivates by click reaction (3-azido-7-hydroxycoumarin, 

[acetonitrile]4CuBF4 in acetonitrile) were graciously provided by Dr. Lars Kuerschner, from the 

laboratory of Prof. Christoph Thiele (Biochemistry & Cell Biology of Lipids, LIMES institute, Bonn, 

Germany). 

 

2.2 Instruments and software 

 

Instrument Manufacturer 

  

AxioVert 200 Fluorescence Microscope Zeiss 

Colibri.2 Microscope light source Zeiss 

7300 Real-Time PCR System  Applied Biosystems 

Mastercycler personal PCR cycler Eppendorf 

Multiskan RC plate reader Thermo Scientific 

SpectraMAX Gemini plate reader Molecular Devices 

P-class Nanospectrophotometer Implen 

Cell culture CO2 incubator Binder 
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Temperature-controlled water bath  Medigen 

Laminar flow cell culture clean bench Thermo Scientific 

-80°C Freezer Thermo Scientific 

5804R Centrifuge Eppendorf 

E100 Cooling system Lauda 

Protein-electrophoresis chamber  Höfer 

XCell SureLock Mini-Cell electrophoresis system Thermo Scientific 

Western-blotting chamber  Höfer 

ChemiDoc XRS chemiluminescence Imager  

 

Bio-Rad 

DNA-electrophoresis chamber  Amersham 

GVM 20 trans-UV illuminator  Syngene 

Sonopuls, UW 2070 Sonifier  Bandelin 

Genesis photometer Thermo Scientific 

MP 225 pH meter  Mettler Toledo 

Magnetic stirrer  Velp Scientifica 

SBH 130 D Heating Block Stuart Scientific 

5415D microcentrifuge  

 

Eppendorf 

5804R refrigerated Centrifuge  Eppendorf 

5415R refrigerated microcentrifuge   Eppendorf 

Incubator Binder 

Thermomixer Compact Eppendorf 

Labstyle 204 analytical balance Mettler Toledo 

PL 202-S Balance Mettler Toledo 

Autoclave H+P 

MS 2 Minishaker IKA 
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Software Supplier 

  

ZEN microscopy software Zeiss 

Quantity One 1-D Analysis Software Bio-Rad 

ImageJ image processing software with FIJI image processing 

package 

 

Public domain/NIH 

Graphpad PRISM Graphpad software 

Microsoft Excel Microsoft 

  

 

2.3 Methods 

 

2.3.1 Cell culture 

 

Mouse embryonic fibroblasts (Wild-type (WT), PS1/PS2 double-knockout (PSdKO)183, and PSdKO 

overexpressing human PS1 wild-type (hPS1WT) and catalytically inactive PS1 D257A (hPS1DA)184) 

and H4 astroglioma cells (WT and WT overexpressing APP CTF C99-GFP (H4 C99-GFP)185) were 

cultured in Dulbecco´s modified Eagle´s medium (DMEM) supplemented with 10% fetal calf serum 

(PAN) and 1% penicillin and streptomycin (v/v) (Life Technologies). Cell cultures were maintained 

in incubation at 37°C, 95% humidity, with 5% CO2 atmosphere until confluence of 80-90%. For 

passaging, cells were washed with Phosphate-buffered Saline (PBS; 140 mM NaCl, 10 mM 

Na2HPO4, 1.75 mM KH2PO4, dH2O, pH 7.4), enzymatically detached with the aid of a Trypsin-EDTA 

solution (0.05 % (w/v) trypsin (Invitrogen), 0.53 mM EDTA, dH2O), and re-seeded on culture media 

at the desired concentration. Cell harvesting for analysis was done by washing cells thrice with 

PBS, manual scraping and collection in Eppendorf tubes, and centrifugation of collected cells. 

Collected cell pellets were either immediately used or shock-frozen in liquid nitrogen and stored 

at -80°C for future use. 

Primary human astrocytes were a generous gift of Dr. Constantin Glebov, and were cultured in 

similar conditions to MEFs and H4 cells. 
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WT and NPC1-null Chinese hamster ovary (CHO) cells were obtained from Dr. Daniel S. Ory, from 

the Washington University School of Medicine, USA. NPC1-null cells are CHO cells in which the 

NPC1 gene has been deleted. CHO cells were cultured in DMEM/F12 medium (1:1) + 10% FCS + 

2mM L-Glutamate. 

Pharmacological inhibition of PS activity with N-[N-(3,5-Difluorophenacetyl)-L-Alanyl]-(S)-

Phenylglycin t-Butylester (DAPT) (Sigma Aldrich) was achieved by incubating the cells in culture 

medium supplemented with 5-10µM DAPT, for either five or seven days prior to analysis, to 

ensure proper inhibition of Presenilin, disappearance of Presenilin cleavage products, and 

observable accumulation of Presenilin substrates. DAPT was stored at a 10mM stock solution in 

DMSO.  

Pharmacological activation of LXR was achieved with the LXR agonist GW3965 (Sigma Aldrich), 

reported to act as a full agonist for both hLXRα and hLXRβ186. The agonist was stored as a stock 

solution of 5mM in DMSO, and used in cell culture at a concentration of 5µM overnight.  

Low-density lipoprotein (LDL) supplementation of MEFs was done by supplementing the standard 

cell culture media with 10µg/ml LDL (Human LDL, Sigma-Aldrich) for 18h, followed by harvesting 

and analysis by Western-blotting and q-rtPCR.  

 

2.3.1.1 Determination of cholesterol in cell culture media 

 

To analyze cholesterol secretion in cell media of the different analyzed MEF cultures, the standard 

culture media was removed from the cultures, cells were washed thrice with PBS, the media was 

replaced with FCS-free culture media (DMEM +1% penicillin and streptomycin (v/v)), and the 

media was collected after 36 hours of incubation. The collected media was centrifuged 3x at 3000 

RPM to remove cellular debris, and the recovered media was shock-frozen in liquid nitrogen and 

stored on -80°C prior to analysis by GC-MS (described below).  
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2.3.2 Cell Fractionation  

 

Fractionation of harvested cell samples into cytoplasmic, membrane and nuclear fractions was 

performed as follows: The harvested cell pellets were washed 3x in PBS, followed by dissolving 

and re-suspending the harvested cell pellet in 0.3 ml hypotonic buffer D (10 mM Tris.Cl pH7.5, 10 

mM NaCl, 0.1 mM EGTA, 25 mM β-Glycerophosphate, 1 mM DTT, 1x cOmplete proteinase 

Inhibitor (Roche)). Samples were then incubated on ice for 15 min, followed by 10-15 times 

homogenization with 1ml syringe and a 0.6-mm cannula. Cells were then centrifuged 3800rpm 

for 5 min. at 4°C, and the supernatant (S1) and the pellet (P1) separated. The pellet (P1) was 

resuspended in 100 µl Buffer C (25 % Glycerol, 20 mM HEPES pH7.9, 0.4 M NaCl, 1 mM EDTA 

pH8.0, 1 mM EGTA, 25 mM β-Glycerophosphate, 1 mM DTT, 1x cOmplete proteinase Inhibitor 

(Roche)) rocked for 20 min. on ice, and centrifuged at 13200rpm for 15 min. at 4°C, with the 

remaining supernatant of this fraction being the nuclear fraction. The previous supernatant (S1) 

was centrifuged at 13200 rpm for 60 min. at 4 °C, and the pellet (P2) and the supernatant (S2) 

were separated. The supernatant (S2) was the cytoplasmic fraction. The pellet (P2) was 

resuspended in 50 µl STEN lysis buffer (50mM Tris HCL pH 7,6 , 150mM NaCl , 2mM EDTA, 1% 

Igepal , 1% Triton X – 100, 1x cOmplete proteinase Inhibitor (Roche)) incubated on ice for 10 min 

and centrifuged at 13200rpm and 4°C for 15 min. The recovered supernatant was the membrane 

fraction. Following fractionation, the protein concentration of each sample was determined by 

BCA protein estimation. Analysis of the samples was done by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and detection by Western-blotting and ECL 

imaging (Bio-Rad).  

 

2.3.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

 

For the separation of proteins based on their molecular weight, the SDS-PAGE method was used. 

For this purpose, two-phase discontinuous SDS-PAGE gels were cast, with an upper protein 

stacking phase, and a lower protein separation phase. Both gel phases are prepared with a TRIS-

buffered solution of acrylamide/bisacrylamide in H2O. The separation phase gel has an 
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acrylamide/bisacrylamide solution (30 % (v/v) Acrylamide/Bisacrylamide in the ratio of 37.5:1) 

concentration ranging from 7 -12% depending on the molecular weight of the proteins of interest, 

and a high pH buffer (1.5 M Tris, 0.4 % (w/v) SDS, dH2O, pH 8.8; Lower Tris). The stacking phase 

gel has an acrylamide/bisacrylamide solution concentration of 4% and a low pH Buffer (500 mM 

Tris, 0.4 % (w/v) SDS, dH2O, pH 6.8; Upper Tris). To trigger the acrylamide polymerization 

reaction, 0.25% ammonium persulfate (APS, Roth) and 0.25% tetramethyl ethylenediamine 

(TEMED, Sigma-Aldrich) are added to the solution prior to casting. The separation phase solution 

is initially cast on a PAGE gel cassette, and 0.5 ml of isopropanol is added on top of the solution 

immediately after casting to prevent dehydration and ensure the formation of a homogeneous 

surface. After the separation gel is formed, the isopropanol is removed, and the stacking gel 

solution is prepared and cast on top. A plastic comb is inserted into the stacking gel solution 

immediately after casting, to form sample loading wells. The plastic comb is removed when the 

stacking gel has formed, the gel cassette is inserted into an SDS-PAGE chamber, and PAGE running 

buffer (25 mM Tris, 200 mM Glycine, 0.1 % SDS, dH2O) is then added to the chamber. The protein 

samples to be analyzed are prepared by the addition of an SDS loading buffer (25 % Upper Tris, 

0.34 M SDS, 0.1 M dTT, 50% glycerol, bromphenol blue in H2O) and incubation of this mixture at 

95°C (80°C for Presenilin blots) for 5 minutes, or to ensure protein denaturation. The respective 

samples, and a molecular weight protein standard (PageRuler; Thermo Scientific) are then loaded 

in different sample loading wells, and electrophoresis is performed at 30 mA and a maximum of 

180 Volts. 

 

2.3.4 Western immunoblotting 

 

In order to detect specific proteins by Western blotting, after SDS-PAGE separation, the proteins 

are initially transferred from the PAGE gel to a nitrocellulose membrane. This is done by laying 

the separated protein gel onto a nitrocellulose sheet (0.2 µM pore size) of corresponding size and 

covering both sides with Whatmann blotting papers (Sigma Aldrich) and plastic sponges. The 

assembly is clamped together and placed on a blotting chamber. The blotting chamber is then 

filled with transfer buffer (5 mM Tris, 200 mM Glycine, 10 % methanol, in H2O), and the proteins 
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are transferred onto the membrane with a current of 400 mA for 1.5h. The membrane is then 

washed with TBS-T (10 mM Tris, 150 mM NaCl, 0.1 % Tween20, pH 7.5, in H2O), and successful 

protein transfer is verified by dousing the membrane in a Ponceau red solution (3 % (w/v) 

Ponceau S, 3 % trichloroacetic acid, in H2O) and washing the excess dye with H2O. Following, the 

membrane is washed thrice with TBS-T for 5 min, and incubated with blocking solution (5 %, BSA 

(Roth) in TBS-T) for 1 h. The membrane is then incubated in a primary antibody solution (2.5 % 

BSA, antibody solution in the respective concentration (see table below) in TBS-T) overnight at 

4°C, or 2h at RT. This is followed by washing the membrane 4 times with TBS-T, and incubation 

with the respective HRP-coupled secondary antibody solution (2.5 % BSA, antibody solution in the 

respective concentration (see table below) in TBS-T) for 1h at RT. Finally, membrane is washed 4 

times with TBS-T, excess liquid is removed from the membrane, and then the membrane is shortly 

incubated in an electrochemiluminescence (ECL) solution (1:1 mix of W1 and W2 ; W1: 0.1 M Tris 

pH 8.5, 0.4 mM cumaric acid, 0.25 mM luminol, dH2O ; W2: 0.1 M Tris pH 8.5, 0.018 % H2O2, 

dH2O). Luminescence produced by the product of the HRP-ECL reaction is detected with the aid 

of an ECL imager (Biorad). In case signal intensity is deemed insufficient, the membranes are 

incubated in a solution of ECL Advanced (GE healthcare). Signal intensity was measured with the 

ImageJ/FIJI software.  

Antibody Protein target Species Source     Dilution   

      

C1/6.1 APP C-terminal domain Mouse Biolegend 1:1000  

3109 Presenilin-1 C-loop Rabbit Eurogentec 1:1000  

A1978 Β-Actin Mouse Sigma-Aldrich 1:5000  

N-20 PARP-1 Goat Santa Cruz 1:1000  

H144 LXR α/β Rabbit Santa Cruz 1:1000  

α-ms-HRP Mouse IgG Rabbit Sigma-Aldrich 1:25000  

α-rb-HRP Rabbit IgG Goat Sigma-Aldrich 1:25000  

α-gt-HRP Goat IgG Rabbit Sigma-Aldrich 1:25000  

      

 



41 

 

2.3.5 Amplex red cholesterol assay 

 

To determine cholesterol levels, the Amplex Red cholesterol assay kit (Molecular Probes) was 

employed as indicated by the manufacturer. Samples were obtained by culturing MEFs until 90% 

confluence, followed by scraping of the cells for harvesting, centrifugation, washing of the cell 

pellet with cold PBS, removing of the remaining liquid from the pellet, and shock-freezing in liquid 

nitrogen for storage of the samples until use. Cell lysates were produced by incubating cell pellets 

in RIPA buffer (1% NP-40, 0.1% SDS, 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% Sodium 

Deoxycholate, 1 mM EDTA) for 10 minutes on ice. Quantified cholesterol was standardized to the 

protein concentration of the samples, previously determined by the BCA assay. An excitation 

wavelength of 530 ± 10 nm and emission wavelength of 590 ± 10 nm were used for detection. 

RIPA lysis buffer, accordingly diluted, was used as a negative control, and H202 (Molecular probes) 

was used as a positive control. The cholesterol standard curve was done with the 

cholesterol/cholesterol ester mixture supplied in the kit for such purpose. 

 

2.3.6 Triglyceride assays 

 

In order to determine the triglyceride content of cell lysates, an enzymatic lipase-based kit 

(Triglyceride Quantification Colorimetric/Fluorometric Kit, Biovision) was used, according to the 

instructions of the manufacturer. Briefly, cell culture samples are diluted in the provided 

triglyceride assay buffer on a 96-well plate, followed by the addition of the provided lipase 

solution. After a 20 minute incubation, the provided triglyceride reaction mix is added to the 

samples, incubated for one hour, and the samples are measured by colorimetry with absorbance 

at a 570nm wavelength. Samples were obtained by culturing MEFs until 90% confluence, followed 

by scraping of the cells for harvesting, centrifugation, washing of the cell pellet with cold PBS, 

removing of the remaining liquid from the pellet, and shock-freezing in liquid nitrogen for storage 

of the samples until use. 
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2.3.7 Fluorescence microscopy 

 

For analysis by fluorescence microscopy, cells were seeded on uncoated glass coverslips by adding 

0.6 -1.2 x 10^4 cells (depending on cell type) on 3-cm cell culture dishes containing three glass 

coverslips, and fixed for staining and analysis after 24 or 48h. Cells were fixed with 4% 

Paraformaldehyde in phosphate buffered saline (PBS) for 10 min. Prior to antibody stainings, cells 

were permeabilized with a Triton X-100 solution (0.25 % (v/v) Triton X-100 (Sigma-Aldrich) in PBS) 

for 10 min, and incubated in blocking solution (10 % (w/v) BSA in PBS) to prevent non-specific 

protein interaction with the respective antibodies. Cells were not permeabilized for lipid droplet 

and cholesterol stainings, as both the lipid droplet dye LD540 and the cholesterol dye Filipin-III 

are lipophilic and passively traverse the cell membrane. Coverslips were washed 3x with PBS (+ 

0.125% (v/v) Triton-X 100 for antibody stainings) before and after incubation with the respective 

dye or antibody in order to remove excess dye or unbound antibodies. Primary and secondary 

antibody labeling was done for 1 hour in PBS + 2% (w/v) BSA, and chemical stainings were done 

by incubating samples with the respective dye, diluted in PBS, as indicated in the tables below. 

Following stainings, coverslips were washed once with water, quickly dried, and mounted on 

microscopy slides with the aid of ImmuMount (Thermo Scientific). Following mounting, 

microscopy slides were allowed to dry overnight at 4°C (36h for LD540), and the slides were 

analyzed with the aid of the AxioVert 200 Fluorescence Microscope (Zeiss). 

 

Chemical dye Dye affinity      Stock     Dilution   Incubation time 

     

LD540187 Lipid droplets 0.5mg/mL in ethanol  1/20000 10-15 min. 

Filipin-III Cholesterol      10mg/ml in DMSO 1/180 20 min. 

DAPI Nucleus 3mM/ml dH2O 1/1000 5 min. 
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Antibody Antibody Target Species Dilution  Source 

     

Anti-Giantin Giantin Mouse 1:300 Dr Hauri, Basel 

T7576 TGN46 Rabbit 1:200 Sigma-Aldrich 

PM062 EEA1 Rabbit 1:300 MBL 

A4200 AP-1 G1 Mouse 1:200 Sigma-Aldrich 

Anti-Rabbit Alexa 647 Rabbit IGG Goat 1:500 Thermo Scientific 

Anti-mouse Alexa 546 Mouse IGG Goat 1:1000 Thermo Scientific 

     

 

2.3.8 Gas Chromatography-Mass Spectrometry 

 

Cellular levels of cholesterol precursor (lathosterol, lanesterol and desmosterol), plant sterols 

(sitosterol, sigmasterol and campesterol), cholestanol and cholesterol concentrations were 

analyzed, by Anja Kerksiek, in the frame of a collaboration with Prof. Dieter Lütjohann (institute 

for clinical chemistry and clinical pharmacology, laboratory for special lipid diagnostics, Bonn 

university clinic, Bonn, Germany) by gas chromatography–mass spectrometry (GC-MS) as 

described in their corresponding publication188. Cell samples were produced by culturing mouse 

embryonic fibroblasts until 90% confluence, followed by scraping of the cells for harvesting, 

centrifugation, washing of the cell pellet with cold PBS, removing of the remaining liquid from the 

pellet, and shock-freezing in liquid nitrogen for storage and delivery of the samples. Four 

biological replicates were used for each condition tested. 

 

2.3.9 Spectroscopic protein estimation assay by the BCA protein assay 

 

Analysis of protein concentration was conducted by the use of the Pierce® BCA Protein Assay Kit 

(ThermoScientific; Waltham, USA) that combines the biuret reaction with specific colorimetric 

enhancer reactions. The assay was performed following the provided indications by the 

manufacturer. 
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2.3.10 Alkyne cholesterol tracing  

 

For the detection of free and esterified alkyne cholesterol metabolized after feeding, cells were 

initially fed the alkyne cholesterol for 24h at a concentration of 10µM in full media. The cells were 

then harvested, and the lipids extracted. The lipids of harvested cells were isolated by a biphasic 

extraction. Briefly, The harvested cell suspension (900 µl) is added to 4 ml of 2:1 

methanol:chloroform, and sonicated for 5 minutes on a water sonication bath. The samples are 

then centrifuged (5 min, 4000 g), and the supernatants are recovered. 7 ml of 6:1 H2O:chloroform 

are added to the recovered supernatants, followed by vigorous mixing and centrifugation (5 min, 

4000 g). Two fractions are obtained from the mixture following centrifugation, with remaining 

proteins visibly accumulating in the interface of the two fractions. The lower (organic, chloroform) 

fraction is recovered, and the chloroform is evaporated with a centrifugal evaporator. If storage 

is required, the pellets were redisolved in 500µl ChCL3, and re-evaporated as needed. The alkyne 

sterols were then fluorescently labeled with 3-azido-7-hydroxycoumarin by click-reaction. To do 

this, the extracted lipid pellet was initially redisolved in 10µl CHCl3, bath-sonicated, shortly 

centrifuged and 30 µl of [acetonitrile]4CuBF4 of acetonitrile together with 5 μl of 44.5 mM 3-azido-

7-hydroxycoumarin was added, followed by vortexing and short centrifugation. The reaction 

takes place at 43°C, with no agitation, for 4h, in a closed Eppendorf tube. The sample lipids are 

then separated on a glass silica gel TLC plate by running initially in CHCl3/MeOH/water/AcOH 

65/25/4/1 for 10 cm, followed by drying and running in hexane/ethyl acetate 1/1. The plate is 

then dried and quickly rinsed in 4% Hunig’s base/hexane, which drastically enhances the 

fluorescent signal. The fluorescent imaging of the labeled sterols is performed by excitation with 

420 nm, and detection on 482–502 nm. 

 

2.3.11 Quantitative real-time PCR (q-rtPCR) 

 

Q-rtPCR was employed to analyze cellular gene expression. Briefly, RNA was initially isolated from 

MEFs via the RNeasy mini kit (Qiagen), and cDNA of the isolated RNA was produced with the 

RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific), as indicated by the respective 

manufacturer’s instructions. Following, the 7300 Real-Time PCR System (Applied Biosystems) was 
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employed to detect the relative abundance of cDNA. For this purpose, master mixes for primers 

corresponding to the genes of interest (primer + Sybr Green PCR Master Mix (Applied 

Biosystems)) and for cDNA templates (cDNA in DNase-free water) were produced, and 

subsequently plated in triplicates on a 96-well plate for analysis with the instrument. Volume 

fluctuations between wells were controlled with the ROX reference dye. The levels of DNA 

generated through the reaction were analyzed by an automatically-set cycle threshold (Ct), in 

which fluorescence is found to be above baseline levels and below exponential growth. This Ct 

was then used to calculate relative gene expression (2 -ΔΔCt), by normalizing to two reference 

housekeeping genes (lactate dehydrogenase A and actin β). The employed primer pairs were 

Quantitect primers, obtained from Qiagen. The primer sequence is not disclosed by the 

manufacturer. The used primers are indicated in the table below. 

 

Primer Target mRNA Provider 

   

NR1h2_1 SG LXR-β QIAGEN 

ABCA1_1 SG ABCA1 QIAGEN 

SREBF1_1 SG SREBF1 QIAGEN 

LDHA_1 SG LDH QIAGEN 

ACTB_2 ACTb QIAGEN 

   

2.3.12 Statistical analysis and quantification of microscopy metadata 

 

Numerical results are shown as bar graphs, displaying average +/- SEM. Statistical significance was 

analyzed by unpaired t-test with Welch's correction when comparing two conditions, and by one-

way ANOVA and Holms-Sidak multiple comparison test when comparing more than two 

conditions, unless indicated otherwise. P-Values are indicated as following: * ≤ 0.05 , ** ≤ 0.01 , 

*** ≤ 0.001 

C99-GFP fluorescent intensity and LD levels were analyzed with the aid of the ZEN microscopy 

software (ZEISS).  
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3 Results 

 

3.1 γ-secretase activity and lipid metabolism 

 

The primary findings of this thesis expand on those of Tamboli et al.64, which reported alterations 

on lipoprotein particle endocytosis and the de-novo cholesterol synthesis pathway within cells 

lacking functional Presenilin (PS). Our interest was focused in understanding the metabolic 

consequences and the mechanism of the described link between PS and sterol metabolism, as 

well as understanding the role that other proteins involved in AD pathology may play therein. 

Consequently, our initial goal was to uncover the effects of PS expression and γ-secretase activity 

on the storage and homeostasis of cholesterol. For this purpose, we elected to analyze, in cell 

models lacking PS activity and wild-type controls, four main factors involved in sterol storage and 

homeostasis: lipid droplet levels, sterol precursor levels, sterol esterification and cholesterol 

secretion. Additionally, triglyceride levels where studied, as they relate to lipid droplet levels, and 

the influence of APP-CTF accumulation on lipid droplet levels.  

The principal cell models used in the following experiments were mouse embryonic fibroblasts 

(MEF), with MEFs carrying a knock-out mutation of both Presenilin-1 (PS1) and Presenilin-2 (PS2) 

(PSdKO)183 compared to wild-type MEFs (WT). Two additional rescue models, with re-expression 

of either human wild-type PS1 (PSdKO +hPS1WT) or catalytically inactive variant of human 

Figure 10: PS1-CTF levels and APP-CTF levels in MEFs lacking PS activity by Western immunoblotting. A) PS1-CTF levels in MEF 

with different PS expression, detected by Western Immunoblot probed with a C-terminal Presenilin antibody. The PS1-CTFs 

produced by endoproteolysis of PS are necessary for γ -secretase activity6, and the absence of PS1-CTFs can be observed in MEFs 

lacking PS or expressing a catalytically inactive variant of PS. B) APP-CTF levels in MEF with different PS expression (wild-type (WT), 

Presenilin double-knockout (PsdKO), and PSdKO stably expressing human WT Presenilin (+hPS1WT) or a catalytically inactive 

variant of human Presenilin (+hPS1DA)) detected by Western Immunoblot probed with an APP CTF antibody. Substantial 

accumulation of APP-CTFs can be observed in cells lacking PS activity. 
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Presenilin PS1, carrying the loss-of-function D257A point mutation (PSdKO +hPS1DA)6, were used 

as controls. The efficient retransfection of MEFs with the respective Presenilin variants was 

verified by Western blot analysis of both PS1-CTF levels, observed to be absent in cells lacking 

functional PS, and an enzymatic substrate of PS (APP-CTF) observed to accumulate in cells lacking 

functional PS (Figure 10).  

 

3.1.1 Lipid droplet levels in cells lacking PS activity 

 

Lipid droplets (LD) are the primary cellular organelles responsible for the storage of cellular 

cholesterol and triglycerides. In order to study these organelles in the frame of PS function and 

AD pathology, the recently developed fluorescent dye LD540, shown to selectively stain lipid 

droplets187, was used for the observation of LDs by fluorescence microscopy. 

 

3.1.1.1  Elevated lipid droplet levels in MEFs lacking PS activity 

 

With the aid of the lipophilic dye LD540, cellular LD levels were studied in MEFs lacking PS 

expression by fluorescence microscopy. Initial observations with the lipid droplet-specific dye 

suggested that MEFs lacking PS activity had an increased amount of lipid droplets, as opposed to 

the WT MEFs (Figure 11). While the differences appeared to be substantial, several characteristics 

of the PS knock-out cells are fundamentally different from WT cells, such as morphology and size, 

which makes it difficult to adequately asses the significance and relevance of the comparison 

between the WT and PSdKO MEFs. With this in mind, we opted to study the LD phenotype in the 

two MEF PSdKO rescue models, PSdKO +hPS1WT and PSdKO +hPS1DA, described in the previous 

section (Figure 10). PSdKO MEFS with re-expression of functional WT PS1 show partial rescue of 

the wild-type phenotype, with lipid droplet accumulation being dramatically reduced. In contrast, 
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re-expression of the inactive PSDA variant had no notable effect on lipid droplet levels, further 

validating the functional recovery effect of WT PS1 retransfection.  

  

3.1.1.2 Cellular lipid droplet levels are increased after pharmacological inhibition of γ-secretase 

in different cell models 

 

In order to further test the effect of γ-secretase activity on lipid droplet formation and 

accumulation, rule out cell type-specific effects, and approach more brain relevant cell models, 

other cell types were used for fluorescence microscopy analysis, together with pharmacological 

inhibition of γ-secretase activity through the use of the dipeptidic small molecule DAPT, a well-

described γ-secretase inhibitor189. Initially, WT MEFs were assayed, in order to establish whether 

Figure 11 : Lipid droplet staining of MEFs cells with different PS expression. A) Representative fluorescence microscopy images 

of MEFs stained with the LD540 dye, specific for lipid droplets, and the nuclear dye DAPI. An increase in the number of lipid droplets 

was observed in the models lacking functional Presenilin expression. Scalebar = 20µm B) Quantification of the average amount of 

lipid droplets per cell on the different genotypes. Data shown is average +/- SEM. N=10. Significance was analyzed by one-way 

Anova and Holms-Sidak multiple comparison test. Significance of compared groups shown with ***: P≤0.001. 
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the effect of purely pharmacological inhibition of γ-secretase by DAPT would lead to similar 

observations as those made through the previously described genetic approach (Figure 12).  

Treatment with DAPT (10µM, 5 days) led to a concomitant increase in LD levels, further 

supporting the initial observations made by the PS knock-out approach.  

 

In addition to MEFs, it was of interest to test if such an effect could be observed in different cell 

models, in particular with regards to more neurally-relevant models. The DAPT pharmacological 

inhibition strategy was therefore employed with two astrocyte cell models, given that these are 

the main cells involved in the production of neuronal cholesterol and lipids97. The models were 

the H4 astroglioma cell line, and primary human astrocytes. The observed phenotypes were 

similar to those obtained with the knock-out MEF models in both analyzed cell types, where 

treatment with DAPT led to a significant and substantial increase in lipid droplet content, thereby 

Figure 12: Lipid droplet staining of MEFs following treatment with PS inhibitor DAPT. Representative fluorescence microscopy 

images of MEFs stained with the LD540 dye, specific for lipid droplets, and DAPI nuclear staining. A substantial increase in the 

number of lipid droplets can be observed with DAPT treatment (10µM). Scale bar = 20 µm. Quantification of the average amount 

of lipid droplets per cell is shown on the right. Data shown is average +/- SEM. Significance was analyzed by unpaired t-test with 

Welch's correction, N=6. ***: P≤0.001. 
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confirming the role of the γ-secretase activity on lipid droplet accumulation (Figure 13). These 

observations strongly suggested that γ-secretase plays an important role in intracellular lipid  

metabolism, but the biochemical characteristics and the mechanism behind these observations 

were still under question. 

 

 

 

 

Figure 13: Lipid droplet staining of H4 cells and primary human astrocytes cells following treatment with γ-secretase inhibitor 

DAPT. Representative fluorescence microscopy images of H4 astroglioma cells (above) and primary human astrocytes (below)

stained with the LD540 dye, specific for lipid droplets, and DAPI nuclear stain. A substantial increase in the number of lipid droplets 

can be observed with DAPT treatment in both cell types. Scale bar = 20 µm. Quantification of the average amount of lipid droplets 

per cell for both cell types is shown below the respective microscopy images. Data shown is average +/- SEM. Significance was 

analyzed by unpaired t-test with Welch's correction, N=35 for H4 cells, N=11 for primary human astrocytes. ***: P≤0.001. 
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3.1.2 Sterol and triglyceride levels are altered in cells lacking γ-secretase activity 

 

Given our findings on LD levels upon loss of γ-secretase activity, we found it likely that there would 

be notable alterations in cellular levels of cholesterol metabolites, cholesterol esters and possibly 

triglycerides, as the primary role of the LD is the storage of excess lipids. Our initial findings 

concerning decreased sterol esterification on cells lacking functional PS were found to be 

discrepant with previous reports in the literature, namely those of Area-Gomez et al190, and we 

therefore employed three approaches for the analysis of cholesterol metabolites and cholesterol 

ester levels, in order to ensure the validity of our findings. The approaches used were gas 

chromatography-coupled mass spectrometry (GC-MS), the Amplex red cholesterol assay, and 

feeding of a “click-able” alkyne-cholesterol probe, for Coumarine labeling and fluorescent 

detection of the labeled cholesterol.  

 

3.1.2.1 Sterol levels and cholesterol esterification in MEFs by gas-chromatography-coupled mass 

spectrometry 

 

The MEFs models described above were cultured, harvested, the different lipids extracted, and 

then separated by gas chromatography, followed by analysis of the isolated sterol fractions by 

mass spectrometry. A panel of different sterol metabolites were analyzed, namely desmosterol, 

lathosterol, lanosterol, cholestanol, sitosterol, sigmasterol and campesterol, as well as total 

cholesterol and cholesterol esterification. Of the analyzed panel, three sterols were found to be 

substantially and consistently different in cells lacking γ-secretase activity: Desmosterol, 

lathosterol, and cholesterol esters. Our observations with this method revealed that cells lacking 

the expression of functional Presenilin (PSdKO and PSdKO +hPS1DA) show significantly increased 

levels of lathosterol and desmosterol, as well as a significantly decreased esterification of 

cholesterol, as compared with WT and PSdKO +hPS1WT (Figure 14). The elevated levels of 

cholesterol precursors demosterol and lathosterol confirmed previous findings64 reporting 

elevated cholesterol metabolism on cells lacking PS activity. However, our findings revealed the 

levels of total cholesterol to be barely different at all, only slightly lower – but not significantly so 

- with a lack of PS activity. It was therefore expected, given these findings and the elevated levels 
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of LDs, that cholesterol esterification levels would be higher in cells lacking PS activity, but, against 

expectations, cholesterol esterification was found to be substantially lower (Figure 14). Given the 

counter-intuitive nature of our findings, we opted to verify the validity of these findings with an 

alternative method. 

  

 

 

Figure 14: Content analysis of a panel of sterols in MEFs with different PS expression, determined by GC-LC-MS.

Shown sterols are cholesterol precursors (lathosterol and desmosterol), as well as cholesterol and esterified 

cholesterol. Significantly increased levels of lathosterol and desmosterol can be observed in MEFs lacking functional 

PS expression, together with a significantly decreased cholesterol esterification ratio. Data shown is average +/- SEM. 

N=9 for lathosterol, desmosterol, and cholesterol levels, and N=7 for esterification ratio. Significance was analyzed 

by one-way Anova and Holms-Sidak multiple comparison test. Significance of compared groups shown with *: P≤0.05, 

**: P≤0.01, ***: P≤0.001. 
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3.1.2.2 Sterol levels and esterification in MEFs and H4 cells by the Amplex red method 

 

The second method used for this purpose was the Amplex red cholesterol assay, a fluorogenic 

assay coupling the enzymatic activity of cholesterol esterase and cholesterol oxidase, with the 

production of the fluorescent dye resofurin upon oxidation of the Amplex red molecule. In this 

Figure 15: Sterol and sterol esterification levels of MEFs and H4 cells with different PS expression by Amplex 

red. MEFs with different PS expression (A) and H4 cells following DAPT treatment (B), analyzed for total 

cholesterol and cholesterol esterification by the Amplex red cholesterol assay. Significantly reduced levels of 

cholesterol esterification can be observed in cells lacking functional PS expression or activity. No significant 

differences can be observed on total sterol levels. Data shown is average +/- SEM. N=12 for MEFs and N=8 for 

H4 cells. In MEF experiments, significance was analyzed by one-way Anova and Holms-Sidak multiple 

comparison test. In H4 Amplex red experiments, significance was analyzed by unpaired t-test with Welch's 

correction. Significance of compared groups shown with ***: P≤0.001. 
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assay we employed the MEF PSdKO cell model, as well as DAPT-treated H4 cells. Results acquired 

with this method were concurrent with those made by GC-MS (Figure 15A), with cells lacking 

functional PS displaying significantly lower sterol esterification levels as compared to those 

expressing functional PS, and no notable changes in absolute sterol levels. Results obtained with 

H4 cells after pharmacological inhibition of γ-secretase revealed comparable results, with DAPT 

inhibition (Figure 15B) leading to decreased sterol esterification and similar levels of sterols. It 

should be noted that a caveat of this method is that cholesterol oxidase does not fully 

discriminate cholesterol from other sterols191,192, and therefore observations with this method 

cannot be attributed exclusively to cholesterol, but to sterols in general, and we therefore refer 

to sterol and sterol esterification instead of specifically mentioning cholesterol. 

 

3.1.2.3 Cholesterol esterification in MEFs monitored by alkyne-cholesterol tracing 

 

 A third independent method was used for the analysis of cholesterol esterification on the MEF 

cell models, making use of a modified cholesterol carrying a clickable alkyne group on C26 

(clickable cholesterol)193. In this assay, MEFs were cultured in medium containing clickable 

cholesterol for 24 hours, and cellular lipids were isolated. Following, isolated lipids were labeled 

with an azido-modified Coumarin compound and separated by thin-layer chromatography (TLC). 

Detection of labeled cholesterol derivates was carried out by fluorescence imaging. The 

experimental outcome was in line with the previous results and revealed significantly decreased 

levels of cholesterol esterification upon loss of functional PS expression on our MEF models 

(Figure 16). In summary, these experiments consistently showed a substantial decrease in 

cholesterol esterification upon loss of γ-secretase activity, which could not properly explain the 

observed increase in LD levels. 
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Std. 

Figure 16: Analysis of sterol esterification in MEFs with different PS expression backgrounds by alkyne-

cholesterol feeding and detection. MEF cell cultures of different PS backgrounds were supplemented with 

alkyne cholesterol and harvested. The lipid fractions of the harvested cells were isolated, and alkyne cholesterol 

was labeled with Coumarine by the click-reaction. Isolated and labeled lipids were separated by thin-layer 

chromatography (TLC). Coumarine fluorescence imaging of separated lipid samples was performed on the TLC 

plate (above) and the ratio of esterified to total cholesterol quantified (below). Significantly decreased 

cholesterol esterification can be observed in MEFs lacking functional PS. Data shown is average +/- SEM. N=6. 

Significance was analyzed by one-way Anova and Holms-Sidak multiple comparison test. Significance of 

compared groups shown with **: P≤0.01, ***: P≤0.001, N.S: P>0.05. 

+hPS1DA +hPS1WT 

N.S 
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3.1.2.4 An NPC cell model displays increased lipid droplet levels together with decreased 

cholesterol esterification 

 

These observations, taken together, revealed a simultaneous increase in LD levels and cholesterol 

precursors together with a decreased sterol esterification rate. As this seemed initially 

counterintuitive, we intended to analyze if a different model, displaying a comparably altered 

sterol metabolism with an entirely different background, would also show elevated LD levels 

together with a proportionally lower ratio of esterified cholesterol. For this purpose, we chose to 

study a well-known and well described disease model which canonically involves altered 

cholesterol metabolism, the Niemann-Pick C disease model (NPC)194. In this disease, a mutation 

in the gene of the NPC1 or NPC2 protein leads to a dramatic lysosomal accumulation of 

cholesterol in parallel to progressive neurodegeneration. Interestingly, the impairment of 

lysosomal cholesterol transport in NPC has been associated with decreased cholesterol 

esterification195. The NPC model employed was a Chinese hamster ovary cell (CHO) model lacking 

expression of the NPC1 protein, which displays the characteristic accumulation of cholesterol in 

lysosomal compartments. In order to assay the LD phenotype in these models and to verify the 

expected cholesterol accumulation phenotype, cells were fixed and stained in parallel with LD540 

and Filipin-III (a polyene macrolide dye commonly used for cholesterol staining196), for analysis by 

Figure 17: Cholesterol and lipid droplet staining of CHO cells with different NPC1 expression. Representative fluorescence 

microscopy images of CHO wild-type (WT) and carrying an NPC1 knock-out mutation (-NPC) stained with either the Filipin III dye, 

targeting cholesterol-rich environments, or LD540, targeting lipid droplets. Together with a notable vesicular accumulation of 

cholesterol, a substantial increase in lipid droplet levels can be observed in cells lacking NPC expression. 
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fluorescence microscopy (Figure 17). It should be noted, however, that double staining with both 

Filipin-III and LD540 could not be properly performed on the same samples successfully (likely 

due to an interaction between the two lipophilic dyes), and stainings were therefore done 

simultaneously, but in different samples of the same model. In addition to the expected lysosomal 

cholesterol accumulation, the CHO NPC models displayed comparably elevated levels of cellular 

LDs as those observed in the PSdKO models. In order to measure cholesterol esterification in the 

CHO NPC model, the Amplex red method was used (Figure 18). As with the MEF PSdKO model, 

we could observe a significant reduction in cholesterol esterification in this model. 

 

 

 

 

 

 

Figure 18: Sterol esterification levels of CHO WT and NPC1 KO cells by Amplex red. CHO WT cells, and 

lacking NPC expression (NPC1 KO), analyzed for total cholesterol and cholesterol esterification by the Amplex 

red cholesterol assay. Significantly reduced levels of cholesterol esterification can be observed in cells lacking 

the NPC protein. Data shown is average +/- SEM. N=3. Significance was analyzed by unpaired t-test with 

Welch's correction. **: P≤0.01. 
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3.1.2.5 Triglyceride levels are increased in cells lacking γ-secretase activity 

 

While our observations regarding increased lipid droplet levels together with decreased sterol 

ester levels upon loss of γ-secretase activity may appear conflicting at first, LDs are not exclusively 

reserved for the storage of cholesterol ester, they are also the main storage reservoir for cellular 

triglycerides167. The next logical step was therefore to evaluate triglyceride levels in our MEF 

models. This was accomplished by the analysis of cell-derived triglyceride levels of cultured MEFs 

via a glycerol oxidation-coupled fluorogenic assay employing enzymatic hydrolysis of triglycerides 

by lipase, followed by fluorogenic detection of the oxidized glycerol by a fluorescent probe. 

Thereby, MEF cells displayed a significant increase in triglyceride levels upon loss of functional PS 

expression (Figure 19), which coherently explained the described increase in LD levels on these 

models.  

 

 

Figure 19: Total triglyceride levels in MEFs with different PS expression. Triglyceride levels were 

analyzed an enzymatic assay based on lipase activity and detection of free glycerol. Significantly 

increased triglyceride levels can be observed in MEFs lacking functional PS expression or activity. Data 

shown is average +/- SEM. N=6. Significance was analyzed by one-way Anova and Holms-Sidak multiple 

comparison test. Significance of compared groups shown with *: P≤0.05, ***: P≤0.001. 
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3.1.2.6 Elevated cholesterol secretion in cells lacking PS activity 

 

Our observations, revealing an elevation of sterol metabolism in absence of notable intracellular 

accumulation of cholesterol, suggested a potentially significant role of cellular cholesterol efflux 

in the observed alterations of sterol metabolism by impaired γ-secretase activity. To verify if this 

was indeed the case, we quantified secreted levels of cholesterol in cells lacking functional PS 

expression, by culturing MEFs in culture media lacking foetal calf serum (FCS) for 18 hours, and 

analyzing the cholesterol levels in the media by GC-LC-MS. Our findings confirmed our hypothesis, 

with PSdKO and PSdKO +hPS1DA showing significantly elevated levels of cholesterol in the culture 

media, as compared to WT and PSdKO +hPS1WT MEFs respectively (Figure 20). These findings, 

together with the elevated triglyceride levels, could explain our finding on the effect of γ-

secretase activity on sterol and LD metabolism, and suggest that the elevated cholesterol efflux 

could contribute to the observed decrease in intracellular cholesterol esterification. 

 

 

Figure 20: Secreted cholesterol levels in MEFs with different PS expression by GC-LC-MS. Content analysis of total secreted 

cholesterol and cholesterol esterification in MEF culture media with different PS expression, determined by GC-LC-MS, normalized 

to protein concentration of the respective cell lysates. Significantly increased levels of secreted cholesterol, as well as increased 

esterification of secreted cholesterol, can be observed in cells lacking expression of functional PS. Data shown is average +/- SEM. 

N=4. Significance was analyzed by one-way Anova and Holms-Sidak multiple comparison test. Significance of compared groups 

shown with ***: P≤0.001. 
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3.2 γ-secretase activity-dependent changes in LXR activation, and its relation to lipid 

metabolism 

 

3.2.1 LXR activation in PS mutant cells 

 

In light of our observations - revealing increased cholesterol metabolites, decreased cholesterol 

esterification and increased triglyceride levels on cells lacking PS activity - we were interested in 

uncovering a potential regulator involved in the mechanism associating PS activity with the effects 

described so far. The Liver-X receptor (LXR) was found to be a particularly suitable candidate. 

Indeed, this nuclear receptor is consistently described as a master regulator of lipid homeostasis, 

and its activation has been previously reported to lead to an increase in cholesterol efflux and 

triglyceride synthesis, both in the periphery and the brain197,198.  

 

3.2.1.1 Nuclear and cytoplasmic LXR levels are increased in MEFs lacking PS activity 

 

In order to determine whether LXR might be regulated by PS activity, LXR protein levels in nuclear 

and cytoplasmic fractions were analyzed by Western-blotting (WB) on the MEF cell models. As 

LXR is a nuclear receptor, an increased nuclear translocation would be indicative of increased LXR 

activation. This analysis revealed substantially high levels of LXR, both in the nuclear and 

cytoplasmic fractions, on cells lacking functional PS activity (PSdKO and PSdKO +hPS1DA), and a 

partial recovery on PSdKO cells re-expressing functional human PS1 (Figure 21). It is important to 

note that an increased activation of LXR will lead to an upregulation of its own expression199, and 

therefore to an overall increase in LXR protein levels, as is observed in PSKO cells. These 

observations are consistent with an increased activation of LXR upon loss of PS activity. 
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3.2.1.2 Elevated LXR gene target mRNA levels in MEFs lacking PS activity 

 

To further evaluate the PS-dependent regulation of LXR activity, we chose to analyze transcription 

levels of known LXR target genes, by quantitative real-time PCR (q-rtPCR). We selected the 

following gene transcripts, which have functions corresponding to our previously described 

phenotypes: ATP-binding cassette, sub-family A, member 1 (ABCA1), known to be involved in 

cellular cholesterol efflux200 ; Sterol regulatory element-binding transcription factor 1 (SREBF1), a 

transcription factor involved in triglyceride biosynthesis201 ; and LXR-β itself, which, as indicated 

above, is transcriptionally upregulated by its own activation. For the analysis, RNA was isolated 

from the MEF cell models, and q-rtPCR analysis was performed. The findings from this analysis 

support an increased activation of LXR in cells lacking PS activity, with PSdKO and PSdKO +hPS1DA 

Figure 21: Analysis of LXR activation in MEFs with different PS expression by Western-immunoblotting. A) Cell fractionation and 

Western-blotting against LXRα/β. increased levels of LXR can be observed upon loss of γ-secretase activity, both on the nuclear 

and cytoplasmic fractions, which confirms an activation of LXR in backgrounds lacking functional PS. Actin and PARP are used as 

loading controls for the cytoplasmic and nuclear fractions respectively. B) Quantification of A. Data shown is average +/- SEM. 

N=9. Significance was analyzed by one-way Anova and Holms-Sidak multiple comparison test. Significance of compared groups 

shown with *: P≤0.05, **: P≤0.01, ***: P≤0.001. 
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MEFs displaying a substantial increase in transcript levels of the three studied genes (Figure 22) 

as compared to WT and PSdKO +hPS1WT. ABCA1 was of particular interest, with mRNA levels for 

this protein being consistently observed as more than 40-fold higher in cells lacking functional PS 

expression. Drastically altered levels of ABCA1 transcription in cells lacking functional PS 

expression could explain the observed increase in sterol secretion, as ABCA1 is known to play a 

pivotal role in cellular cholesterol efflux200. Our observations appeared to confirm a PS-dependent 

regulation of LXR activation, and it was of interest to verify if LXR activation alone would be 

sufficient to produce a comparable cellular phenotype as that described upon loss of functional 

PS. 

 

 

 

 

Figure 22: Analysis of LXR activation in MEFs with different PS expression by q-rtPCR of LXR gene targets. Q-rtPCR analysis of 

transcript levels from LXR target genes. Higher mRNA transcript levels of AbcA1 (Lipoprotein and cholesterol efflux), SREBF1 

(triglyceride synthesis), and LXR,ß detected on MEFs lacking PS activity. Data shown is Average +/- SEM. N=5. Significance was 

analyzed by Kruskal-Wallis non-parametric test and Dunn‘s multiple comparison test. Significance of compared groups shown with 

*: P≤0.05, **: P≤0.01. 
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3.2.2 Pharmacological activation of LXR in WT cells leads to increased LD levels 

 

To address the question of whether LXR activation alone could lead to a phenotype comparable 

to that observed in our PS deficient cell models, we inspected whether changes in lipid droplet 

levels could be observed upon treatment with GW3965, a known agonist of LXR186, by 

fluorescence microscopy. Observations with H4 cells and primary human astrocytes showed 

significantly elevated LD levels upon treatment with GW3965 (Figure 23), suggesting that 

activation of LXR alone is sufficient to drive the described effects a lack of PS activity has on lipid 

metabolism. 

 

Figure 23: Lipid droplet staining of H4 cells and primary human astrocytes following treatment with LXR agonist GW3965. Representative 

fluorescence microscopy images of H4 astroglioma cells and primary human astrocytes stained with the LD540 dye, specific for lipid droplets, 

and DAPI. A substantial increase in the number of lipid droplets can be observed with GW3965 treatment (5 µM). Scale bar = 20 µm.

Quantification for the average amount of lipid droplets per cell in both cell types is shown below the respective microscopy images. Data shown 

is average +/- SEM. Significance was analyzed by unpaired t-test with Welch's correction, N=10 for H4 cells and N=11 for primary human 

astrocytes. Significance of compared groups shown with **: P≤0.01, ***: P≤0.001. 
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3.2.3 Lipoprotein supplementation modulates LXR activation in MEFs 

 

The previous findings by Tamboli et al.64 indicated an impairment of lipoprotein endocytosis on 

PS-deficient cells, and implied a functional connection between reduced lipoprotein endocytosis 

and the reported alterations in cellular cholesterol homeostasis. LXR is known to function as 

cellular sterol sensor, and we therefore found it likely that the described impairment in 

lipoprotein endocytosis could be responsible for - or at least involved in - the observed 

upregulation of LXR activation. To clarify if this was the case in the PS-deficient models, the culture 

Figure 24: Analysis of the influence of LDL supplementation on LXR activation in MEFs with different PS expression by 

Western-blotting. MEF culture medium was supplemented with a human LDL solution (final concentration: 10µM) or an 

aqueous NaCl vehicle solution for 16h, followed by harvesting and analysis. Samples were analyzed by cell fractionation and 

Western-blotting against LXRα/β. A partial but significant rescue of PSdKO background effect on LXR can be observed upon 

supplementation with LDL, both on the nuclear and cytoplasmic fractions. Actin and PARP are used as loading controls for the 

cytoplasmic and nuclear fractions respectively. Data shown is average +/- SEM. N=4. Significance was analyzed by the Student's 

t-test with Welch's correction. *: P≤0.05, **: P≤0.01, ***: P≤0.001. 
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media of the MEF models was supplemented with low-density lipoprotein (10µM, 18h), the 

protein levels of LXR were analyzed by Western blot (Figure 24), and gene transcript levels of the 

aforementioned LXR gene targets was quantified by q-rtPCR (Figure 25). Both methods revealed 

a significant reduction in LXR protein levels and in LXR target gene transcript levels upon addition 

of LDL. These findings strongly support a mechanistic link between the described impairment of 

lipoprotein endocytosis in cells lacking functional γ-secretase and the observed increase in LXR 

activation on these models.  

Taken together, these findings strongly suggest a critical involvement of LXR in the PS-dependent 

effect on cholesterol, lipid droplet and triglyceride metabolism. 

 

3.3 Association of APP CTF C99 with cholesterol and lipid droplet levels 

 

The amyloid precursor protein CTF C99 has been recently reported to be involved in AD 

pathogenesis86,202, and has been recently described to strongly interact with cholesterol92. The 

physiological role of APP and its cleavage products remains enigmatic, and is a hotly debated topic 

in the AD field, but several publications have suggested APP, and in particular C99, may be 

involved in cellular sterol metabolism10,203–206. Moreover, C99 is a target of PS mediated γ-

secretase cleavage, which makes C99 a promising candidate to study in relation to our 

observations on PS-dependent sterol and lipid homeostasis. Thus, the cholesterol-C99 

Figure 25: Analysis of the influence of LDL supplementation on LXR activation in MEFs with different PS expression by q-rtPCR. 

MEF culture media was supplemented with a human LDL solution (final concentration: 10µM) or vehicle, followed by harvesting 

and analysis of the cell lysates by q-rtPCR. A partial but significant rescue of PSdKO background effect on LXR target genes can be 

observed upon supplementation with LDL, as well as a slight, non-significant effect on WT MEFs. Data shown is average +/- SEM. 

N=3. Significance was analyzed by unpaired t-test with Welch's correction. Significance shown as *: P≤0.05, **: P≤0.01. Non-

marked pairs display P>0.05. 
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interaction, and the effect of PS activity on said interaction, was investigated by using an H4 cell 

model carrying a GFP-tagged C99 overexpression construct (H4 C99-GFP) in fluorescence 

microscopy imaging. 

 

3.3.1 The effects of γ-secretase inhibition on C99 distribution and accumulation 

 

It has been previously reported207 that, upon overexpression of C99, and following treatment with 

the γ-secretase inhibitor DAPT, the overexpressed CTFs will strongly accumulate in intracellular 

vesicular bodies and the cell membrane, whereas only minor perinuclear accumulation is 

Figure 26: H4 cells expressing C99-GFP with pharmacological inhibition of γ-secretase activity. Representative fluorescence 

microscopy images of C99-GFP overexpressing H4 cells with and without DAPT treatment for pharmacological inhibition of γ-

secretase activity. C99-GFP can be observed to be mostly located perinuclear, Golgi-like compartments in absence of DAPT 

treatment, and shows no vesicular accumulation. Upon DAPT treatment, accumulated C99-GFP appears to accumulate in vesicular 

structures. Scale bar = 20 µm 
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observed in absence of treatment by the inhibitor. With this in mind, H4 cells overexpressing GFP-

tagged C99 were incubated with or without DAPT, and first analyzed by fluorescence microscopy 

(Figure 26). In absence of DAPT treatment, the overexpression model displayed primarily a 

polarized, diffuse, perinuclear localization of C99-GFP, indicative of a localization in Golgi 

compartments. In addition, a diffuse cytoplasmic staining could be observed, consistent with the 

localization of AICD-GFP upon cleavage of C99-GFP by γ-secretase. Upon DAPT treatment, 

however, the localization and distribution pattern of C99-GFP was notably altered, with 

substantial accumulation of C99-GFP in vesicular structures outside of Golgi-like compartments, 

as well as an accumulation on the plasma membrane. This indicates that upon inhibition of γ-

secretase mediated cleavage of C99, this peptide accumulates on said vesicular structures and 

cell membrane domains.  

 

3.3.2 C99-GFP and cholesterol colocalization upon γ-secretase inhibition by DAPT 

 

In order to test for an association of C99 with cholesterol in a cellular environment, we took 

advantage of the properties of the polyene macrolide dye Filipin, which has been reported to bind 

cholesterol, and fluoresces in the UV range. The dye was used to stain fixed H4 C99-GFP after 

incubation of cells with or without DAPT, in order to look for colocalization patterns between 

cholesterol and C99 under both conditions (Figure 27). Under control conditions, C99-GFP 

overexpressing cells stained with Filipin showed some colocalization of C99 and cholesterol, 

restricted to Golgi-like structures. However, the DAPT treated cells showed a substantially higher 

degree of colocalization C99-GFP and Filipin. This colocalization was particularly pronounced in 

cytoplasmic vesicles, Golgi-like structures, and the plasma membrane. Of particular note were 

the C99-GFP positive intracellular vesicles formed upon DAPT treatment, which appear to be 

almost entirely cholesterol-rich vesicles. Similar cholesterol-rich vesicular structures could be 

observed in untreated cells but were C99-negative. This data suggests that the primary 

localization for intracellular C99 accumulation upon loss of γ-secretase is in cholesterol rich 

vesicles, highlighting the potential pathogenic role of the C99-cholesterol association, as it may 

sequester important pools of cholesterol and thereby intracellular cholesterol sensing.   
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3.3.3 Characterization of C99 localization within the Golgi compartments 

 

A notable feature observed in the previous imaging of C99-GFP is the change in the distribution 

pattern of C99 upon DAPT treatment. While in the absence of treatment cells display what 

primarily resembles a Golgi stain, cells treated with DAPT show a distribution which partially 

remains peri-nuclear, although more vesicular and aggregated in nature, together with a limited 

plasma membrane distribution. This would suggest that either the Golgi-apparatus of DAPT 

treated-cells could change in its structure and distribution, or that the primary location of C99 

Figure 27: Free cholesterol staining of H4 cells expressing C99-GFP with pharmacological inhibition of γ-secretase activity. 

Representative fluorescence microscopy images of C99-GFP overexpressing H4 cells with and without DAPT treatment for 

pharmacological inhibition of γ-secretase activity. Cells are stained with the cholesterol-binding dye Filipin-III. C99-GFP is observed 

in Golgi-like compartments in absence of DAPT treatment, with absence of vesicular accumulation. Upon DAPT treatment, the 

observed C99-GFP vesicular structures appear to colocalize with cholesterol-rich vesicular structures (red arrows). Scale bar = 20 

µm, 40µm for Veh. magnification. 
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changes following γ-secretase inhibition. In order to assess these possibilities, we employed H4 

C99-GFP cells stained with antibodies targeting a protein of the cis-Golgi compartment (Giantin) 

and a protein of the trans-Golgi compartment (TGN46) in presence and absence of DAPT 

treatment, and analyzed the samples via fluorescence microscopy (Figure 28). Most C99-positive 

compartments were found to show colocalization with both the cis- and trans-Golgi 

compartments in absence of DAPT treatment. Upon DAPT treatment, however, C99 vesicular 

compartments appeared adjacent to Golgi compartments but not colocalizing with either cis or 

trans-Golgi markers, implying that the primary intracellular accumulation of C99 upon DAPT 

treatment is not taking place in the Golgi-compartment.   

Figure 28: Cis and trans-Golgi staining of H4 cells expressing C99-GFP with and without pharmacological inhibition of γ-

secretase activity. Representative fluorescence microscopy images of C99-GFP overexpressing H4 cells with and without DAPT 

treatment for pharmacological inhibition of γ-secretase activity. Cells are stained with antibodies targeting the Cis-Golgi (Giantin) 

and the trans-Golgi (TGN-46) compartments. C99-GFP can be observed to be almost entirely colocalizing with the Golgi

compartment markers in absence of DAPT treatment. Upon DAPT treatment, C99-GFP appear to lose this colocalization with cis 

and trans-Golgi structures, and accumulate in different compartments (red arrow). Scale bar = 20 µm. 

Veh. 
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3.3.4 C99-GFP intracellular vesicles observed upon DAPT treatment colocalize with adaptor 

protein 1 

 

To further characterize the compartments in which the C99-cholesterol interaction takes place 

upon DAPT treatment, we used a small panel of intracellular compartment markers for 

immunocytochemical analysis, including Calnexin (endoplasmic reticulum), Lamp-2 (Lysosomes), 

EEA-1 (early endosomes) and AP-1 (Golgi-network associated clathrin coated vesicles). Among 

these compartments, C99-GFP cytoplasmic compartments identified after DAPT treatment were 

Figure 29: Early endosomes and Golgi forward trafficking vesicle staining on cells expressing C99-GFP with pharmacological 

inhibition of γ-secretase activity. Representative fluorescence microscopy images of C99-GFP overexpressing H4 cells with and 

without DAPT treatment for pharmacological inhibition of γ-secretase activity. Cells are stained with antibodies targeting the early 

endosomes (EEA1) and forward trafficking vesicles from Golgi-compartments (AP1). The majority of C99-GFP-positive vesicles 

arising from γ-secretase inhibition display colocalization with AP1-possitive vesicles (red arrows). Scale bar = 20 µm. 

Veh. 
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found to be primarily AP-1 positive compartments (Figure 29). AP-1 (adaptor protein 1), together 

with AP-2, are adaptor complexes found in clathrin coated membranes. While AP-2 is primarily 

found in the plasma membrane or in vesicles originating from the PM, AP-1 is predominantly 

found in clathrin coated membranes and vesicles derived from the trans-Golgi network208–211. This 

would indicate that, upon DAPT-mediated accumulation of C99, this CTF accumulates in 

cholesterol-rich, clathrin coated compartments issuing from the Golgi apparatus. 

 

3.3.5 LD levels correlate with cellular C99 levels 

 

In addition to studying the cholesterol-C99 association, we were interested in observing whether 

changes in lipid droplet levels are associated to intracellular C99 levels, both in the presence and 

absence of PS activity. To this aim, the cellular levels of both C99-GFP and LDs were analyzed in 

H4 C99-GFP cells in the presence and absence of DAPT by fluorescence microscopy. To do so, cells 

were individually analyzed for each condition (H4 WT ; H4 WT +DAPT ; H4 C99-GFP ; H4 C99-GFP 

+DAPT), with a quantification of both LDs per cell and average C99-GFP fluorescence per cell. Our 

findings revealed a link between C99-GFP levels and increased lipid droplet levels (Figure 30), 

where cells with low C99-GFP fluorescence displayed significantly and substantially reduced levels 

of LDs as compared to both mid and high C99-GFP levels. The effect could be observed more 

prevalently on cells treated with DAPT, but was also observable on vehicle-only treated cells. 

Additionally, the correlation between C99 levels and LD levels was analyzed by linear regression, 

and we could observe a significant correlation between both variables, both in presence or 

absence of DAPT treatment (P.value= <0.0001 ; R²=29.65 and 27.20 respectively). These findings 

strongly suggest an involvement of C99 in the described lipoprotein and LXR-mediated 

alterations, of lipid metabolism, in cells with dysfunctional PS activity. 

 

 



72 

 

 

 

Figure 30: Lipid droplet staining of H4 C99-GFP cells with pharmacological inhibition γ-secretase activity. A) Representative 

fluorescence microscopy images of WT and C99-GFP overexpressing H4 cells with and without DAPT treatment for 

pharmacological inhibition of γ-secretase activity. Cells are stained for lipid droplets with the LD540 dye. Higher levels of LDs can 

be observed in both WT and +C99-GFP cells following DAPT treatment, and C99-GFP overexpressing cells show higher lipid droplet 

levels than WT cells. Additionally, cells containing elevated levels of C99-GFP display a noticeably higher number of lipid droplets, 

both in the presence and absence of DAPT. Scalebar= 20µm. B) Quantification of LDs per cell in A. N =16. Significance was analyzed 

by one-way Anova and Holms-Sidak multiple comparison test. C) Quantification of lipid droplet levels as a function of cellular C99-

GFP fluorescence. Cellular C99-GFP fluorescence levels were categorized in three different groups: Low (0-30% of max), Mid (30-

70% of max) and High (70-100%). Higher lipid droplet levels observed in the groups with elevated C99-GFP fluorescence. N=23. 

Significance was analyzed by one-way Anova and Holms-Sidak multiple comparison test. D) Pearson linear correlation analysis of 

LDs and average cellular C99-GFP fluorescence in B. N=64. Significance of compared groups shown with **: P≤0.01, ***: P≤0.001, 

N.S: P>0.05. 

N.S 

Veh. 
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4 Discussion 
 

The primary aim of this study was the characterization of the functional link between γ-secretase 

activity and lipid metabolism64, in particular regarding cholesterol metabolism. Several 

biochemical and cellular factors which both supported and expanded previous observations were 

initially identified. In particular, we found that a lack of PS activity leads to an elevation in cellular 

levels of lipid droplets, triglycerides and cholesterol precursors as well as a decrease in cholesterol 

esterification and an increase in cholesterol secretion. Additionally, we could also show that 

observations which could seem conflicting at first sight - namely decreased cholesterol 

esterification together with increased LD levels - could also be observed in a cell model for 

Niemann-Pick Disease Type C 212. This model displays comparable cellular cholesterol 

dysregulation, to the models lacking PS activity, with an entirely different underlying cause, 

thereby giving an additional level of robustness to these findings. The identified elevation of 

triglyceride levels in cells lacking PS activity further supported our findings on lipid droplet levels, 

as LDs are the primary organelle for the storage of excess cellular triglycerides. 

The present data also revealed the involvement of LXR nuclear receptor activation in the observed 

phenotypes. We could show that, upon loss of PS activity, cells displayed increased levels of both 

nuclear and cytoplasmic levels of LXR protein. As a consequence, elevated transcription of LXR 

target genes responsible for triglyceride synthesis and cholesterol efflux could be observed, 

indicative of increased LXR activation. Additionally, we observed that pharmacological activation 

of LXR alone, by the use of LXR agonist GW3965, is sufficient to drive an increase in cellular LD 

levels, similar to those observed upon loss of PS activity. Furthermore, we described a link 

between lipoprotein availability and LXR activation in cells lacking PS activity. Specifically, PSdKO 

cell cultures in which the culture media was supplemented with LDL displayed significant 

attenuation in the activation of LXR, thereby supporting the hypothetical link between lipoprotein 

endocytosis, and PS-mediated LXR activation and lipid metabolism. 

Finally, we studied the relation between the PS substrate APP-CTF C99 and cholesterol, and the 

potential role of C99 accumulation in lipid metabolism. By the use of an astroglial cell model 

overexpressing GFP-tagged C99, we observed a change in the cellular distribution of C99 upon 
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pharmacological inhibition of PS activity. Under control conditions, overexpressed C99 was 

primarily found in the Golgi compartment. In contrast, treatment with a PS inhibitor led to an 

accumulation of C99 primarily in cholesterol-rich vesicles outside of the Golgi compartment, as 

well as in the cell membrane. The vesicular compartments where C99 accumulated were shown 

to be positive for adaptor protein 1 (AP-1), a clathrin-associated protein found in forward 

transport vesicles of the trans-Golgi network and in recycling vesicles211. A positive correlation 

between cellular C99 levels and LD levels could additionally be observed, suggesting a functional 

link between C99 accumulation and lipid metabolism.    

 

4.1 γ-secretase activity and APP processing are functionally linked to sterol metabolism 

 

Tamboli et al. previously reported an effect of Presenilin (PS) function on sterol metabolism and 

lipoprotein uptake, which additionally implicated APP-CTF levels on the observed effects64. It was 

these findings which led us to further explore the effect PS deficiency has on lipid metabolism. In 

this article, several specific observations were described which are in line with and complement 

our findings. First, the article described an increase of cholesterol metabolism on cells lacking PS 

expression, not only through alterations in cholesterol and cholesterol metabolite levels, but also 

through an increase in the levels of enzymes involved in de-novo cholesterol synthesis, namely 

SREBP-2, CYP51, and HMG-CoA reductase. Both SREBP-2 and HMG-CoA reductase have been 

previously linked to LXR activation213,214. In addition, the internalization of lipoprotein receptors, 

and the corresponding cellular uptake of lipoproteins, was shown to be impaired on cells lacking 

PS activity, leading to an SREBP2-mediated upregulation of de-novo cholesterol synthesis. Finally, 

an accumulation of C99 was reported to enhance this effect, strongly suggesting that this 

accumulation contributes to the PS-LXR effect, and may be responsible for it. The participation of 

C99 was suggested to take place via C99 accumulation leading to a mistargeting of C99-binding 

adaptor proteins necessary for the internalization of cell surface receptors, including lipoprotein 

receptors. The effect of impaired lipoprotein uptake with subsequent upregulation of SREBP-2 

expression is coherent with our own findings regarding lipoprotein feeding and its effects on 

suppressing LXR activation. Consistent with previous findings by Tamboli et al., the present study 
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strongly supports the hypothesis of an involvement of PS function in lipid metabolism, 

additionally involving APP processing and lipoprotein metabolism. Our initial findings strongly 

suggested that these effects were likely mediated by both LXR activation and C99 levels, and 

previous reports on the effects of LXR activation on lipid metabolism supported this 

hypothesis171,197. With this in mind, we propose a model (Figure 31), where the lack of PS activity 

initially leads to an accumulation of C99, followed by mistargeting of lipoprotein receptors. This, 

in turn decreases lipoprotein internalization, leading to an increase in de-novo lipid and 

cholesterol synthesis, followed by an increase in cholesterol efflux, triglyceride synthesis and lipid 

droplet formation, seemingly mediated by an increase in LXR activation. While understanding the 

precise role of this proposed mechanism and its relative contribution to AD pathogenesis - or 

disease progression – is something yet to be analyzed, we find it to have great explanatory 

potential, as both of the predominant proteins hosting FAD mutations (PS and APP), as well as 

the main risk factor for SAD (APOE) play a role in this mechanism. Moreover, numerous PS and 

APP FAD mutations have been reported to lead to impaired processing of APP by γ-secretase59–

61, thereby leading to an accumulation of C99215. An impairment of the functionality of any of 

these proteins would lead to a similar effect in our model: An LXR-mediated activation of 

cholesterol and triglyceride synthesis, and of cholesterol efflux (Figure 31). Together, these 

findings additionally suggest that one of the primary factors involved in the observed increase in 

lipid metabolism upon loss of PS activity is likely to be an impairment of internalization and 

transcytosis of cell surface proteins, including lipoprotein endocytosis. Indeed, an impairment of 

intracellular trafficking would properly explain both the accumulation of C99 in AP-1-positive 

forward transport vesicles, as well as the sequestering of cholesterol in such vesicles, leading to 

impaired cellular cholesterol sensing and elevated LXR activation. Such impairments in lipoprotein 

endocytosis and cholesterol sensing can have dire consequences for proper brain function, as the 

regulation of cholesterol levels and cholesterol transport is key for a wide array of essential neural 

processes, including axon and dendrite formation, synaptic transmission, and, ultimately, 

cognitive function216–218. 
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4.1.1 Participation of C99 and its processing in sterol metabolism 

 

The peptide C99 is the APP-CTF produced by BACE cleavage, and a necessary intermediate in the 

production of Aβ219,220. C99 became of particular interest regarding the link between AD and 

sterol metabolism, as Barret et al. demonstrated an in-vitro interaction between this peptide and 

cholesterol92. Moreover, Kim et al. recently reported endosomal dysfunction as a consequence of 

C99 accumulation, which could be observed in models of both AD and Down syndrome 

(individuals with Down syndrome carry an extra copy of the APP gene)221. The suggested 

Figure 31: Proposed mechanism functionally connecting PS activity, C99 processing and LXR activation to lipid metabolism. 
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involvement of C99 in AD pathology, through its effect on endosomal trafficking and sterol 

metabolism, is what led us to speculate that C99 accumulation may play a role on our lipid-related 

findings, as C99 accumulation is a direct consequence of deficient PS activity. In accord with this 

hypothesis, we could observe a significant increase in lipid droplet levels upon C99 

overexpression, which is enhanced upon C99 accumulation caused by a pharmacological 

inhibition of PS. This, together with our previous findings, led us to conclude that C99 is indeed 

likely to play a role in the described alterations in lipid metabolism observed upon loss of PS 

activity. 

Our findings on C99 offer a cursory glance into the potential involvement of C99 in the observed 

mechanism. However, a wealth of publications extensively support the proposed link between 

C99 and cholesterol metabolism, as partially illustrated by Beel et al.206 (Figure 32), and provide 

insights into the potential mechanism by which this regulation could take place205,206.  

On the one hand, some sources have already reported a link between APP and sterol homeostasis. 

Neuronal overexpression of APP has been shown to lead to a reduction in HMG-CoA reductase 

and cholesterol 24-hydroxylase levels, both of which have notable effects on neural cholesterol 

turnover222. APP has also been reported to interact with SREBP-1 in Golgi compartments, thereby 

impairing SREBP-1 processing and leading to impaired transcriptional activation of its target 

genes222. Deletion of APP has additionally been shown to lead to increased expression of LRP1, 

an essential receptor for the endocytosis of lipoproteins and regulation of cholesterol levels in 

the central nervous system, and γ-secretase activity was shown to decrease LRP expression, 

ostensibly due to transcriptional suppression of the LRP1 gene by the AICD223. Furthermore, Aβ 

itself has been shown to promote the lipoprotein-mediated secretion of cholesterol224, as well as 

to downregulate cholesterol biosynthesis225. On the other hand, cellular sterol metabolism has 

also been reported to regulate APP levels and processing, with pharmacological inhibition of de-

novo cholesterol synthesis being shown to result in an impairment of γ-secretase processing of 

C99226.  

The effect of cellular sterol levels on APP metabolism has also been studied with overexpression 

models of ABCA and ABCG proteins, transporter proteins which mediate cellular cholesterol 

efflux. In these studies, overexpression of ABCA1227 and ABCG1/4228 lead to increased cellular 
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levels of C99 and decreased C99 processing, by an increase in α and β-secretase cleavage in 

parallel with decreased γ-secretase processing. Additionally, siRNA-mediated suppression of 

ABCG1/4 expression leads to increased Aβ secretion, concomitant with increased C99 processing 

by PS228. Findings on ABCA and ABCG proteins are relevant to our findings, as both of these 

cholesterol transporter classes are under transcriptional regulation by LXR171,199,229, and ABCA1 is 

one of the main LXR genes reported as upregulated upon loss of PS activity in this thesis.  

Interestingly, the C99-cholesterol interaction has also been reported to be modulated by the 

charge state of C99230. It was proposed that the charge-dependence of this interaction constitutes 

a sort of “pH switch”, which spatially regulates where the interaction takes place, favoring the 

more acidic endosomal compartments. Moreover, the C99-cholesterol interaction has been 

shown to drive C99 localization to lipid-rich membrane microdomains, where γ-secretase 

cleavage is more prominent206,231,232.  

This reciprocal regulation of cellular cholesterol levels by APP processing, and vice versa, is highly 

indicative of a tightly regulated feedback mechanism. Therein, C99 accumulation and processing 

act as a mechanism for control of cholesterol homeostasis, with regulation of APP processing by 

cholesterol levels, and regulation of cholesterol synthesis and homeostasis genes by APP and its 

processing taking place simultaneously (Figure 32). The described literature reinforces the 

Figure 32: Suggested role of APP processing and APP-cholesterol interaction in the regulation of cellular cholesterol metabolism, 

as presented by Beel et al.206. In the proposed model, a feedback loop can be observed, where cholesterol levels influence APP 

processing and vice-versa. Cholesterol binding to APP and C99 would influence its cellular distribution, and thereby dictate the 

processing pathway of APP and C99. Conversely, C99 processing would regulate the synthesis, uptake, and cellular availability of 

cholesterol. 
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hypothesis that C99 processing is central to the reported modulation of sterol metabolism by PS 

activity and LXR activation, although further experimental verification is necessary to validate this 

hypothesis. 

 

4.1.2 The involvement of LXR 

 

The LXR nuclear receptor is well known to play a role in cholesterol homeostasis197, but it has 

been ascribed multiple other functions as well, including roles in the inflammatory response233,234, 

triglyceride metabolism171 and glucose metabolism235. The natural agonists of LXR are 

oxysterols199, and activation of LXR is known to lead to an increase in triglyceride synthesis and 

cholesterol synthesis and efflux, as well as a decrease in cholesterol esterification171,197. This was 

concordant with our findings regarding triglyceride levels and cholesterol esterification and 

metabolism upon loss of PS activity, and led us to investigate whether LXR activation was altered 

in our models as well. Our study revealed that LXR protein levels, as well as transcript levels of 

genes activated by LXR, were significantly elevated in cells lacking PS activity, thus confirming our 

hypothesis that LXR activation is increased in these cell models. It should be noted, regarding our 

analysis of LXR protein levels, that LXR activation leads to the upregulation of its own 

expression199, explaining why overall higher cytosolic levels of LXR protein can be observed in 

addition to increased LXR nuclear translocation. Furthermore, we could also show that 

pharmacologic activation of LX also leads to LD accumulation, and thereby, a similar phenotype 

to that of pharmacologic or genetic impairment of γ-secretase activity. The effects of LXR 

activation on triglyceride synthesis, as well as cholesterol synthesis, esterification and efflux are 

already well described171,197. Finally, we could observe that lipoprotein (LDL) supplementation on 

cells lacking PS activity significantly decreased nuclear and cytosolic LXR levels, strongly 

suggesting that the impaired lipoprotein endocytosis observed in these models is involved in, and 

may be responsible for, the elevated LXR activation. The observed effect of lipoprotein feeding in 

PS-defficient cells additionally implies that while lipoprotein endocytosis and sterol sensing may 

be impaired in such models, it is not fully blocked, and even cells lacking gamma-secretase activity 

can still respond to some degree, to environmental lipoprotein levels. Interestingly, LXR gene 

transcription has been reported to be indirectly regulated by LRP1 levels236. LRP1 is, as mentioned 
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above, an essential receptor for lipoprotein endocytosis in the brain, and has been shown to be 

upregulated upon deletion of the APP gene223.   

 

4.2 The use of astrocytic cell models for the study of sterol metabolism in the brain 

 

This study initially focused on further developing our understanding of the previously described 

PS-related cholesterol and lipoprotein findings, and in identifying a general cellular mechanism 

involving several of the key AD players. For this purpose, mouse embryonic fibroblasts (MEFs) 

were found to be an appropriate initial cell model and constitutes the main body of this work. In 

addition to this, we elected to verify if the occurrence of the observed mechanism takes place in 

the context of a neural environment, and for this purpose we selected astrocytic cell models. 

While the majority of AD studies are preferentially done in neuronal cell models, our selection of 

astrocytic cell models is based on the fact that astrocytes have been recognized as the main neural 

cell responsible for the production and delivery of neuronal cholesterol97. As the blood-brain 

barrier (BBB) prevents dietary cholesterol from reaching the brain, neural cholesterol is generated 

exclusively by de-novo cholesterol synthesis within the brain, and around 80% of non-myelin 

neural cholesterol is produced by astrocytes97. With this in mind, we considered astrocytes to be 

the neural cell type where the observed mechanism was most likely to be relevant. Moreover, 

astrocytes play a wide variety of essential neuroprotective, metabolic, neurovascular, synaptic 

and structural roles in the functioning of the central nervous system237,238. Astrogliosis and 

astrocytic dysfunction have been linked to multiple neurodegenerative diseases, including 

AD239,240, and the use of an astrocytic cell model can reveal key insights information which may 

not be accessible in neuronal cell models241. Nonetheless, the relevance of this mechanism in 

other neural cell types, namely neurons, oligodendrocytes and microglia, can be great interest 

and remains to be verified. 
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4.3 Potential relation to AD pathology 

 

The joint participation of PS, APP-CTFs and lipoproteins in our findings would suggest that the 

described mechanism may play a role in AD pathology.  

Several publications have already strongly suggested a link between AD pathology and sterol and 

lipid metabolism10,11,106,159. While there appears to be a primary focus on cholesterol, a link to AD 

pathology has been reported for a wide variety of biological lipids106,156,159, as well as for sterol 

esterification156,242 and lipid droplet levels190. Indeed, altering cholesterol metabolism was one of 

the first therapeutic approaches against AD since the identification of APOE4 as a risk factor for 

SAD. This was implemented by the use of HMG-CoA reductase inhibitors, collectively known as 

statins243. Their efficacy, however, is disputed, with early clinical studies showing little to no 

improvement on AD disease progression of patients under statin treatment244–247, and two recent 

studies suggest treatment may be beneficial for AD patients248,249. The potential involvement of 

cholesterol homeostasis in AD has also been highlighted by the reported relation between ABC 

cholesterol transporters and AD pathology. ABCA7 gene variants which lead to impaired 

transporter activity have recently been reported as risk factors for the development of AD28, and 

AD mice models lacking ABCA1 expression have been shown to have increased Aβ deposition and 

cognitive impairment250,251. The potential connection to our findings is noteworthy, as we see 

drastically elevated ABCA1 transcript levels on our PSdKO cell model. Additionally, the AD risk 

factor APOE4 has been linked to impaired cholesterol recycling252,253. While these findings 

reinforce the idea that sterol and lipid metabolism are key players in AD disease progression, a 

cellular mechanism which would link several of the main factors commonly recognized to play a 

role in AD, together with lipid or sterol metabolism, has yet to be comprehensively described.  

A considerable number of publications have reported an effect of LXR activation on AD 

pathology254. The nuclear receptor has been reported to affect β and γ-secretase function255,256, 

Aβ phagocytosis and Aβ secretion257–259, as well as inflammatory response and cognitive 

performance in AD mouse models254,260,261. However, until now, most findings linking LXR to AD 

appear to be descriptive in nature, and the few proposed mechanisms linking it to AD are 

restricted to its role in immune response in the brain. Here, we propose a mechanism which 
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potentially provides a functional link between LXR, PS activity, and APP, via lipoprotein uptake 

impairment. Specifically, this model proposes that abnormal activation of LXR lies downstream of 

the impaired lipoprotein endocytosis caused by impaired γ-secretase cleavage of C99. A 

particularly interesting recent therapeutic development related to LXR and AD is the drug 

Bexarotene. This drug is an agonist of RXR, and has been reported to modulate gene expression 

of RXR/LXR heterodimer targets, including APOE and ABCA1262,263. The drug was initially 

developed for cancer treatment264, but became relevant to AD when Cramer et al. reported that 

an AD mouse model treated with it displayed decreased amyloidogenesis and cognitive 

improvement263. Interestingly, early follow-up reports could not reproduce the effect on plaque 

burden, although one of them could observe an effect on cognitive improvement265–268, and it 

was suggested that plaque reduction was unrelated to cognitive improvement269. Additionally, a 

single case study of Bexarotene treatment revealed that the drug substantially improved 

cognition in the patient without changes to Aβ deposition270. A link between ABCA1 and the 

therapeutic effect of Bexarotene in AD has also been reported. In that study, treatment of APP 

transgenic mice with Bexarotene lead to cognitive improvement and clearance of soluble Aβ 

(reported to foster the formation of small Aβ oligomers and leading to enhanced toxicity as 

compared to fibrillar Aβ), whereas AD models lacking ABCA1 expression did not respond favorably 

to the treatment271. These findings further highlight the potential role LXR and ABCA1 may have 

in AD pathology. Interestingly, the reported cognitive improvement together with an absence of 

plaque clearance would suggest a different pathogenic agent other than Aβ, possibly pointing to 

the Aβ precursor C99, as increased Aβ levels are likely to require increased cellular levels of C99. 

The APP CTF C99 itself was shown to be potentially relevant in AD disease progression by Neve et 

al. in 1996, with mice overexpressing said CTF under a neural promoter85,86. This model had the 

surprising feature of simultaneously displaying no amyloidogenesis, together with drastic 

neuronal loss, indicating a potential role of the CTF in neurotoxicity, independent of amyloid 

toxicity. The mechanism by which neurotoxicity occurred in these models, however, remained 

unclear, and the absence of amyloid plaques displaced this model in most subsequent studies, in 

favor of models which displayed prominent amyloidogenesis90,91,272,273. Interestingly, FAD 

mutations, as well as the SAD risk factor APOE4, have been linked to an accumulation of C99. 

Indeed, C99 itself has recently been reported to aggregate and lead to impaired lysosomal 
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function in a transgenic AD mouse model274. A substantial number of studied FAD mutations, both 

in APP and PS, have been reported to have defective γ-secretase activity58–61, which could lead to 

impaired C99 cleavage, and thereby to an increased rate of C99 accumulation in carriers of these 

mutations. Furthermore, APOE4 has been reported to lead to higher stimulation of APP 

expression when compared to APOE2 and APOE3275, while non-APOE4 carriers were shown to 

display increased APP processing and Aβ production276. The described stimulation of APP 

expression together with reduced APP processing observed on APOE4 carriers is highly indicative 

of C99 accumulation. Our findings revealed that the accumulation of C99 upon γ-secretase 

inhibition primarily takes place in AP-1 positive, cholesterol-rich vesicles outside of the Golgi 

compartment. This link between C99 and AP-1 is of particular interest, as it relates to the impaired 

traffic and recycling of endosomes and vesicles associated to AD260. As highlighted above, Kim et 

al. have shown that C99 accumulation, in models of AD and Down syndrome, leads to Rab5 

overactivation-mediated endosomal dysfunction, which manifests as an impairment of axonal 

transport of endosomes, altered endocytosis, and endosomal swelling221. In addition, human 

neurons which carry FAD mutations, both of PS and APP, were reported to show reduced uptake 

and transport of APP and lipoproteins, together with impaired recycling endosome transport, and 

these defects can be rescued by the use of β-secretase inhibitors, which prevent the production 

of C99277. The transport of APP has already been shown to be mediated by AP-1278, and loss of 

AP-1 has been reported to impair both forward transport from the Golgi, as well as retrograde 

transport from recycling endosomes to the Golgi279,280. Furthermore, γ-secretase activity has been 

reported to be necessary for protein clearance from recycling endosomes, with an lack of γ-

secretase activity leading to impaired transferrin clearance and APP-CTF accumulation in the 

endocytic recycling compartment281. The accumulation of C99-cholesterol in AP-1 compartments 

observed in our findings may lead to the dysfunction of these compartments, wherein AP-1 is 

essential for the sorting of cargo and endosomes originating from the TGN282. This dysfunction, 

in turn, could be responsible for the effect C99 accumulation has on vesicular trafficking and 

endocytosis, and thereby influence AD disease progression. 

Beyond our findings, there appears to be a substantial amount of evidence implying that the 

proposed mechanism, linking PS activity to LXR activation and sterol metabolism, is likely to be 

involved in AD pathogenesis or disease progression170,206,254,261,283. The processing of APP and C99 
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by secretases, as well as the accumulation of C99, appear to play a central role, as they both 

influence and are influenced by sterol metabolism, are notably altered by FAD mutations and 

APOE4, and are associated to neurotoxicity and impaired cellular trafficking. Current therapeutic 

approaches against AD have focused primarily in targeting amyloidosis under the assumption of 

Aβ pathology as the main cause for AD284. Unfortunately, while clinical trials revealed that some 

of these therapeutic approaches have succeeded in reducing amyloidosis in AD patients285, they 

have met little success in hindering AD disease progression so far284,286. In light of this, it is the 

opinion of this author that pursuing alternative leads, in this case namely the potential toxicity of 

C99 and the alteration of sterol and lipoprotein metabolism as principal factors in the 

development of AD pathogenesis, has the potential to provide a new avenue for the development 

of therapeutic approaches in AD. 
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5 Outlook 

 

The role that Presenilins and APP processing play in AD pathogenesis remains a fundamental 

question to be answered, as does the functional role of APP. As shown above, the regulation of 

sterol metabolism, in this context, is a potentially promising area of study for answering both of 

these questions, and appears to provide a functional connection between AD factors involved in 

amyloidogenesis, and APOE4, the most prevalent genetic risk factor for SAD. The present study 

provides evidence of this, through a mechanism which involves PS, APP, lipoprotein function, and 

sterol metabolism. In addition, it emphasizes the potential role APP processing may play in sterol 

metabolism and cellular trafficking. Follow-up studies would be of great value to comprehensively 

characterize the described mechanism, and to assess its role in the etiology and disease 

progression of AD.  

An essential next step is to further validate the participation of C99 in the proposed PS-LXR 

mechanism. We show a clear correlation between C99 accumulation and LD levels, and the 

presented literature on this topic reveals a substantial number of different links between C99 

processing and sterol metabolism92,205,206. However, it would be of great value to assess the direct 

role C99 accumulation may have in our PSdKO models, regarding LXR activation and downstream 

effects on sterols and trigylcerides. This could be accomplished by the treatment of PSdKO cells 

with a β-secretase inhibitor, to verify if the treatment can rescue the observed alterations in LXR 

activation and lipid metabolism. An additional approach to verify this is through the use of the 

described C99-GFP overexpression cell models, in presence and absence of γ-secretase inhibition. 

Nonetheless, C99 overexpression in absence of γ-secretase inhibition may already be sufficient 

to saturate the effect on increased LXR activation. Due to this, the use of C99 overexpression 

under an inducible promoter is recommended as a more suitable approach. Additionally, it would 

be of interest to verify if the observed effects of C99 accumulation are unique to C99, or if these 

can be observed upon accumulation of other APP-CTFs such as C83 or even entirely different γ-

secretase substrates, such as Notch-CTF. An interesting approach for this purpose would be the 

use of substrate-selective γ-secretase inhibitors, which specifically inhibit γ-secretase processing 

of APP CTFs without affecting Notch processing287,288. Assessing the effects of altered γ-secretase 
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processivity on LXR activation and lipid metabolism would also be of interest, specifically 

regarding the differential shedding of Aβ peptides following C99 γ-secretase cleavage, given how 

both γ-secretase inhibitors and FAD mutations have been reported to alter this processivity287, 

leading to an increased ratio of Aβ42/Aβ40. γ-secretase modulators are ideal tools for this 

purpose, as they can alter the processivity of γ-secretase without affecting its activity, leading to 

altered Aβ42/Aβ40 ratios without noticeable changes to the levels of C99 or total Aβ287. 

Furthermore, it would be interesting to identify additional components which may participate in 

the described PS-LXR mechanism. While we have shown a substantially elevated transcription of 

ABCA1 in cells lacking PS activity, other ABC cholesterol transporters are interesting candidates 

for study in this context. ABCA7 is of particular interest, as certain allele variants have been 

reported to be risk factors for SAD28. With such drastic changes in ABCA1 transcription as 

observed, it would also be of interest to study the cellular distribution and functionality of ABC 

cholesterol transporters upon PS inhibition in our models.  

Further assessing the direct role that cellular cholesterol levels have on the lipid dysregulation 

and the accumulation of C99 in AP-1 positive vesicles, described upon impaired γ-secretase 

activity, is also of interest. Analyzing this could be accomplished by altering the cellular cholesterol 

levels directly, through cholesterol feeding and depletion with β-methyl cyclodextrane289, and 

test its impact on LXR activation, and C99 processing, in cells lacking PS activity. A similar 

cholesterol feeding and depletion approach could also be used on FAD mouse and neural cell 

models, which may yield important information regarding the connection between impairments 

in cholesterol homeostasis and AD-related neurodegeneration or cognitive decline. 

An intriguing question arising from the work by Tamboli et al. is the mechanism by which C99 

accumulation could lead to the mistargeting of surface receptors64. Studying the function and 

composition of the C99-cholesterol-AP-1 compartments, reported in the present study to 

accumulate upon loss of γ-secretase activity, is a promising approach to answer this question. 

Initially, it would be of interest to determine whether the accumulated vesicular structures are 

recycling endosomes or forward transport vesicles. For this purpose, the colocalization with 

recycling endosome marker RAB11 could be analyzed290,291. RAB11 is of particular interest, as it 

has been shown to colocalize with some AP-1 positive compartments292, neurons carrying an FAD 
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PS mutation display impaired trafficking of RAB11 vesicles277, and knockdown of RAB11 has been 

shown to lead to impaired transcytosis of APP and LDL277. Studying the presence of additional 

cargo proteins in these vesicles could also yield valuable information. Oxysterol-binding protein 

(OSBP1), for instance, is a Golgi-resident protein which binds one of the main agonist of LXR (25-

hydroxycholesterol)293, has been reported to modulate APP processing and transport294, and 

could functionally link the accumulation of these vesicles to LXR activation. The presence of PS1 

and PS2 in these compartments is similarly relevant, as the transport of γ-secretase complexes 

containing either PS1 or PS2, as well as their cellular localization, has been reported to differ from 

one another (with PS2 being restricted to endosomal and lysosomal compartments), and AP-1 is 

reported to play a role in this segregation274,295. In addition, PS has been shown to have an 

important role in protein clearance from recycling endosomes281. APOE and LRP1, as well, are 

interesting candidates as components of these vesicles, as they relate to both sterol homeostasis 

and AD. Furthermore, a central question regarding the described AP1-cholesterol-C99 vesicles is 

whether their trafficking is impaired upon γ-secretase inhibition. Live-cell microscopy would be 

suitable for this purpose, and a specially interesting approach, which could address this question 

and the previous one, would be the use of fluorolabeled LDL (Dil-LDL296). This approach could be 

used with both PSdKO cells and cells overexpressing C99-GFP, allowing us to study the effect of 

PS activity on LDL internalization, trafficking and degradation, as well as the presence or 

accumulation of LDL in AP1-cholesterol-C99 vesicles. The proposed experiments could yield 

valuable information to assess the role of this vesicular accumulation in both AD and sterol 

metabolism. 

Finally, the use of FAD mutant models in place of knock-out or catalytically inactive PS models, as 

well as verifying the effect of the different APOE variants would yield valuable information on the 

relevance of our findings for AD. As previously noted, the pursuit of alternate therapeutic 

approaches against AD is likely to be of great value to the field284,286, and some preliminary studies 

on LXR and RXR agonists have already proven successful in alleviating the biochemical and 

cognitive symptoms of AD in mouse models263,297. The characterization of the proposed LXR-C99-

cholesterol mechanism in the frame of AD may lead to the identification of crucial drivers of AD 

pathogenesis to be used as therapeutic targets, and could ultimately lead to the development of 
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novel therapeutic and diagnostic approaches for AD, based on the targeting of LXR activation, 

APP-CTF accumulation, γ-secretase function, and altered sterol metabolism. 
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