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ABSTRACT OF THE DISSERTATION 

 

Untangling Intertwined Pathways: 
Cholesterol Metabolism, APP Processing, and Tau Phosphorylation in Alzheimer’s 

Disease 
 

by 

 

Vanessa Langness 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California San Diego, 2019 

 

Professor Lawrence S.B. Goldstein, Chair 

 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that 

results in loss of neurons and synapses. The dementia associated with AD is 

devastating for families and poses an increasing social and economic burden as our 



   xx 

population ages. Currently there are no drugs available that can revert or even slow 

disease progression.  

Brains from human patients with AD exhibit two defining pathological changes: 

1) Accumulation of extracellular amyloid plaques which are composed of amyloid beta 

(Aß), and; 2) accumulation of intracellular neurofibrillary tangles which are made up of 

hyperphosphorylated tau (pTau) protein. These changes are thought to be toxic and 

contribute to the devastating neurodegeneration that occurs in AD. Recent 

developments in disease modeling using human induced pluripotent stem cells 

(hiPSCs) have allowed for modeling of Alzheimer’s disease in human neurons in a 

dish. We can measure Aß and pTau levels in these hiPSC derived neurons allowing 

us to study how the levels of these proteins become dysregulated in AD.  

Genetic, biochemical, pharmacological, and epidemiological data suggest a role 

for cholesterol in AD pathogenesis. Recent studies have shown that amyloid precursor 

protein (APP), the precursor to Aß contains a cholesterol binding site. We use 

cholesterol lowering drugs, CRISPR/CAS9 genome editing, and fluorescent 

complementation assays to study how cholesterol levels and mutations that abolish 

APP-Cholesterol binding influence Aß and pTau burden. Our data indicate that 

cholesterol metabolism influences levels of these toxic proteins. We also show that 

APP can influence cholesterol homeostasis by regulating transport of cholesterol 

between different cell types in the brain. Our work sheds light on a pathway which 

unites the variety of genetic and environmental factors that contribute to AD risk. 



   xxi 

Targeting cholesterol metabolic pathways may be a promising approach in the search 

for drugs which can treat or prevent AD. 
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Chapter 1 

Introduction 
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In 1907 Dr. Alois Alzheimer published what is widely accepted as the first 

characterization of the disease which was later named after him. He described the 

symptoms of Auguste Deter, a woman who was under his care at an “insane asylum” 

in Frankfurt Germany (1): 

The first symptom the 51-year-old woman showed was the idea that she 
was jealous of her husband. Soon she developed a rapid loss of memory. 
She was disoriented in her home, carried things from one place to 
another and hid them, sometimes she thought somebody was trying to 
kill her and started to cry loudly. In the institution her behavior showed all 
the signs of complete helplessness. She is completely disoriented in time 
and space. Sometimes she says that she does not understand anything 
and that everything is strange to her. Sometimes she greets the attending 
physician like company and asks to be excused for not having completed 
the household chores, sometimes she protests loudly that he intends to 
cut her, or she rebukes him vehemently with expressions which imply 
that she suspects him of dishonorable intentions. Then again she is 
completely delirious, drags around her bedding, calls her husband and 
daughter and seems to suffer from auditory hallucinations. Often she 
screamed for many hours... Her memory is seriously impaired. If objects 
are shown to her, she names them correctly, but almost immediately 
afterwards she has forgotten everything. When reading a test, she skips 
from line to line or reads by spelling the words individually, or by making 
them meaningless through her pronunciation. In writing, she repeats 
separate syllables many times, omits others, and quickly breaks down 
completely. In speaking, she uses gap-fills and a few paraphrased 
expressions (“milk-pourer’’ instead of cup); sometimes it is obvious that 
she cannot go on. Plainly, she does not understand certain questions. 
She does no longer remember the use of some objects. Her walk is 
unimpeded, she uses her hands equally well. Her patellar reflexes are 
normal. Her pupils react normally.(2) 

 

Post-mortem observation of Deter’s brain revealed several features that distinguished 

it from a normal brain. Deter’s brain was atrophic, many neurons had completely 

disintegrated and in their place were a “tangle of fibrils”. Alzheimer also noted a parallel 
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process “deposition of a pathological metabolic substance in the neuron whose closer 

examination is still pending”.  

This initial work set the foundation for later studies that characterized what we 

now know to be the key histological hallmarks of AD. The first hallmark is accumulation 

of extracellular plaques containing amyloid-β (Aβ) peptide in the brain. These amyloid 

plaques are surrounded by neurons that contain the second histopathological hallmark 

of AD: intracellular neurofibrillary tangles (NFTs) containing hyperphosphorylated tau 

(pTau). These changes are accompanied by brain atrophy and a loss of neurons and 

synapses in the neocortex, and hippocampus, as well as other subcortical regions of 

the brain (3, 4). Early studies showed a strong correlation of cognitive decline with 

amyloid and Tau pathology. Finding drugs that lower Aβ and pTau levels in the brain 

has been a major focus of researchers seeking to treat or prevent AD. 

 The amyloid cascade hypothesis was first proposed in the early 90’s by John 

Hardy and Dennis Selkoe. It states that deposition of Aβ peptide in the brain is toxic 

and that pTau, NFTs, the neuronal and synaptic loss, and dementia characteristic of 

AD are all a direct result of Aβ accumulation (4–6). The amyloid cascade hypothesis 

has been criticized because the number of amyloid plaques do not correlate well with 

the degree of cognitive impairment (7). However, the hypothesis has been refined 

since it was first proposed. Accumulation of soluble Aβ oligomers appear to correlate 

better with the degree of cognitive impairment. The current view in the field is that 

soluble Aβ oligomers are the neurotoxic species, not the plaques (8). Several drugs 

have been developed that were successful at reducing Aβ in the brain, but all of them 
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have failed to improve cognitive function in patients (5). This has caused many 

scientists to question whether Aβ is the toxic species in AD or whether its accumulation 

is an epiphenomenon. While Aβ oligomers likely do contribute to neurodegeneration, 

Aβ oligomers may accumulate late in the disease process. This may occur once many 

of the hard to reverse effects like neuron and synapse loss have already manifested. 

Whether Aβ accumulation causes AD, or whether it accumulates downstream of earlier 

pathogenic changes, gaining an understanding of the pathways that regulate Aβ 

production in the brain may give us clues into the early drivers of AD pathogenesis and 

could lead us to better drug targets. One major focus of my thesis work involved 

elucidating how Aβ production and pTau levels are regulated in cultured hiPSC derived 

neurons. 

Aβ is Derived From Proteolytic Cleavage of Amyloid Precursor Protein 

It is well established that Aβ is generated by proteolytic cleavage of its full-length 

precursor, amyloid precursor protein (APP) (9). Proteolytic processing of APP can 

occur by at least two pathways (Figure 1.1).  In the amyloidogenic pathway, APP is 

first cleaved by β-secretase (BACE1) into two fragments, a membrane bound β-C-

terminal fragment (βCTF) and soluble APP-β (sAPPβ). In the non-amyloidogenic 

pathway, APP is first cleaved by α-secretase into two fragments, a membrane bound 

α-C-terminal fragment (αCTF), and soluble APP-α (sAPPα). Both α- and β- CTF can 

be further cleaved by γ-secretase. Cleavage of αCTF by γ-secretase results in 

generation of the non-amyloidogenic peptide p3 and the AICD fragment. Cleavage of 

βCTF by γ-secretase results in generation of the amyloidogenic peptide Aβ and the 
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AICD fragment. γ-secretase can cut at slightly different locations within βCTF. 

Depending on where γ-secretase cuts, it can give rise to Aβ40 or the slightly longer 

Aβ42 fragment. Aβ42 is thought to be more pathogenic because it is more prone to 

toxic oligomer formation. 

 

 

 

 

 

 

 

Figure 1.1: Diagram of APP Processing In the non-amyloidogenic pathway APP is 
processed first by α-secretase and then by y-secretase. In the Amyloidogenic pathway, 
APP is processed first by BACE1 and then by y-secretase. 

 

What Causes Alzheimer’s Disease? 

Alzheimer’s disease is a multifactorial disease that can be influenced by a 

variety of genetic and environmental risk factors. A small percentage (1-2%) of AD 

cases emerge from families that display an autosomal dominant pattern of inheritance. 

This form of Alzheimer’s disease is called familial AD (FAD). People who have FAD 

tend to experience symptoms before the age of 60 and in this case the disease is 

referred to as early onset AD (EOAD). This early onset, familial form of AD is caused 
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by mutations in one of three genes: APP, Presenilin 1 (PS1), or Presenilin 2 (PS2) (1). 

Not surprisingly, all three of these genes are directly involved in regulation of APP 

processing to Aβ. PS1 and PS2 are two different isoforms of the catalytic subunit of y-

secretase which cleaves APP to Aβ. These mutations can exert their effects in a variety 

of ways. Generally, they either increase total Aβ production, or they increase the ratio 

of the more oligomerization prone Aβ42 compared to the less oligomerization prone 

Aβ40 (10). Alternatively, a small subset of APP mutations that occur within the Aβ 

sequence, can increase the propensity of the Aβ peptide to aggregate into toxic 

oligomers (11). Emerging evidence shows that many of these mutations can also 

cause an accumulation of APP CTFs and that the CTFs can contribute to early 

changes that occur during AD pathogenesis (12). Nonetheless, it is clear that a severe 

and highly penetrant form of the disease emerges from mutations in genes involved in 

APP processing. Understanding the regulation and function of the proteins involved in 

this APP processing pathway is likely going to be crucial to making progress toward 

treating and preventing AD.  

In contrast to FAD, Sporadic AD (SAD) is much more prevalent and tends to 

cause a late-onset form of the disease which is often referred to as late onset-AD 

(LOAD). SAD has a high level of heritability and can be caused by a variety of 

environmental and genetic risk factors.  

While many genetic risk factors have been associated with SAD, the major 

genetic risk factor is the e4 allele of Apolipoprotein E (APOEe4). APOE encodes a 
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protein which is found on the surface of cholesterol and cholesteryl ester (CE) 

containing lipoproteins. It has a major role in regulation of cholesterol transport in the 

brain. APOE can bind to and promote clearance of excess Aβ. The APOEe4 allele 

might contribute to AD pathology by reducing Aβ clearance from the brain (13).  

Striking clues about the physiological pathways that may contribute to AD 

emerge from the other genes that have been identified as AD risk factors. 

Apolipoprotein J (APOJ) (aka Clustrin) and ATP-binding cassette sub-family A, 

member 7 (ABCA7) variants have both been associated with AD risk through GWAS. 

Both APOJ and ABCA7 are thought to play important roles in cholesterol homeostasis 

(10). These observations have contributed to increasing interest in the role of 

cholesterol homeostasis in AD. 

A variety of factors have been identified as contributors to AD risk. One of the 

major risk factors is age. Other risk factors that have been identified include traumatic 

brain injury, obesity, diabetes, hypertension, coronary artery disease, and high levels 

of dietary cholesterol (14) Many of these risk factors such as obesity, diabetes, and 

hypertension may result from complex interactions between genetic and environmental 

factors. 

Cholesterol and AD 

 Our lab became interested in the connection between cholesterol and AD after 

we performed a drug screen aimed at finding FDA (Food and Drug Administration) 

approved compounds which could be repurposed to lower pTau levels in human iPSC 
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(hiPSC) derived neurons. Several cholesterol lowering drugs were identified as hits in 

this screen including efavirenz and a variety of statins. The details of this screen and 

the characterization of the effects of these drugs on AD relevant pathways are found 

in the second chapter. 

One of the earliest clues connecting cholesterol with AD was identified in the 

early 1990’s when researchers demonstrated that brains from individuals with coronary 

artery disease had higher levels of amyloid plaques compared to age-matched controls 

with no heart disease (15, 16). Coronary artery disease is typically caused by 

atherosclerosis which involves a build-up of cholesterol and fatty deposits which block 

arteries. High blood cholesterol levels is one of the major contributors to coronary 

artery disease risk. This link between coronary artery disease, AD, and cholesterol 

inspired a follow up study which showed that the brains of rabbits fed a diet high in 

cholesterol had increased accumulation of amyloid plaques (17). Brains of transgenic 

mice fed a diet high in cholesterol also showed an increase in amyloid pathology (18). 

Furthermore, epidemiology studies have shown a correlation between high levels of 

total cholesterol with AD risk (19). This line of research sparked interest in whether 

statins can lower the risk of AD. Several subsequent epidemiology studies showed that 

statin users are at a lower risk for AD (20–25). However, randomized clinical trials have 

failed to show a beneficial effect of statins for treatment of AD (26–30). The randomized 

clinical trials have known limitations such as insufficient follow-up times, exclusion of 

hyper-lipidemic patients, and short treatment time frames which could explain the lack 

of beneficial findings (31). Researchers have since firmly established that statins can 
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reduce Aβ levels (32–34). However, there is no current consensus on a mechanism. 

In the third chapter of this dissertation, we dig deeper into the mechanism using a 

combination of hiPSC derived neurons and fluorescence complementation assays. We 

show that cholesterol lowering drugs reduce APP processing to Aβ by increasing full 

length APP (flAPP) dimerization and inhibiting processing by BACE1 and y-secretase. 

Cholesterol Metabolism in the Brain 

De novo synthesis of cholesterol from the precursor acetyl CoA can occur in 

any nucleated cell via the mevalonate pathway. The rate limiting step of this pathway 

is the conversion of HMG CoA to mevalonate by HMGCR (35).  

 The brain contains almost 10x that of the average cholesterol content of other 

organs. Because of the inability of plasma lipoproteins to cross the blood brain barrier, 

cholesterol metabolism in the brain is separated from the rest of the body and the 

central nervous system (CNS) must synthesize its own cholesterol (36).  

In the central nervous system, cholesterol and other lipids are transferred 

between different cell types by lipoproteins that resemble high density lipoprotein 

(HDL) in density and size (36). ApoE is the major apolipoprotein in the CNS and it plays 

a critical role in transport of cholesterol and other lipids between cells in the brain. ApoE 

is synthesized mainly in astrocytes and associates with lipoproteins containing 

cholesterol. ABCA7 and ABCA1 assist with lipidation of nascent apolipoproteins which 

are destined to be exported from the cell (37). Once secreted from astrocytes, the 

ApoE containing lipoproteins bind to LDL receptors on neurons and are taken into the 

cells by receptor mediated endocytosis. This cholesterol delivery from astrocytes is 
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thought to be involved in the growth and regeneration of damaged neurons (36) 

Neurons are capable of a low level of cholesterol synthesis, but not enough to support 

the high levels needed for proper neuronal function (38).  

 Once ApoE is endocytosed, it is transported to acidic compartments where 

cholesteryl esters contained in the lipoprotein are cleaved by acid lipases into free 

cholesterol. This free cholesterol can then be delivered to various membranes in the 

cell such as the ER or the PM. Excess brain cholesterol is removed by conversion into 

24-hydroxycholesterol, which can cross the blood-brain barrier. After crossing the 

blood-brain barrier it is carried in plasma to the liver where it is excreted into bile (36). 

Excess cholesterol can also be stored in lipid droplets in the form of cholesteryl esters 

which can be hydrolyzed to free cholesterol if the cell becomes cholesterol starved 

(39). 

 In the third chapter of this dissertation, we show that flAPP plays a role in 

regulating cholesterol homeostasis by regulating astrocytic endocytosis of cholesterol 

containing low density lipoproteins. This may be one way that astrocytes regulate the 

amount of cholesterol available to the neurons. Our work sheds light on a pathway 

which unites the variety of genetic and environmental factors that contribute to AD risk. 

We propose that targeting cholesterol metabolic pathways is a promising approach to 

treating and preventing AD.  
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Abstract 

Amyloid beta (Aβ) is a major component of amyloid plaques which are a key 

pathological hallmark found in brains of Alzheimer’s Disease (AD) patients. Aβ is 

derived from Amyloid Precursor Protein (APP) through sequential proteolytic cleavage 

by BACE1 and y-secretase. Previous studies show that cholesterol metabolism 

regulates APP processing to Aβ. However, the mechanism is not well understood. We 

used transfected HEK cells and iPSC derived neurons to elucidate how statins 

influence APP processing. We show that statins alter APP fragmentation in a Tau 

independent pathway. APP fragmentation changes induced by atorvastatin are 

indicative of reduced processing by BACE1 and y-secretase. We used a fluorescence 

complementation assay to show that atorvastatin increases full length APP (flAPP) 

dimerization and reduces full length APP interaction with BACE1. In contrast, 

atorvastatin treatment caused a decrease in βCTF dimerization and a decrease in 

βCTF interaction with y-secretase catalytic subunits. We use inhibitors of various steps 

in the mevalonate pathway to show that cholesteryl esters are important regulators of 

Aβ production. Additionally, we show that statins are effective at lowering Aβ in iPSC 

derived neurons from multiple individuals including non-demented controls (NDC), and 

subjects with familial AD (FAD), and sporadic AD (SAD). These data reveal that 

cholesterol lowering drugs reduce APP processing to Aβ by decreasing BACE1 

interaction with flAPP and by decreasing y-secretase interaction with βCTF and 

suggest that these changes may be mediated by alterations in flAPP and βCTF 

dimerization. 
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Introduction 

The brains of patients with Alzheimer’s disease (AD) exhibit two key 

characteristic pathological hallmarks: accumulation of extracellular plaques primarily 

composed of amyloid beta peptide (Aβ) and accumulation of intracellular 

hyperphosphorylated Tau protein (pTau) (1). The amyloid cascade hypothesis, a 

dominant hypothesis in the AD field, proposes that Aβ is the causative agent in AD and 

that changes in Aβ cause downstream accumulation of pTau which can lead to the 

neurodegeneration that occurs in AD (2–7). Thus, understanding the mechanism of Aβ 

generation is a major area of interest to AD researchers.  

Aβ is derived from sequential proteolytic cleavage of Amyloid Precursor Protein 

(APP). APP can be cleaved in two major pathways. In the amyloidogenic pathway, 

APP is first cleaved by the β-secretase BACE1 to generate two protein fragments: 

soluble APP β (sAPPβ) and a β C-terminal fragment (βCTF). sAPPβ is released into 

the extracellular space. βCTF is cleaved by y-secretase which releases the APP 

intracellular domain (AICD) into the cytosol and generates Aβ peptides of various 

lengths. Aβ40, a 40 amino acid peptide is the major species generated. Aβ42, a slightly 

longer and more hydrophobic peptide is produced in smaller quantities but is a major 

component found in amyloid plaques and is thought to be more prone to 

oligomerization into toxic Aβ species.(1)  

In the alternative, non-amyloidogenic pathway, APP is first cleaved by α-

secretase to generate soluble APP α (sAPPα) and α C-terminal fragment (αCTF). 

sAPPα is released into the extracellular space. αCTF is cleaved by y-secretase which 
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releases the AICD into the cytosol and generates a small fragment called p3. y-

secretase is a multi-subunit complex consisting of at least four proteins: presenilin 

(PS), nicastrin, Aph-I, and Pen-2. Presenilin is the catalytic subunit of y-secretase. 

Presenilin has two isoforms Presenilin-1 (PS1) and Presenilin-2 (PS2), either one of 

which can be incorporated into the y-secretase complex (1). 

A large body of genetic, epidemiological, and biochemical evidence supports a 

link between cholesterol and AD. Statins inhibit cholesterol biosynthesis and 

epidemiology studies have shown that statin users are at a decreased risk for AD (10–

15). Randomized clinical trials have failed to show a beneficial effect(16–20). The 

randomized clinical trials have known limitations such as insufficient follow-up times, 

exclusion of hyper-lipidemic patients, and short treatment time frames which could 

explain the lack of beneficial findings (21). It is well established that statins can alter 

APP processing and reduce Aβ levels (22–24) however, the mechanism is unclear.  

Several studies have shown that APP can form dimers (25–27) which in turn 

can influence APP processing. The glycine-XXX-glycine (GXXXG) amino acid 

sequence is a common motif in transmembrane helices that can mediate helix-helix 

interactions and dimerization of proteins (28, 29). APP contains three of these GXXXG 

motifs in the juxtamembrane and transmembrane region which are thought to mediate 

β-CTF dimerization and in part mediate flAPP dimerization (30–35). The APP 

ectodomain can also contribute to dimerization of flAPP (35). The role that dimerization 

plays in regulating APP processing is controversial. One set of studies showed that 

disrupting APP dimerization modulates APP processivity by y-secretase leading to a 
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decrease in processing to Aβ42 (34, 36). These results indicate that βCTF dimerization 

may promote APP processing to Aβ42. However, these claims have been refuted by 

two studies which instead of disrupting APP dimerization, induced or enriched for βCTF 

dimers. These studies showed that βCTF dimers are less susceptible to processing by 

y-secretase (37, 38). Another study showed that inducing dimerization of flAPP caused 

an increase in flAPP and a mild decrease in sAPPβ (37, 39), suggesting that 

dimerization may additionally inhibit processing of flAPP by BACE1. Researchers have 

hypothesized that cholesterol levels may have an inverse relationship with APP 

dimerization (40). This suggestion is supported by biochemical evidence (41) but has 

not been shown in live cells. More work is needed to understand the relationship 

between cholesterol levels, APP dimerization, and APP processing. 

We used transfected HEK cells and iPSC derived neurons to study the effects 

of statins and cholesterol/CE lowering drugs on APP dimerization and processing. We 

used a Bimolecular Fluorescence Complementation (BiFC) split Venus based 

approach to show that atorvastatin treatment causes increased flAPP dimerization. 

This is accompanied by a concurrent decrease in flAPP interaction with BACE1. 

Atorvastatin treatment additionally caused a decrease in βCTF dimerization along with 

a decrease in βCTF interaction with PS1 and PS2. These changes are accompanied 

by alterations in APP fragmentation that suggest a decrease in processing of APP by 

BACE1 and y-secretase leading to a reduction in Aβ levels. Collectively, our data 

elucidates a pathway by which reductions in cholesterol/CE can reduce APP 

processing to Aβ by reducing APP interaction with the secretases. Reduced interaction 
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with the secretases after statin treatment is tightly correlated with increased flAPP 

dimerization and decreased βCTF dimerization. 

 

Results 

Atorvastatin causes a reduction of secreted Aβ42 and Aβ40 in transfected cells 

We probed for the effects of cholesterol lowering drugs on APP fragmentation, 

APP dimerization and APP-secretase interactions by modifying a bimolecular 

fluorescence complementation (BiFC) assay described in (42). BiFC is an established 

tool to study protein-protein interactions (43). This approach involves transfecting cells 

with plasmids encoding two potentially interacting proteins, one tagged with the Venus 

fluorophore N-terminus (vn) and the other tagged with the Venus fluorophore C-

terminus (vc). When the two proteins come together to interact, the two halves of the 

Venus fluorophore reconstitute into a fully fluorescent molecule and give off a Venus 

signal. This Venus signal can be measured using microscopy or flow cytometry as a 

metric of relative levels of interaction of the two tagged proteins. We used previously 

published constructs BACE1vc and wtAPPvn to study APP-BACE1 interaction. We 

also made constructs that we could co-transfect with wtAPPvn to study flAPP 

dimerization (wtAPPvc). We made βCTFvn and βCTFvc constructs to study the effects 

of atorvastatin on βCTF dimerization. We also made two constructs that we can co-

transfect with βCTFvn to study βCTF-presenilin interaction (PS1vc and PS2vc). 

We first wanted to determine if transfected APP can be processed by 

endogenous secretases. To test this, we compared levels of APP fragmentation in 
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untransfected cells and in transfected cells and additionally tested whether secretase 

inhibitors changed APP fragmentation in transfected cells. Prior to transfection, we 

pretreated HEK cells with DMSO or the indicated treatment for 24 hours. Conditioned 

media and cell lysates were harvested 24 hours post transfection. Meso Scale 

Discovery electrochemiluminescence (MSD-ECL) based measurements of Aβ42 (Fig. 

1A), Aβ40 (Fig. 1B), sAPPβ (Fig. 1C) and sAPPα (Fig. 1D) from media of wtAPPvc 

transfected cells were much higher than that detected in untransfected cells, indicating 

that most of the measured fragments are derived from processing of the transfected 

construct rather than from endogenous APP. Treatment with a y-secretase inhibitor 

(compound E) and a BACE1 inhibitor (BIV) both reduced Aβ42 (Fig. 1A), and Aβ40 

(Fig. 1B) measured in conditioned media from transfected cells. Treatment with a 

BACE1 inhibitor (BIV) reduced sAPPβ (Fig. 1C) and did not significantly change 

sAPPα (Fig. 1D). These data show that transfected APP can be processed by 

endogenous BACE1 and y-secretase. 

Next, we wanted to determine whether cells transfected with wtAPPvc can 

recapitulate statin induced reduction of Aβ42 and Aβ40 that we previously observed in 

hiPSC derived neurons(44). MSD-ECL based measurements revealed that 

atorvastatin treatment reduced both Aβ42 (Fig. 1A), Aβ40 (Fig. 1B) in the transfected 

cells. This shows that APP transfected HEK cells recapitulate atorvastatin induced 

phenotypes that we originally observed in hiPSC derived neurons. Treatment of the 

untransfected cells with atorvastatin trended toward reduced Aβ42 (Fig. 1A), and Aβ40 

(Fig. 1B) production, however these changes were not significant. Together, these data 
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show that atorvastatin treatment reduces processing of exogenous APP and that we 

can use HEK cells transfected with split Venus tagged constructs to model changes in 

APP processing that occur after treatment with drugs like statins. 

To explore how atorvastatin alters APP processing in the split Venus system, 

we characterized how atorvastatin treatment affected levels of sAPPβ, sAPPα, and 

flAPP. Atorvastatin treatment of wtAPPvc transfected cells caused a reduction in levels 

of the BACE1 cleavage product sAPPβ (Fig. 1C) and the α-secretase cleavage product 

sAPPα (Fig. 1D) suggesting that atorvastatin may block α-and β-secretase cleavage 

of transfected APP. In line with this, atorvastatin treatment caused an increase in levels 

of full length wtAPPvc (visualized with an anti-GFP antibody) in the transfected HEK 

cells. (Fig. 1E). This suggests that full length APP is accumulating, and processing is 

reduced. Together, we see that atorvastatin treatment reduces the products of α- and 

β- secretase cleavage (sAPPα and sAPPβ respectively) and reduces Aβ40 and Aβ42 

while concurrently increasing levels of flAPP. Together, these data suggest that 

atorvastatin treatment reduces BACE1 mediated processing of APP leading to an 

accumulation of flAPP.  

  

Atorvastatin increases APP dimerization  

Previous studies have suggested that full length APP dimerization can alter APP 

processing by BACE1(45, 46). We hypothesized that atorvastatin may reduce APP 

processing by altering levels of APP dimerization. To determine whether atorvastatin 

alters dimerization, we made use of the split Venus BiFC assay. BiFC has been used 
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to study APP dimerization in previous studies (47–49). We transfected HEK cells with 

two APP constructs, one tagged with the Venus N-terminus (wtAPPvn) and one tagged 

with the Venus C-terminus (wtAPPvc) as well as a soluble mCherry construct for cell 

selection. When split Venus tagged proteins dimerize, we can detect a Venus signal 

and measure relative levels of APP dimerization (Fig. 2A).  

To robustly quantify Venus signal (APP dimerization) we developed a flow 

cytometry assay that quantitatively measures thousands of cells from many samples. 

Fig. S1 A-E shows an example of the gating scheme used for this experiment as well 

as all of the split Venus flow cytometry assays discussed below. After gating out cell 

debris (Fig. S1B), and doublets (Fig. S1C&D), an untransfected control (Fig. S2A) was 

used to set a gate to discriminate transfected cells from untransfected cells. Venus 

median fluorescence intensity (dimerization) was measured in the transfected cell 

population. Untransfected cells were excluded from this measurement. Representative 

compensation controls are shown in (Fig. S2 A,B,&C) and include the untransfected 

control (Fig. S2A), a control transfected with only mCherry (Fig. S2B), and a control 

transfected with a split Venus pair without mCherry (Fig. S2C). These were used to 

ensure there was no bleed through from one channel to another. None of the split 

Venus tagged constructs expressed on their own generated Venus signal (Fig. S4 

A&B). Additionally, when wtAPPvn is co-transfected with a plasmid expressing just the 

VC fragment and when wtAPPvc is co-transfected with a plasmid expressing just the 

VN fragment, we see very little signal compared to when wtAPPvn and wtAPPvc are 
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co-transfected together. (Fig. S4 C&D). Together, these control experiments show that 

the Venus signal is specific to dimerization.  

We used this split Venus assay to measure the effects of atorvastatin on APP 

dimerization. Figure 2B shows the flow cytometry histograms generated for transfected 

cells. One set was treated with DMSO (shown in black) and the other set was treated 

with atorvastatin (shown in grey). After atorvastatin treatment, we observed a clear 

shift in the histogram population toward a higher Venus median fluorescence intensity. 

This shift is quantified in Figure 2C and shows that atorvastatin treatment causes a 

significant increase in APP dimerization by approximately 25%. Figure S3 A&B shows 

that atorvastatin treatment did not significantly affect the transfection efficiency as 

measured by the percentage of transfected singlets.  These results indicate that 

atorvastatin treatment increases APP dimerization in transfected HEK cells. 

We additionally tested the effects of atorvastatin on APP dimerization in 

transfected hiPSC derived neurons using microscopy. We pre-treated WT hiPSC 

derived neurons with DMSO or atorvastatin for 5 days. We then co-transfected with 

wtAPPvn and wtAPPvc and a soluble mCherry construct to assist with selection of 

transfected cells. On the next day, cells were fixed, permeabilized and stained for 

MAP2 which we used as a marker for neurons. Imaging and image processing were 

performed blind. We observed that atorvastatin treatment increased APP dimerization 

in the transfected neurons. (Fig. 2D) Together our results show that atorvastatin 

treatment induces APP dimerization in transfected HEK cells and in hiPSC derived 

neurons. 
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Mutations in the APP GXXXG motifs reveal residues that mediate dimerization 

but decrease Aβ42 and Aβ40 in a dimerization independent manner 

To determine whether residues in the GXXXG motif mediate APP dimerization, 

we used site directed mutagenesis to induce point mutations in each of the dimerization 

split Venus pairs (wtAPPvn and wtAPPvc). We generated mutant split Venus pairs 

containing a glycine(G) to isoleucine(I) substitution for each of the four glycines in the 

three tandem GXXXG domains. This gave us G25I, G29I, G33I, and G37I split Venus 

pairs (Aβ numbering). We transfected HEK cells with each of these split Venus pairs 

and measured the effects of the mutations on APP dimerization using the split Venus 

dimerization assay described above. Supplemental figure 5A shows the flow cytometry 

histograms generated for WT, G25I, G29I, G33I, and G37I split Venus pair transfected 

cells. Venus median fluorescence intensity was quantified for each condition. G33I 

mutations caused a significant decrease in APP dimerization (Venus median 

fluorescence intensity) while G25I, G29I, and G37I did not significantly affect APP 

dimerization (Fig. S5A,B). These data indicate that the G33 amino acid residue is 

crucial to mediating APP dimerization. This result is in partial agreement with a 

previous study which showed that the G33I mutation in βCTF but not flAPP can abolish 

dimerization. (34) Our mutations were made in the flAPP sequence. However, we 

showed above that in our system, transfected APP is processed by endogenous 

secretases and thus it is possible that the reduction in dimerization we observe is 

arising from CTFs derived from processing of the full-length split Venus tagged 
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constructs. We conclude that G33 is an important residue in the GXXXG motif that 

regulates flAPP and/or βCTF dimerization. 

To determine whether mutations in the GXXXG motif influence APP processing, 

we measured Aβ42 and Aβ40 in conditioned media from HEK cells transfected with 

the WT, G25I, G29I, G33I, and G37I split Venus pairs. We observed that all four 

mutations caused a reduction in Aβ42 (Fig. S5C). All mutations except for G25I caused 

a reduction in Aβ40 (Fig. S5D). These results show that mutations in the GXXXG motif 

cause reductions in APP processing to Aβ that are independent of APP dimerization. 

These results confirm previous studies that show that mutations within the Aβ 

sequence influence APP processing by interfering with secretase cleavage 

independently of dimerization (30, 37).  More recent work that studies the effects of 

APP dimerization using systems that do not exclusively rely on intra-APP mutations 

shows that APP dimers are resistant to y-secretase cleavage. (37, 38) Our results 

support these claims and show that mutations within the APP sequence are not 

appropriate to study the effects of dimerization on APP processing. 

 

Atorvastatin decreases APP-BACE1 interaction 

To test the hypothesis that atorvastatin causes alterations in APP processing 

by changing levels of APP-BACE1 interaction, we made use of the split Venus BiFC 

system. We co-transfected HEK cells with two constructs, BACE1 tagged with the 

Venus C-terminus (BACE1vc) and APP tagged with the Venus N-terminus (wtAPPvn) 

as well as a soluble mCherry construct for cell selection. When split Venus tagged APP 
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and BACE1 interact, we can detect a Venus signal and use this as a measure of APP-

BACE1 interaction (Fig. 3A). Cells were gated in the same way as described above. 

Analysis of Venus median fluorescence intensity (APP-BACE1 interaction) was 

performed only on transfected cells.  

We performed several control experiments to determine whether the Venus 

signal in this assay is specific to APP-BACE1 interaction rather than non-specific 

reconstitution of the Venus signal. None of the individually expressed split Venus 

tagged constructs generated Venus signal (Fig. S6 A&B).  When BACE1 is co-

transfected with a truncated APP which lacks most of the C-terminal region 

(stop40APPvn) which is suspected to mediate APP-BACE1 interactions (42, 50), we 

see essentially no Venus signal (Fig. S6 A&B). Additionally, when wtAPPvn is co-

transfected with a plasmid expressing just the vc fragment and when BACE1vc is co-

transfected with a plasmid expressing just the vn fragment, we see very little signal 

compared to when wtAPPvn and BACE1vc are co-transfected together (Fig. S6 C&D). 

These control experiments show that the Venus signal in this assay is specific to APP-

BACE1 interaction. 

We used this split Venus assay to measure the effects of atorvastatin on APP-

BACE1 interaction. Figure 3B shows flow cytometry histograms for BACE1vc and 

wtAPPvn transfected cells, one set was treated with DMSO (shown in black) and the 

other with atorvastatin (shown in grey). After atorvastatin treatment, we observed a 

clear shift in the histogram population toward a lower Venus median fluorescence 

intensity. This shift is quantified in Figure 3C and shows that atorvastatin treatment 
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causes a decrease in APP-BACE1 interaction by approximately 25% (Fig. 3B,C). 

Atorvastatin treatment did not significantly affect the transfection efficiency as 

measured by the percentage of transfected singlets (Fig. S3C&D). These data show 

that statin treatment reduces APP-BACE1 interaction in transfected HEK cells. 

We additionally tested the effects of atorvastatin on APP-BACE1 interaction in 

transfected hiPSC derived neurons using microscopy. We pre-treated WT hiPSC 

derived neurons with DMSO or atorvastatin for 5 days. We then co-transfected with 

wtAPPvn and BACE1vc and a soluble mCherry construct to assist with selection of 

transfected cells. On the next day, cells were fixed, permeabilized and stained for 

MAP2 which we used as a marker for neurons. Imaging and image processing were 

performed blind. We observed that atorvastatin treatment decreased BACE1 

interaction with APP in the transfected neurons. (Fig. 3D) Together our results show 

that atorvastatin treatment reduces APP-BACE1 interaction in transfected HEK cells 

and in hiPSC derived neurons. 

 

Atorvastatin decreases βCTF dimerization  

To determine whether atorvastatin treatment influences dimerization of βCTF, 

we used the split Venus BiFC system. We co-transfected HEK cells with two 

constructs, βCTF tagged with the Venus C-terminus (βCTFvc) and βCTF tagged with 

the Venus N-terminus (βCTFvn) as well as a soluble mCherry construct for cell 

selection. When βCTF dimerizes we can detect a Venus signal and use this as a 

measure of βCTF dimerization (Fig. 4A). Cells were gated in the same way as 
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described above. Analysis of Venus median fluorescence intensity (βCTF 

dimerization) was performed only on transfected cells.  

We performed a control experiment to determine whether the Venus signal in 

this assay is specific to βCTF dimerization rather than non-specific reconstitution of 

the Venus signal. When βCTFvn is co-transfected with a plasmid expressing just the 

vc fragment and when βCTFvc is co-transfected with a plasmid expressing just the vn 

fragment, we see very little signal compared to when βCTFvn and βCTFvc are co-

transfected together (Fig. S7 A&B). This experiment shows that the Venus signal in 

this assay is specific to βCTF dimerization. 

We used this split Venus assay to measure the effects of atorvastatin on βCTF 

dimerization. Figure 4B shows flow cytometry histogram data for βCTFvc and βCTFvn 

transfected cells, one set was treated with DMSO (shown in black) and the other with 

atorvastatin (shown in grey). After atorvastatin treatment, we observed a shift in the 

histogram population toward a lower Venus median fluorescence intensity. This shift 

is quantified in Figure 4C and shows that atorvastatin treatment causes a small 

decrease in βCTF dimerization (Fig. 4B&C).  

Atorvastatin decreases βCTF-PS1 and βCTF-PS2 interaction 

To determine whether atorvastatin treatment influences interaction of βCTF with 

the y-secretase catalytic subunits PS1 or PS2, we again used the split Venus BiFC 

system. We co-transfected HEK cells with two constructs, PS1 or PS2 tagged with the 

Venus C-terminus (PS1vc or PS2vc) and βCTF tagged with the Venus N-terminus 

(βCTFvn) as well as a soluble mCherry construct for cell selection. When βCTFvn and 
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PS1vc or PS2vc interact, we can detect a Venus signal and use this to quantify βCTF-

PS1 or βCTF-PS2 interaction (Fig. 5A). Cells were gated in the same way as described 

above. Analysis of Venus median fluorescence intensity (βCTF-PS1 or βCTF-PS2 

interaction) was performed only on transfected cells.  

We performed several control experiments to determine whether the Venus 

signal in this assay is specific to APP-PS1 or APP-PS2 interaction rather than non-

specific reconstitution of the Venus signal. None of the individually expressed split 

Venus tagged constructs generated Venus signal. (Fig. S8 A&B).  Additionally, when 

wtAPPvn is co-transfected with a plasmid expressing just the vc fragment and when 

PS1vc or PS2vc is co-transfected with a plasmid expressing just the vn fragment, we 

see very little signal compared to when wtAPPvn and PS1vc or PS2vc are co-

transfected together (Fig. S8 C-F). Together, these control experiments show that the 

Venus signal in this assay is specific to βCTF-PS1 and βCTF-PS2 interaction. 

We used this split Venus assay to measure the effects of atorvastatin on βCTF-

PS1 and βCTF-PS2 interaction. Figure 5B shows flow cytometry histogram data for 

PS1vc or PS2vc and βCTFvn transfected cells, one set was treated with DMSO (shown 

in black) and the other with atorvastatin (shown in grey). After atorvastatin treatment, 

we observed a shift in the histogram population toward a lower Venus median 

fluorescence intensity. This shift is quantified in Figure 5C and shows that atorvastatin 

treatment causes an approximately 20-25% decrease in both βCTF-PS1 and βCTF-

PS2 interaction (Fig. 5B&C). Atorvastatin treatment did not significantly affect the 
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transfection efficiency as measured by the percentage of transfected singlets (Fig. 

S3E&F). 

 

Atorvastatin causes accumulation of flAPP and a reduction of sAPPβ and sAPP⍺ 

but no change in BACE1 levels in iPSC derived neurons  

To determine whether the mechanism by which atorvastatin reduces APP 

processing to Aβ is the same in our transfected HEK cell system and in human iPSC 

derived neurons, we characterized the effects of atorvastatin on APP fragments in WT 

hiPSC derived neurons. We observed a decrease in both sAPPβ (Fig. 6A) and sAPPα 

(Fig. 6B) in conditioned media from WT neurons after atorvastatin treatment. This 

observation suggests that atorvastatin treatment interferes with APP processing by α-

secretase and BACE1. If this is true, then atorvastatin treatment would cause less 

cleavage of flAPP to sAPPβ by BACE1 and less cleavage of flAPP to sAPPα by α-

secretase and we would expect to see an accumulation of flAPP. (Fig. 9B) In 

agreement with this view, we see an increase in flAPP levels in WT neuron lysates 

after atorvastatin treatment. (Fig. 6C&D). The changes in APP fragmentation that we 

observe in hiPSC derived neurons match the changes we see in transfected HEK cells 

after atorvastatin treatment. Our data supports the conclusion that the changes 

modeled in the transfected HEK cells are similar to human neurons. Our results 

indicate that in both of our model systems,  atorvastatin treatment reduces processing 

of flAPP, thus leading to accumulation of flAPP and a reduction in its cleavage 

products. 
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To test the hypothesis that the reduction in BACE1 processing is a result of 

reduced levels of BACE1 protein, we performed a western blot on atorvastatin treated 

WT hiPSC derived neuron lysates. The two WT lines we used had slightly different 

baseline expression levels of BACE1, however, both WT lines responded the same to 

atorvastatin. We observed that atorvastatin treatment caused no change in BACE1 

levels in either of the two WT lines tested. (Fig. 6E&F) This indicates that atorvastatin 

does not directly affect BACE1 protein levels. Thus, the effect of atorvastatin on APP 

processing by BACE1 appears to occur independently of BACE1 expression levels. 

 

Atorvastatin treatment causes accumulation of ⍺CTF and no change in βCTF 

When flAPP is cleaved by BACE1 to generate sAPPβ and βCTF they are 

produced in equimolar quantities (Fig. 9A). Since we observed atorvastatin induced 

decreases in sAPPβ levels, we hypothesized that we would also observe a decrease 

in βCTF levels after atorvastatin treatment. Surprisingly, there was no significant 

change in βCTF levels after atorvastatin treatment when normalized to actin. (Fig. 

7A&B) This suggests that atorvastatin may also inhibit the second step in APP 

processing which involves cleavage of βCTF to Aβ by y-secretase.  

When flAPP is cleaved by α-secretase to generate sAPPα and αCTF, they are 

produced in equimolar quantities (Fig. 9A). Since we observe a reduction in sAPPα 

after atorvastatin treatment, indicating a reduction in α-secretase processing, we 

hypothesized that we would observe a decrease in αCTF levels after atorvastatin 

treatment. Interestingly, α-CTF levels were significantly increased after atorvastatin 
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treatment when normalized to actin. (Fig. 7A&C) This suggests that atorvastatin may 

also inhibit cleavage of αCTF by y-secretase.  

Because we observed fragmentation changes that suggest a decrease in y-

secretase processing, we tested for a decrease in protein levels of presenilin, which 

forms the catalytic subunit of y-secretase. We performed western blots for two different 

isoforms of presenilin: presenilin 1 (PS1) and presenilin 2 (PS2). We see that 

atorvastatin treatment does not cause a significant change in PS1 protein levels in the 

WT neuron lysates. (Fig. 7D&E) We observed that atorvastatin causes a small but 

significant decrease in PS2 protein levels in the WT neurons. (Fig. 7D&F) This small 

but significant reduction in PS2 levels is unlikely to completely explain the reduction in 

Aβ that we observe after atorvastatin treatment but may contribute to some extent. 

 

Statins reduce Aβ42 and Aβ40 secretion in both WT and Tau KO human iPSC 

derived neurons  

Previously, we showed that statins reduce pTau in iPSC derived neurons. We 

showed that the effects of statins on pTau occur independently of their effects on Aβ 

and APP (51). Here, we invert the question and ask whether the effects of statins on 

Aβ are dependent on Tau. We treated both WT and Tau KO iPSC derived neurons 

with DMSO, atorvastatin or simvastatin and measured the effects on Aβ levels. 

Simvastatin and atorvastatin reduced Aβ42 (Fig. S9A) and Aβ40 (Fig. S9B) levels in 

both WT and Tau KO neurons to a similar extent. These results show that the effects 

of statins on APP processing to Aβ occur independently of their effects on Tau. 
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Additionally, these results show that the effects of statins on Aβ42 and Aβ40 are not 

limited to atorvastatin. Simvastatin is also effective at lowering Aβ42 and Aβ40 in 

hiPSC derived neurons. 

 

Cholesterol/CE lowering drugs cause a reduction of secreted Aβ42 and Aβ40 in 

hiPSC derived neurons  

We tested the hypothesis that Aβ levels are regulated by cholesterol 

metabolism. We treated hiPSC derived neurons from an individual with familial AD 

caused by an APP duplication with various inhibitors of the mevalonate pathway. The 

mevalonate pathway is the primary pathway responsible for cholesterol biosynthesis. 

Statins inhibit 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) which catalyzes 

conversion of HMG-CoA to mevalonate (MVA)(Fig. 8A) (52). This is an early, rate 

limiting step in cholesterol biosynthesis. Atorvastatin and simvastatin both significantly 

reduce Aβ42 (Fig. 8B) and Aβ40 (Fig. 8C) secretion showing that statins can lower Aβ 

secretion in neurons from individuals with familial AD. Supplementation with MVA 

rescued the effect of simvastatin treatment on both Aβ42 (Fig. 8B) and Aβ40 (Fig. 8C) 

levels indicating that the effects of statins on Aβ are due to their effects on the 

mevalonate pathway. After synthesis of farnesyl-pyrophosphate (farnesyl-PP), the 

mevalonate pathway branches off into several pathways leading to synthesis of various 

end products, one of which is cholesterol. Squalene synthase catalyzes the first step 

of the pathway that is committed exclusively to cholesterol biosynthesis (Fig. 8A)(52). 

Inhibition of the cholesterol biosynthetic specific arm of the mevalonate pathway using 
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the squalene synthase inhibitor (YM-53601) significantly reduced both Aβ42 (Fig. 8B) 

and Aβ40 (Fig. 8C) secretion. This shows that levels of secreted Aβ42 and Aβ40 are 

regulated specifically by the cholesterol-biosynthetic arm of the mevalonate pathway. 

We previously showed that statin treatment does not lower free cholesterol levels but 

that it does significantly reduce the levels of total cholesterol (free+esterified 

cholesterol) by way of a strong reduction of CE. This likely occurs because conversion 

of CE to cholesterol can compensate for a reduction in cholesterol synthesis due to 

inhibitor treatment. This suggests that reductions in CE, but not free cholesterol 

mediate the effects of statins on Aβ secretion. To test this hypothesis, we inhibited 

cholesterol esterification in hiPSC derived neurons with the Acyl-CoA cholesterol 

acyltransferase (ACAT) inhibitor avasimibe. ACAT catalyzes conversion of Cholesterol 

to CE. Avasimibe treatment, which we previously showed reduces CE levels without 

affecting cholesterol levels, led to a reduction of both Aβ42 (Fig. 8B) and Aβ40 (Fig. 

8C). Together, these data indicate that CE regulate levels of Aβ in human iPSC derived 

neurons. 

 

Simvastatin reduces secreted Aβ42 and Aβ40 from neurons derived from NDC 

and SAD subjects  

We showed that atorvastatin and simvastatin can lower Aβ secretion in 

transfected HEK cells, WT neurons, and in neurons from a subject with FAD, but we 

wanted to determine if statins would be effective in neurons derived from SAD or NDC 

subjects. We treated hiPSC derived neurons from four NDC individuals and from five 
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individuals with SAD with simvastatin and measured the effects on Aβ42 and Aβ40. 

Simvastatin treatment reduced both Aβ42 (Fig. 8D) and Aβ40 (Fig. 8E) levels in 

neurons derived from all four NDC subjects and all five SAD subjects tested. These 

results indicate that simvastatin induced reduction of Aβ secretion is conserved across 

neurons derived from individual SAD and NDC subjects. 

 

Discussion 

Here, we probed the mechanisms of how statins regulate APP processing to 

Aβ. We made three principal observations: Simvastatin reduces Aβ secretion in SAD 

and FAD patient derived neurons. Statins reduce APP processing to Aβ by reducing 

APP interaction with the secretases and by altering APP dimerization. And, cholesteryl 

esters reduce Aβ levels through a Tau independent mechanism.  

 

Statins reduce APP processing to Aβ by reducing APP interaction with 

secretases and altering APP dimerization 

Together, the APP fragmentation changes along with the decreases in APP-

secretase interaction that we observe after atorvastatin treatment suggests that 

atorvastatin reduces APP processing to Aβ42 and Aβ40 by reducing APP interaction 

with BACE1 and y-secretase. These changes are tightly correlated with atorvastatin 

induced increases in flAPP dimerization and atorvastatin induced decreases in βCTF 

dimerization. We propose a model in which atorvastatin treatment inhibits processing 
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by BACE1 and y-secretase by inducing flAPP dimerization and inhibiting βCTF 

dimerization (Fig. 9B) 

βCTF dimerization has previously been shown to exert effects on APP 

processing by y-secretase. When we reduce βCTF dimerization with statins, we see 

reductions in Aβ secretion and reductions in βCTF interaction with PS1 and PS2. This 

can be interpreted in two ways. First, statins may have a direct effect on βCTF 

dimerization, and the reduced dimerization may cause reduced processing by y-

secretase. Alternatively, statins may have a direct negative effect on βCTF processing 

by y-secretase and reduced dimerization may occur as part of a feedback mechanism. 

While studies using mutations in the GXXXG motif to disrupt dimerization show that 

reduced dimerization reduces Aβ secretion. We showed that mutations within the 

GXXXG motif are not appropriate to study the effects of dimerization on APP 

processing due to dimerization independent effects of the mutations on APP 

processing. Elegant studies which avoid the use of intra-APP mutations to assess how 

dimerization influences processing show that dimerization reduces βCTF processing 

by y-secretase (38, 53). In light of these studies, our data may suggest that reduced 

dimerization of βCTF in response to statins occurs as a feedback mechanism in an 

attempt of the cell to balance out atorvastatin induced decreases in y-secretase 

processing. However, more work is needed to parse out exactly how βCTF 

dimerization influences y-secretase mediated processing. 

We showed that atorvastatin treatment induces flAPP dimerization and reduces 

APP processing by BACE1. Very few studies have looked at the effects of flAPP 
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dimerization on APP processing by BACE1(45, 46). The most direct study of the effects 

of flAPP dimerization on processing showed that inducing dimerization of flAPP using 

a chimeric APP-FKBP protein which can be induced to dimerize by addition of an FKBP 

binding drug led to an increase in flAPP and a mild reduction in sAPPβ suggesting that 

flAPP dimerization may decreases flAPP processing by BACE1 (53). Combining this 

with our observations, we propose that atorvastatin treatment first induces dimerization 

and thus inhibits APP processing by BACE1, contributing to statin induced reductions 

of Aβ secretion.   

The mechanism by which APP dimerization alters interaction with the 

secretases has not been fully elucidated. One possibility is that the induction of flAPP 

dimerization that we observe after statin treatment makes APP impervious to BACE1 

interaction. It is plausible that dimerization could obscure amino acids involved in APP-

secretase interactions or obscure APP cleavage sites. Another possibility is that 

dimerization could affect intracellular trafficking of APP, leading to altered interaction 

with secretases. One recent paper showed that APP dimerization changes its 

trafficking (39). Trafficking of APP through various compartments is thought to play a 

major role in regulation of APP interaction with these secretases and thus its 

processing. More work will be needed to elucidate whether statins and other 

Cholesterol/CE lowering drugs alter APP interaction with these secretases by altering 

APP or secretase intracellular localization.  
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Cholesteryl esters reduce Aβ through a Tau independent mechanism  

Many previous studies have investigated the effect of statins on APP processing 

and Aβ levels. Most of these studies show that statins reduce Aβ levels, however, there 

doesn’t appear to be a consensus on one pathway by which statins reduce Aβ levels. 

(42, 43)   

Statins have pleiotropic effects on several pathways that may influence Aβ 

levels due to the fact that they inhibit an early step in the mevalonate pathway and thus 

block production of precursors used in multiple important pathways (54, 55). Several 

studies have shown that statins can alter APP processing by interfering with isoprenoid 

synthesis and thus can block protein prenylation (24, 55). Our data contradict this 

conclusion. We use various inhibitors of crucial steps in the mevalonate pathway to 

show that APP processing to Aβ is regulated by the cholesterol biosynthetic arm of the 

mevalonate pathway. We previously published that statins reduce CE levels (the 

storage form of cholesterol) but do not actually cause a decrease in free cholesterol 

(51). Here, we show that an ACAT inhibitor which blocks conversion of cholesterol to 

CE leads to reduced APP processing to Aβ in human iPSC derived neurons. This 

confirms the results of previous studies performed in mouse and tissue culture models 

which show that ACAT inhibitors can reduce Aβ production (56–59).  

One possible explanation for the differences in reported mechanisms is that the 

effects of statins are likely going to be different depending on the model system used. 

For example, cholesterol metabolism may differ significantly in an actively dividing 

cancer cell line compared to a post-mitotic cell such as a neuron. Additionally, 
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differences in cell culture conditions such as whether an exogenous source of 

cholesterol such as from serum is supplemented into the culture media may greatly 

change the effects of statins on APP processing. Furthermore, mice and humans 

exhibit crucial differences in lipid metabolism that could affect the ability to translate 

statin research done in mice to humans. Mice do not express functional cholesterol 

ester transfer protein (CETP)(60, 61) which plays a role in regulating cholesterol/CE 

metabolism in the human brain. (62) Careful choice of which model system to use and 

validation of results in more than one system may be crucial in studying the effects of 

cholesterol metabolism on AD biology. 

We provide a mechanism for how atorvastatin influences APP processing by 

first testing in HEK cells and then validating our results in human iPSC derived neurons 

thus overcoming some of these limitations. While hiPSC derived neurons have some 

advantages over other model systems, they lack the complexity of an in vivo system. 

Neuronal cholesterol metabolism in the brain is heavily dependent on uptake of 

cholesterol containing lipoproteins secreted by astrocytes. In the future, co-culture 

studies with both astrocytes and neurons may help to elucidate non-cell autonomous 

effects of statins and cholesterol/CE levels on APP processing. 

Previously, we published that pharmacologic reduction of CE causes a 

reduction in pTau levels that is independent of APP and Aβ (51). We show here that 

CE also causes a reduction of Aβ levels that is independent of Tau by showing that 

simvastatin reduces Aβ in both WT and Tau KO neurons. This suggests that in addition 

to previously defined pathways in which Aβ and Tau can work together in the same 
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pathway, Aβ and pTau levels can both be closely co-regulated by changes in CE but 

through separate independent pathways. Finding drugs that target early pathogenic 

changes that occur upstream of Tau and AD pathology may be key to treating the 

disease.  

Several studies have shown that Cholesterol esters (CE) (the storage form of 

cholesterol) are enriched in AD patient brains and in transgenic AD mouse models 

(63–65). Additionally FAD causing mutations have been associated with altered 

cholesterol homeostasis (66). Elevated LDL cholesterol has been associated with early 

onset AD (67). Furthermore, APOEe4, the major genetic risk factor for SAD is a major 

component of lipoproteins which regulate cholesterol and cholesterol ester 

homeostasis in the brain. APP and its fragments have been shown to play roles in 

regulating cholesterol homeostasis (68–72). Conversely, cholesterol metabolism has 

been shown to play a role in regulating APP processing (22, 23, 73–75).Together with 

our data, these studies suggest that changes in cholesterol homeostasis that are 

driven by FAD or SAD genetic risk factors could influence downstream Aβ pathology. 

Statins, ACAT inhibitors and other cholesterol lowering drugs are promising targets 

that need to be investigated further for their potential therapeutic benefit. More work is 

needed to gain an understanding of whether genetic and environmental AD risk factors 

may lead to alterations in brain cholesterol homeostasis which act as upstream 

regulators of amyloid and Tau pathology. 
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Simvastatin reduces Aβ secretion in patient derived neurons 

We used iPSC derived neurons from multiple NDC, SAD, and FAD patients to 

show that statins are effective at lowering Aβ in multiple different individuals from a 

variety of genetic backgrounds. This data provides mechanistic evidence in multiple 

patient lines that compliments epidemiological studies showing an association 

between statin use and reduced AD incidence(10–12). Randomized clinical trials have 

failed to find a benefit of statins on cognitive function in AD patients. We provide 

molecular evidence that statins or other CE/cholesterol lowering drugs should be 

investigated further for their potential therapeutic benefit. One possible explanation for 

the failure of statins in randomized clinical trials is that they tend to enroll older people 

who already have signs of cognitive dysfunction, meaning the disease course is 

already in full swing. It is likely that if statins or other cholesterol lowering drugs are to 

be used in the treatment of AD they will need to be used as a preventative therapeutic, 

or they will need to be combined with earlier diagnostic methods. This could explain 

why epidemiological studies, which include patients that have been taking statins long 

term and before the first signs of cognitive dysfunction, consistently find a lowered risk 

of AD in statin users. Often when a patient gets their first cognitive symptoms of AD, 

AD pathology has been accumulating for years and by that point the disease is 

extremely difficult to halt or reverse. We previously showed that statins also reduce 

pTau levels in hiPSC derived neurons derived from multiple FAD, SAD, and NDC 

subjects.(51) Together these studies suggest the need for clinical trials that test the 
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effects preventative use of statins or other cholesterol lowering drugs on younger 

patients over longer treatment periods.  

General Conclusions 

Several failed clinical trials for Aβ reducing drugs have led researchers to 

question whether reducing Aβ will be an effective way to treat or prevent AD. Whether 

Aβ is a causative agent in AD or whether its accumulation is an epiphenomenon that 

results from pathways that become dysregulated earlier in the disease process, 

gaining an understanding of the upstream pathways which regulate Aβ may lead us to 

a better understanding of APP function, AD pathogenesis, and ultimately to better drug 

targets. More studies will be needed to elucidate whether SAD and FAD genetic risk 

factors can contribute to amyloid and tau pathology through alterations in brain 

cholesterol homeostasis. Additionally, well designed, long term clinical trials are 

needed to determine whether statins, ACAT inhibitors, or other drugs that target brain 

cholesterol metabolism will be useful in AD treatment and prevention. 

 

Experimental procedures 

Human iPSC Derived Cell lines 

The WT iPSC lines used in this study includes the control lines WT1(B10) 

(RRID:CVCL_VR50) and WT2(B11) (RRID:CVCL_VR51) which are two unedited 

control lines derived from the CVB iPSC line (RRID:CVCL_1N86) which was generated 

and characterized in (76). WT1(B10) and WT2(B11) were generated and characterized 

in (51). 
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SAD and NDC iPSC lines used are SAD2 (RRID: CVCL_EJ93), SAD3 (RRID: 

CVCL_UB91), SAD4 (RRID: CVCL_UB92), SAD5 (RRID: CVCL_UB93), SAD6 (RRID: 

CVCL_UB94), NDC1 (RRID:CVCL_EJ84), NDC3 (RRID: CVCL_UB88), NDC4 (RRID: 

CVCL_UB89), and NDC5 (RRID: CVCL_UB90) described and characterized in (77) 

The APPdp AD-patient iPSC lines used here are; APPdp1-6 (derived from iPSC-

line APPdp1.1 (RRID:CVCL_EJ96) in (78)) , APPdp1-2 (derived from iPSC-line 

APPdp1.2 (RRID:CVCL_EJ97) in (78)) and APPdp2-1 (derived from iPSC-line APPdp2.3 

(CVCL_1N92) in (78)). See (78) for characterization of these cell lines and for patient 

details. 

To generate isogenic Tau KO cell lines, the iPSC line CVB (76) was gene edited 

using CRISPR/Cas9. 

Generation of neural progenitor cells (NPCs) 

NPCs were generated from iPSCs as described in (79) Briefly, 2 × 105 FACS-

purified iPSC TRA1-81+ cells were seeded onto two 10 cm plates that were seeded 

the previous day with 5 × 105 PA6 cells and were cultured in PA6 differentiation media 

(450ml Glasgow DMEM, 50ml KO Serum Replacer, 5ml sodium pyruvate, 5ml 

Nonessential Amino Acids) + 10um SB431542+ 0.5ug/ml Noggin. On the 11th day, 

cells were dissociated with Accutase and ∼5 × 

105 CD184+CD24+CD44−CD271− NPCs were FACS-purified and plated onto poly-L-

ornithine/laminin-coated plates and cultured with NPCbase + 20ng/ml bFGF 

(Millipore). From here, cells were expanded and frozen down for use in future 

experiments. 
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Cell culture and generation of neurons 

iPSCs were cultured on a MEF feeder layer in HUES medium: (400ml KO 

DMEM (Gibco 10829) + 50ml Knockout serum (Thermo Fisher 10828028) + 50ml 

plasmanate (Chapin) + 5ml pen-strep (Gibco 15140-122) + 5ml non-essential amino 

acids (Gibco 11140-050) + 5ml glutamax (Gibco 35050-061) + 1ml β-

mercaptoethanol(Gibco 21985-023))+20ng/ml FGF (R&D Systems 233-FB-1) as 

described in (78) iPSCs were passaged with Accutase (Innovative Cell Technologies). 

MEFS were plated in MEF media (450ml DMEM High glucose(Gibco 11965) 

+50ml FBS (Mediatech 35-011-CV) + 5ml Pen-Strep (Gibco 15140-122)+5ml 

Glutamine (Gibco 250303)) on plates coated with 0.1% gelatin. 

NPCs were cultures on poly-L-ornithine (0.02 mg/ml) and laminin (5 ug/ml) (Sigma)-

coated plates in NPC base media (DMEM:F12 + Glutamax, 0.5x N2, 0.5x B27, 

Pen/Strep (all Gibco)) + 20 ng/ml FGF. Culture medium was changed three times 

weekly. NPCs were passaged with Accutase.  

To differentiate NPCs to Neurons, NPCs were grown to confluence, after which 

FGF was withdrawn from the NPC base culture media. Media was changed twice 

weekly for differentiation NPCs.  

HEK Cell Culture 

HEK293T cells were obtained from ATCC (ATCC, CRL-3216). HEK cells were 

expanded on uncoated 10 cm plates in MEF media. HEK cells were passaged with 
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trypsin. HEK cell transfections were performed with Effectene Transfection Reagent kit 

using the manufacturer instructions (Qiagen 301425) 

Drug treatments 

Compounds used are: Atorvastatin calcium salt (Sigma, PZ001), Simvastatin 

(Sigma, S6196), Mevalonolactone (Mevalonic Acid) (Sigma, M4777), YM-53601 

(Cayman Chemicals, 18113), Avasimibe (Sigma, PZ0190-5MG). Compound E 

(Calbiochem CAS 209986-17-4), BACE1 inhibitor (BIV) (Calbiochem CAS 797035-11-

1) 

Aβ, sAPPβ, and sAPPα MSD-ECL measurements 

For MSD-ECL measurements of conditioned media from iPSC derived neurons, 

neurons were replated after 3 weeks of differentiation into 96 wells (2 ×105 living 

cells/well). Replated neurons were cultured for 2 weeks in 200 ul NPC base + 

BDNF/GDNF/cAMP. After 2 weeks, media was removed and fresh media (200 ul NPC 

base + BDNF/GDNF/cAMP) containing the tested compounds was added. The 

conditioned culture media was harvested from cells at indicated time points.  

For MSD-ECL measurements of conditioned media from HEK cells, HEK cells 

were plated on 12 well plates coated with Poly-L-Lysine (2 ×105 living cells/well) in the 

indicated drug treatment. On the second day, media was removed, the cells were 

washed once with PBS and media was replaced with fresh dilutions of the indicated 

treatment and cells were transfected. Media was harvested for analysis at indicated 

time points (typically 16-24 hours post-transfection) 
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For all Aβ measurements, 25 μL of the culture media was run on a V-PLEX Aβ 

Peptide Panel 1 (6E10) (K150SKE) kit. For all sAPP measurements, 25ul of the culture 

media was run on a MULTI-SPOT sAPPα/sAPPβ plate (K15120E) All kits are from 

Mesoscale discovery. Measurements were performed on the MSD imager MESO 

QuickPlex SQ 120. 

Microscopy 

Replated CV4a neurons (Derived from WT CVB iPSCs) on MatTek glass bottom 

dishes were treated with 10 µM Atorvastatin and DMSO for 5 days. Following 

treatment, cells were transfected with either APPvn/APPvc/sol. mCherry or 

APPvn/BACE1vc/sol. mCherry plasmids using Lipofectamine 2000 for 16-18 h. Cells 

were fixed in 4 % PFA and permeabilized using Triton-X100. Immunostaining was 

performed using the MAP2 antibody. 

Imaging and subsequent data analyses were done blinded. Images were 

acquired using an Olympus IX81 inverted epifluorescence microscope. Z-stack 

images were captured using a 100× objective (imaging parameters: 0.4 μm z-step, 

400-800 ms exposure, and 1×1 binning). Neurons - double-positive for MAP2 and sol. 

mCherry were selected for imaging. Captured images were deconvolved and 

subjected to a maximum intensity projection using Metamorph Software (Molecular 

Devices). Region of interest (ROI) was placed around the cell body using MAP2 as a 

marker. The venus punta were thresholded to the same scale on the processed ROIs.   
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Western blots 

For Western blots of iPSC derived neurons, neurons were replated after 3 

weeks of differentiation onto 24 well plates (2x106 live cells/well). Replated neurons 

were cultured for 2 weeks in 200 ul NPC base + BDNF/GDNF/cAMP. After 2 weeks, 

half of the media was removed and fresh media (500 ul NPC base + 

BDNF/GDNF/cAMP) containing the tested compounds was added. The cells were 

harvested for western blot at indicated time points. 

For western blots of HEK cell lysates, HEK cells were plated on 12 well plates 

coated with Poly-L-Lysine (2 ×105 living cells/well) in the indicated drug treatment. On 

the second day, media was removed, the cells were washed once with PBS and media 

was replaced with fresh dilutions of the indicated treatment and cells were transfected. 

Cells were harvested for western blot at indicated time points (typically 16-24 hours 

post-transfection) 

Cells were lysed in RIPA Lysis Buffer (Millipore) with protease inhibitors (Halt) 

and phosphatase inhibitors (Halt 1861277). Protein concentrations were measured 

using a Pierce BCA Protein Assay Kit (Thermo Fisher) and samples were diluted to 

equal protein concentrations. 4x LDS Sample buffer (Invitrogen NP0007) + β-

mercaptoethanol was added to the lysate to generate a final concentration of 1x 

sample buffer + 5% β-mercaptoethanol. Samples were boiled at 100°C for 5 minutes.  

Equal sample volumes were run on NuPAGE 4%–12% Bis-Tris gels 

(Invitrogen). Gels were transferred to PVDF membranes then blocked for one hour at 

room temperature in Odyssey Blocking Buffer (LI-COR). Blots were probed overnight 
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at 4°C using the indicated primary antibody. The next day, blots were probed with 

IRDye secondary antibodies (LI-COR) at 1:5,000. Images were acquired using a 

LICOR Odyssey imager. Bands were quantified using LICOR Image Studio Lite 

software.  

Antibodies used were: anti-Actin (1:10,000; EMD Millipore), anti-BACE1 

EPR3956 (1:1000; Abcam ab108394), anti-PS1 263-378 (1:500; Millipore MAB5232), 

anti-PS2 EP1515Y (1:1000; Abcam ab51249), anti-APP C-Terminal 751-770 (1:500; 

Millipore 171610) 

Flow Cytometry Bimolecular Fluorescence Complementation Assay 

For flow cytometry analysis of transfected HEK cells, HEK cells were plated on 

12 well plates coated with Poly-L-Lysine (2 ×105 living cells/well) in the indicated drug 

treatment. On the second day, media was removed, the cells were washed once with 

PBS and media was replaced with fresh dilutions of the indicated treatment and cells 

were transfected. Cells were harvested for flow cytometry at indicated time points 

(typically 16-24 hours post-transfection). 

To harvest cells for flow cytometry analysis, HEK cells were washed once in 

PBS, then incubated with trypsin to dissociate cells. Trypsinized cells were washed 

with FACS wash buffer () and filtered through 100um filters. Cells were centrifuged to 

pellet cells. Cell pellets were resuspended in FACS wash buffer and filtered through 

70um filters. 

Cells were analyzed on a BD FACSAria II flow cytometer. 
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Plasmids 

APPvn, BACE1vc, and APPStop40vn plasmids were reported in Das et al., 

2016 (42). C99 fragment was PCR amplified using human full-length APP as a 

template, and subsequently subcloned to generate C99vc. Plasmids carrying human 

PS1 and PS2 were generously gifted by Dr. Wim Annaert and Dr. Ragna Sannerud 

and were used to PCR amplify and subclone to generate PS1vc and PS2vc. All the 

plasmids were sequence verified.      

Statistical Analysis 

Statistical analyses were performed using Graphpad Prism software. Statistical 

analyses comparing multiple groups were performed using a one-way ANOVA with a 

Tukey’s multiple comparison test. Statistical analysis comparing two groups were 

calculated using two-tailed unpaired t-tests. Data are depicted with bar graphs of the 

mean ± SEM of all values. Significance was defined as p < 0.05(**** p < 0.0001,∗∗∗ p < 

0.001, ∗∗ p < 0.01, ∗p < 0.05). n indicates measurements from independent wells. 
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Figure 3.1: Atorvastatin reduces processing of transfected APP in HEK cells (A-
E) HEK cells were plated in DMSO, 10 μM atorvastatin, 4 μM BACE1 inhibitor (BIV), 
or 200 nM y-secretase inhibitor (Compound E) and then transiently transfected 24 
hours later. Cells and conditioned media were collected 16 hours after transfection. (A) 
Aβ42 levels (B) Aβ40 levels (C) sAPPβ levels and (D) sAPPα levels from conditioned 
media were determined by MSD-ECL. (mean ± SEM, n ≥ 3) (E) Levels of flAPP were 
determined by western blot. 
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Figure 3.2: Atorvastatin increases flAPP dimerization (A) Two flAPP constructs 
were tagged to complementary n-terminus (vn) or c-terminus (vc) fragments of Venus 
fluorescent protein (VFP). Dimerization of APP gives rise to Venus fluorescence. (B-
C) HEK cells were plated in DMSO or 10 μM atorvastatin and then transiently 
transfected with wtAPPvn, wtAPPvc, and mCherry 24 hours later. Cells were analyzed 
16 hours after transfection. (B) Histograms showing flow cytometry analysis of 
dimerization (Venus median fluorescence intensity) (C) Quantification of flow 
cytometry analysis of APP dimerization (Venus median fluorescence intensity) 
(mean ± SEM, n ≥ 3) (D) iPSC derived WT neurons were plated in DMSO or 10 μM 
atorvastatin. Four days later, neurons were transiently transfected with wtAPPvn, 
wtAPPvc, and mCherry. Cells were fixed, permeabilized, and stained with MAP2 16 
hours after transfection. Imaging and image processing were performed blind. 
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Figure 3.3: Atorvastatin decreases flAPP-BACE1 interaction (A) A BACE1 
construct was tagged to the c-terminus (vc) fragment of Venus fluorescent protein 
(VFP) and co-transfected with an APPvn plasmid. BACE1-flAPP interaction gives rise 
to Venus fluorescence. (B&C) HEK cells were plated in DMSO or 10 μM Atorvastatin 
and then transiently transfected 24 hours later. Cells were analyzed 16 hours after 
transfection. (B) Histograms showing flow cytometry analysis of BACE1-flAPP 
interaction (Venus median fluorescence intensity). (C) Quantification of flow cytometry 
analysis of BACE1-flAPP interaction (Venus median fluorescence intensity) (mean ± 
SEM, n ≥ 3). (D) iPSC derived WT neurons were plated in DMSO or 10 μM atorvastatin. 
Four days later, neurons were transiently transfected with wtAPPvn, BACE1vc, and 
mCherry. Cells were fixed, permeabilized, and stained with MAP2 16 hours post 
transfection. Imaging and image processing were performed blind. 
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Figure 3.4: Atorvastatin decreases βCTF dimerization (A) Two βCTF constructs 
were tagged to complementary n-terminus (vn) or c-terminus (vc) fragments of Venus 
fluorescent protein (VFP). Dimerization of βCTF gives rise to Venus fluorescence. (B-
C) HEK cells were plated in DMSO or 10 μM atorvastatin. 24 hours later, cells were 
transiently transfected with βCTFvn, βCTFvc, and mCherry. Cells were analyzed 16 
hours after transfection. (B) Histograms showing flow cytometry analysis of 
dimerization (Venus median fluorescence intensity) (C) Quantification of flow 
cytometry analysis of βCTF dimerization (Venus median fluorescence intensity) 
(mean ± SEM, n ≥ 3). 
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Figure 3.5: Atorvastatin decreases βCTF-PS1 and βCTF-PS2 interaction (A) PS1 
and a PS2 constructs were each tagged to the c-terminus (vc) fragment of Venus 
fluorescent protein (VFP). A βCTF plasmid was tagged to the complementary Venus 
n-terminus (vn). PS1vc or PS2vc was co-transfected with βCTFvn. PS1-βCTF and 
PS2-βCTF interaction gives rise to Venus fluorescence. (B-E) HEK cells were plated 
in DMSO or 10 μM Atorvastatin and then transiently transfected 24 hours later. Cells 
were analyzed 16 hours after transfection. (B) Histograms showing flow cytometry 
analysis of PS1- βCTF interaction (Venus median fluorescence intensity). (C) 
Quantification of flow cytometry analysis of PS1-βCTF interaction (Venus median 
fluorescence intensity). (mean ± SEM, n ≥ 3) (D) Histograms showing flow cytometry 
analysis of PS2-βCTF interaction (Venus median fluorescence intensity). (E) 
Quantification of flow cytometry analysis of PS2-βCTF interaction (Venus median 
fluorescence intensity) (mean ± SEM, n ≥ 3). 
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Figure 3.6: Atorvastatin treatment causes a reduction of sAPPβ and sAPP⍺, 
accumulation of flAPP and but no change in BACE1 levels (A-F) WT neurons were 
treated with DMSO or 10 μM Atorvastatin for 5 days. Levels of (A) sAPPβ and (B) 
sAPPα were determined by MSD-ECL. Levels of (C) flAPP were determined by 
western blot and quantified in (D) Levels of (E) BACE1 were determined by western 
blot and quantifed in (F) (mean ± SEM, n ≥ 3).  
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Figure 3.7: Atorvastatin treatment causes accumulation of ⍺CTF and no change 
in βCTF (A-E) WT neurons were treated with DMSO or 10 μM Atorvastatin for 5 days. 
(A) Levels of αCTF and βCTF were determined by western blot (B) quantification of 
βCTF (C) quantification of αCTF (D) Levels of PS1 and PS2 were determined by 
western blot (E) quantification of PS1 (F) quantification of PS2 (mean ± SEM, n ≥ 3).  
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Figure 3.8: Cholesteryl ester lowering drugs cause a reduction of secreted Aβ42 
and Aβ40 (A) Diagram of the mevalonate pathway and compounds used in this study             
(B&C) APPdp1-6 mixed culture neurons were treated with inhibitors of specific steps in 
the mevalonate pathway; atorvastatin (10 μM), simvastatin (10 μM), YM-53601 
(10 μM), avasimibe (10 μM) for 5 days.  For indicated conditions, mevalonate (MVA, 
0.5mM) was added to the media at t=0. (B) Aβ42 levels and (C) Aβ40 levels were 
determined by MSD-ECL (mean ± SEM, n ≥ 3). (D-E) Effect of 5 day simvastatin 
(10 μM) treatment on (D) Aβ42 levels (E) Aβ40 levels in iPSC derived neurons from 
SAD (sporadic AD) and NDC (non-demented control) subjects. Each dot represents 
an average of n ≥ 3 measurements from one individual (NDC n=4 individuals, SAD n=5 
individuals) (mean ± SEM)  
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Figure 3.9: Model: Cholesterol/CE lowering drugs block APP processing by 
promoting dimerization (A) Diagram showing canonical APP processing pathways 
(B) Diagram summarizing APP processing changes observed after statin treatment. 
flAPP dimerizes and accumulates while sAPPα and sAPPβ decrease. These changes 
are accompanied by reduced APP-BACE1 interaction, suggesting reduced β-
secretase cleavage. αCTF accumulates and βCTF remains unchanged while Aβ 
secretion is reduced. These changes are accompanied by reduced PS1-βCTF and 
PS2-βCTF interaction suggesting reduced y-secretase processing. 
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Supplemental Figure 3.1: Representative flow cytometry gating scheme (A) 
Hierarchy showing the gating scheme used for analysis of all flow cytometry data in 
this manuscript. (B) Representative live cell discrimination gate (C) Representative 
FSC doublet discrimination gate (D) Representative SSC doublet discrimination gate 
(E) Representative untransfected control sample which is used to set the transfected 
cell gate. 
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Supplemental Figure 3.2: Flow cytometry compensation controls (A-C) All flow 
cytometry experiments were run with compensation controls. The compensation 
controls were used to set up compensation in such a way that cells expressing only 
Venus showed signal only on the Venus axis and cells expressing only mCherry 
showed signal only on the mCherry axis. The unstained control was used to gate out 
untransfected cells. Compensation controls are all shown as dot plots along with the 
transfected cell gate. (A) Representative untransfected control (B) Representative 
mCherry only control (C) Representative Venus only control (transfected with a split 
Venus pair) (D) Representative unknown sample transfected with both mCherry and a 
split Venus pair. 
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Supplemental Figure 3.3: Atorvastatin does not affect transfection efficiency 
HEK cells were plated in DMSO or 10 μM atorvastatin and then transiently transfected 
24 hours later. Cells were analyzed 16 hours after transfection. (A,C,E) Dot plots 
showing (A) Untransfected controls and wtAPPvc+wtAPPvn+mCherry transfected 
cells treated with DMSO or atorvastatin (C) Untransfected controls, and 
BACE1vc+wtAPPvn+mCherry transfected cells treated with DMSO or Atorvastatin) (D) 
Untransfected controls, and PS1vc or PS2vc +wtAPPvn+mCherry transfected cells 
treated with DMSO or Atorvastatin (as indicated in the figure). Each plot shows the 
transfected cell gate. (B,D,F) Quantification of the percentage of transfected singlets 
as a measure of transfection efficiency for each condition.  
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Supplemental Figure 3.4: Validation of APP dimerization split Venus assay  
(A-D) HEK cells were plated in DMSO and then transiently transfected 24 hours later. 
Cells were analyzed 16 hours after transfection. (A&B) HEK cells were transfected with 
mCherry in addition to the indicated construct to determine whether each half of the 
split Venus dimer pairs fluoresce on their own (C&D) HEK cells were transfected with 
mCherry in addition to the indicated constructs to determine whether each split Venus 
dimer pair non-specifically interacts with co-transfected VN or VC protein. (A&C) 
Histograms showing flow cytometry analysis of dimerization (Venus median 
fluorescence intensity). (B&D) Quantification of flow cytometry analysis of APP 
dimerization (Venus median fluorescence intensity).  
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 Supplemental Figure 3.5: Mutations in the APP GXXXG motifs reveal amino acids 
that mediate dimerization. Mutations in this region decrease Aβ42 and Aβ40 in a 
dimerization independent manner. (A-D) Site directed mutagenesis was used to 
mutate each of the wtAPPvn and wtAPPvc plasmids within each of the GXXXG motifs. 
HEK cells were co-transfected with an APPvn +APPvc split Venus pair which both 
encode the indicated mutation along with mCherry for cell selection. Cells and 
conditioned media were harvested for analysis 16 hours post transfection (A) 
Histograms showing flow cytometry analysis of dimerization (Venus median 
fluorescence intensity) (B) Quantification of flow cytometry analysis of APP 
dimerization (Venus median fluorescence intensity) (mean ± SEM, n ≥ 3) (C) Aβ42 
levels and (D) Aβ40 levels from conditioned media were determined by MSD-ECL 
(mean ± SEM, n ≥ 3). 
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Supplemental Figure 3.6: Validation of flAPP-BACE1 split Venus interaction 
assay(A-D) HEK cells were plated in DMSO and then transiently transfected 24 hours 
later. Cells were analyzed 16 hours after transfection. (A&B) HEK cells were 
transfected with mCherry in addition to the indicated construct to determine whether 
each half of the split Venus APP-BACE1 pair fluoresce on their own (C&D) HEK cells 
were transfected with mCherry in addition to the indicated constructs to determine 
whether each split Venus APP-BACE1 pair non-specifically interacts with co-
transfected VN or VC protein. (A&C) Histograms showing flow cytometry analysis of 
APP-BACE1 interaction (Venus median fluorescence intensity). (B&D) Quantification 
of flow cytometry analysis of APP-BACE1 interaction (Venus median fluorescence 
intensity) (mean ± SEM, n ≥ 3). 
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Supplemental Figure 3.7: Validation of βCTF dimerization split Venus assay  
(A&B) HEK cells were plated in DMSO and then transiently transfected 24 hours later. 
Cells were analyzed 16 hours after transfection. HEK cells were transfected with 
mCherry in addition to the indicated constructs to determine whether each split Venus 
βCTF dimer pair non-specifically interacts with co-transfected VN or VC protein. (A) 
Histograms showing flow cytometry analysis of βCTF dimerization (Venus median 
fluorescence intensity). (B) Quantification of flow cytometry analysis of βCTF 
dimerization (Venus median fluorescence intensity) (mean ± SEM, n ≥ 3). 
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Supplemental Figure 3.8: Validation of βCTF-PS1 and βCTF-PS2 split Venus 
interaction assay (A-F) HEK cells were plated in DMSO and then transiently 
transfected 24 hours later. Cells were analyzed 16 hours after transfection. (A&B) HEK 
cells were transfected with mCherry in addition to the indicated construct to determine 
whether each half of the split Venus APP-PS1 or APP-PS2 pair fluoresce on their own 
(C-F) HEK cells were transfected with mCherry in addition to the indicated constructs 
to determine whether each split Venus pair non-specifically interacts with co-
transfected VN or VC protein. (A,C,E) Histograms showing flow cytometry analysis of 
PS1-βCTF or PS2-βCTF interaction (Venus median fluorescence intensity). (B,D,F) 
Quantification of flow cytometry analysis of PS1-βCTF or PS2-βCTF interaction 
(Venus median fluorescence intensity) (mean ± SEM, n ≥ 3). 
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Supplemental Figure 3.9: Statins reduce Aβ42 and Aβ40 secretion in both WT 
and Tau KO human iPSC derived neurons WT or Tau KO neurons were treated with 
DMSO or 10 μM Atorvastatin for 5 days. (A) Aβ42 levels and (B) Aβ40 levels were 
determined by MSD-ECL (mean ± SEM, n ≥ 3). 
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Currently available AD treatments do not stop the progression of the disease 

but only help manage symptoms. The work in this dissertation was inspired by a search 

for better drugs. A drug screen performed in our lab was used to identify FDA (Food 

and Drug Administration) approved compounds which could be repurposed to lower 

pTau levels in human iPSC (hiPSC) derived neurons. Several cholesterol lowering 

drugs were identified as hits in this screen including a variety of statins and efavirenz. 

This caused us to become interested in the mechanism of how cholesterol lowering 

drugs act on pTau. We found that statins reduce cholesteryl ester levels which in turn 

increase proteasomal degradation of pTau. We found that statin induced reductions in 

pTau are highly correlated with statin induced reduction in Aβ. Using isogenic hiPSC 

lines carrying mutations in the cholesterol-binding domain of APP or APP knockout 

(KO) alleles we showed that while CE also regulate Aβ secretion, the effects of CE on 

Tau and Aβ are mediated by independent pathways. We additionally showed that a 

putative cholesterol binding site in APP mediates statin induced changes in Aβ 

secretion. Efavirenz is another drug that was identified in this screen which can lower 

CE levels. Efavirenz promotes neuronal cholesterol elimination by activating the 

neuron specific enzyme CYP46A1. Efavirenz showed lower astrocytic toxicity 

compared to statins and may allow us to target cholesterol metabolism while avoiding 

some of the side effects associated with statins. The details of this project can be found 

in the second chapter. 

The second chapter raised many questions about the mechanism of how statins 

and CE influence Aβ secretion. These unanswered questions led me to the work 
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presented in the third chapter. In this chapter, we dug deeper into the mechanism of 

how cholesterol metabolism targeting drugs alter APP processing to Aβ. We used 

hiPSC derived neurons to show that atorvastatin treatment causes changes in APP 

fragmentation patterns that indicate that statins reduce processing by BACE1 and y-

secretase. We modified a fluorescence complementation assay to show that 

atorvastatin increases full length APP (flAPP) dimerization and reduces full length APP 

interaction with BACE1. βCTF interaction with y-secretase catalytic subunits 

decreased as well after atorvastatin treatment. Together, these results suggest that 

cholesterol lowering drugs reduce APP processing to Aβ by increasing flAPP 

dimerization and inhibiting processing by BACE1 and y-secretase.  

It is clear from the second and third chapters that cholesterol metabolism can 

influence APP processing. In the fourth chapter, we turn this question around and ask 

whether APP can influence cholesterol metabolism. Using APP KO hiPSC derived 

astrocytes, we show that flAPP plays a role in regulating endocytosis of LDL receptor 

ligands including cholesterol containing low density lipoproteins. This suggests that 

flAPP may function in maintenance of brain cholesterol homeostasis by regulating 

transport of cholesterol between different cell types in the brain. 

  Together, this work advances our understanding of the interplay between 

cholesterol metabolism, APP processing, and tau phosphorylation. Our work sheds 

light on a pathway which unites the variety of genetic and environmental factors that 

contribute to AD risk (cholesterol metabolism). Targeting cholesterol metabolic 
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pathways may be a promising approach in the search for drugs which can treat or 

prevent AD. 

 More work will be needed to determine whether SAD and FAD genetic risk 

factors can contribute to amyloid and tau pathology through alterations in brain 

cholesterol homeostasis. Additionally, well designed, long term clinical trials are 

needed to determine whether statins, ACAT inhibitors, efavirenz or other drugs that 

target brain cholesterol metabolism will be useful in AD treatment and prevention. 

 

 

 

 

 

 

 

 

 

 

 

 




