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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

XiX



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 plagues which are composed of amyloid beta
(AB), 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 AB 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 AB 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 AB 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.

XX



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



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



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 plagues containing amyloid- (AB) 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 AB 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 AB 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 AR 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 A oligomers appear to correlate
better with the degree of cognitive impairment. The current view in the field is that
soluble AR oligomers are the neurotoxic species, not the plaques (8). Several drugs

have been developed that were successful at reducing AB in the brain, but all of them



have failed to improve cognitive function in patients (5). This has caused many
scientists to question whether A is the toxic species in AD or whether its accumulation
is an epiphenomenon. While AB oligomers likely do contribute to neurodegeneration,
A 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 A3 accumulation causes AD, or whether it accumulates downstream of earlier
pathogenic changes, gaining an understanding of the pathways that regulate Ap
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 A production and pTau levels are regulated in cultured hiPSC derived

neurons.

Ap is Derived From Proteolytic Cleavage of Amyloid Precursor Protein

It is well established that AB 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 B-secretase (BACE1) into two fragments, a membrane bound B-C-
terminal fragment (BCTF) and soluble APP-B (sAPP). In the non-amyloidogenic
pathway, APP is first cleaved by a-secretase into two fragments, a membrane bound
a-C-terminal fragment (aCTF), and soluble APP-a (sAPPa). Both a- and - CTF can
be further cleaved by y-secretase. Cleavage of aCTF by y-secretase results in
generation of the non-amyloidogenic peptide p3 and the AICD fragment. Cleavage of

BCTF by y-secretase results in generation of the amyloidogenic peptide AR and the



AICD fragment. y-secretase can cut at slightly different locations within BCTF.
Depending on where y-secretase cuts, it can give rise to AB40 or the slightly longer

AB42 fragment. AB42 is thought to be more pathogenic because it is more prone to

toxic oligomer formation.

Non-Amyloidogenic Pathway Amyloidogenic Pathway
sAPPa SAPPR
APP
p3 AB
. BACE1
~gmmmmm  O-secretase —
I y-secretase I I I y-secretase I
AICD aCTF BCTF AICD

Figure 1.1: Diagram of APP Processing In the non-amyloidogenic pathway APP is
processed first by a-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



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 AB. PS1 and PS2 are two different isoforms of the catalytic subunit of y-
secretase which cleaves APP to AB. These mutations can exert their effects in a variety
of ways. Generally, they either increase total A production, or they increase the ratio
of the more oligomerization prone AB42 compared to the less oligomerization prone
AB40 (10). Alternatively, a small subset of APP mutations that occur within the AR
sequence, can increase the propensity of the AB 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



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 AB. The APOEe4 allele

might contribute to AD pathology by reducing A 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 ABCA?7 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



(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



reduce AP 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 AB by increasing full

length APP (fIAPP) 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



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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SUMMARY

Genetic, epidemiologic, and biochemical evidence
suggests that predisposition to Alzheimer’s disease
(AD) may arise from altered cholesterol metabolism,
although the molecular pathways that may link choles-
terol to AD phenotypes are only partially understood.
Here, we perform a phenotypic screen for pTau accu-
mulation in AD-patient iPSC-derived neurons and
identify cholesteryl esters (CE), the storage product
of excess cholesterol, as upstream regulators of Tau
early during AD development. Using isogenic induced
pluripotent stem cell (iPSC) lines carrying mutations in
the cholesterol-binding domain of APP or APP null
alleles, we found that while CE also regulate AB
secretion, the effects of CE on Tau and AB are medi-
ated by independent pathways. Efficacy and toxicity
screening in iPSC-derived astrocytes and neurons
showed that allosteric activation of CYP46A1 lowers
CE specifically in neurons and is well tolerated by
astrocytes. These data reveal that CE independently
regulate Tau and AB and identify a druggable
CYP46A1-CE-Tau axis in AD.

INTRODUCTION
Pathological accumulation of phosphorylated Tau (pTau) and

accumulation of amyloid-beta (AB) fragments are the two major
m

biochemical hallmarks of Alzheimer’s disease (AD). Effective
strategies to remove Ap in AD-patient brains have been devel-
oped but have not yet shown efficacy to slow cognitive decline
in clinical trials. This finding has led to the idea that targeting
Tau or combinatorial strategies that target both Tau and A are
required to treat AD. While AB generation has been studied in
much detail, the processes that drive pTau accumulation in AD
are poorly defined. Late stage Tau pathology, such as aggrega-
tion of accumulated Tau in neurofibrillary tangles (NFT), and
subsequent neurodegeneration can be modeled in mice, or
non-neuronal human cells, by (over)expression of human mutant
Tau. However, Tau mutations do not occur in AD. Instead, in AD,
endogenous “wild-type” pTau accumulates downstream of fa-
milial AD (FAD) mutations (in APP, PSEN1, and PSEN2 genes)
or, in the case of sporadic late-onset AD (SAD), downstream of
an unknown combination of genetic and environmental risk fac-
tors. How these factors drive early accumulation of pTau in AD is
not understood. Recent advances in induced pluripotent stem
cell (iPSC) technology (Shi et al., 2017) have made it possible
to generate functional human neurons from patients and healthy
controls to study early pathophysiological regulation of endoge-
nous Tau. In iPSC-derived neurons from both FAD- and SAD-
patients, pTau aberrantly accumulates at early time points
(Choi et al., 2014; Israel et al., 2012; Moore et al., 2015; Muratore
etal., 2014; Ochalek et al., 2017; Shi et al., 2012). Accumulation
of pTau in FAD neurons can be reversed by inhibition of B-secre-
tase, the enzyme that converts APP to B-CTF indicating a direct
relationship between APP processing and Tau (Israel et al., 2012;
Moore et al., 2015). Interestingly, inhibition of y-secretase (to
prevent generation of A from B-CTF) did not reduce pTau,
indicating that the effect of APP processing on pTau in early

e Cell Stem Cell 24, 363-375, March 7, 2019 © 2018 The Authors. Published by Elsevier Inc.
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AD neurons is not solely mediated by extracellular AB (Israel
et al., 2012; Moore et al., 2015).

Identification of other cellular pathways that contribute to pTau
accumulation early in FAD and SAD neurons is key to under-
standing Tau pathology in AD. In addition to increased AB and
pTau levels, CE also accumulate in FAD and SAD. CE are
increased in mouse models expressing human (mutant) APP
(Chan et al., 2012; Tajima et al., 2013; Yang et al., 2014) and
CE, as well as CE-storage organelles (lipid droplets), have been
shown to accumulate in the SAD brain (Chan et al., 2012; Foley,
2010; Hamilton et al., 2015; Yang et al., 2014). CE are generated
when cholesterol is converted to CE by the ER-resident Acyl-CoA
cholesterol acyltransferase (ACAT) through ligation of a long-
chain fatty acid to (excess) cholesterol, and CE can be converted
back to cholesterol by acidic lipases in the lysosome (lkonen,
2008; Puglielli et al., 2003). CE enhance the production of AB
in vivo and in vitro indicating that CE can contribute to AD patho-
genesis (Di Paolo and Kim, 2011; Hutter-Paier et al., 2004; Huttu-
nen et al., 2009; Puglielli et al., 2001, 2003). CE-dependent
regulation of AB generation is mediated by altered trafficking of
APP through the early secretory pathway (Huttunen et al,
2009). Whether CE also affect Tau phosphorylation or Tau pro-
teostasis is unknown, but inhibition of cholesterol esterification
by genetic deletion of ACAT1 prevents early stage Tau pathology
in Tau mutant mice through unknown mechanisms (Shibuya
etal., 2015). A possible way by which CE could affect Tau pathol-
ogy is through regulation of the ubiquitin-proteasome system
(UPS). Cholesterol and cholesterol metabolites extensively
interact with the UPS to regulate the ubiquitination and degrada-
tion of cholesterol-metabolic enzymes (Sharpe et al., 2014), and
the UPS is a major regulator of pTau proteostasis. (Lee et al.,
2013). Activity of the UPS is decreased in AD (Keck et al., 2003;
Keller et al., 2000), and UPS (re)activation delays Tau aggregation
and neurodegeneration in vitro and in vivo (Han et al., 2014; Lokir-
eddy et al., 2015; Myeku et al., 2016).

Here, we tested a library of >1,600 compounds for their po-
tency to inhibit pTau accumulation in cultured FAD iPSC-derived
neurons and find that neuronal CE regulate the proteasome-
dependent degradation of pTau. Using neurons derived from
multiple AD- and non-demented control (NDC) iPSC lines, as
well as isogenic CRISPR/Cas9 gene-edited lines, we demon-
strate that the effect of CE on pTau is correlated with, but inde-
pendent of APP processing and AB. Whereas the effect of CE
on pTau is mediated by proteasomal upregulation, the effect of
CE on A secretion is mediated by a cholesterol-binding domain
in APP. We identify a number of strategies to reduce pTau in a
CE-dependent manner and find that allosteric activation of
CYP46A1 is a neuron-specific CE-lowering strategy particularly
well tolerated by human astrocytes. Collectively, our data identify
a CYP46A1-CE-Tau axis as an early druggable pathway in AD.

RESULTS

A Drug Screen in iPSC-Derived Human FAD Neurons to
Identify Compounds that Reduce pTau Accumulation
pThr231Tau is an early marker of AD pathology that correlates
well with cognitive decline (Buerger et al., 2002; Luna-Mufioz
et al., 2007). pThr231Tau accumulates in APP duplication
(APPY) iPSC-derived FAD neurons (Israel et al., 2012). To iden-
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tify compounds that reduce pTau accumulation in these FAD
neurons, we screened a collection of 1,684 approved and
preclinical drugs for their efficacy to lower neuronal pThr231Tau.
For our screen, neural progenitor cells (NPCs; line APP1-6)
(Israel et al., 2012) were differentiated to neurons (Figures S1A
and S1B) for 3 weeks, replated in 384 well plates, and allowed
to mature for 2 weeks before treatment with compound at
5 uM for 5 days. The screen was performed in duplicate, and a
ratiometric readout of pThr231Tau/total Tau (tTau) level and
cell viability was determined (Figure 1A). In the primary screen,
158/1,684 compounds (9.4%) significantly reduced pThr231/
tTauby aZ score <—2 in at least one of the duplicates (Figure 1B;
Tables S1 and S2) and were selected for confirmation. In a repeat
of the primary assay with selected compounds, 96/158
compounds were confirmed to reduce pThr231/tTau by a
Z score <—2 in at least one additional replicate (Table S3). Of
the 96 confirmed compounds, 42 were clearly non-toxic hits
with Z > —1 for viability (Figure 1C). Our screen identified six
microtubule-interacting compounds that reduced pThr231Tau/
tTau (14% of hits) that have previously been shown to regulate
pTau in other systems (Dickey et al., 2006; Merrick et al., 1996;
Xie et al., 1998). Our hit-list also included four inhibitors of
cholesterol synthesis; atorvastatin, simvastatin, fluvastatin, and
rosuvastatin. Because cholesterol metabolism has been heavily
linked to AD pathogenesis (Di Paolo and Kim, 201 1) we selected
these compounds for further study. We confirmed that these four
statins, as well as two additional statins (lovastatin and mevasta-
tin), reduced pThr231Tau/tTau in a dose-dependent manner with
minor effects on cell viability or neuronal number (Figures 1D and
S1C-S1F). Simvastatin reduced pThr231Tau in a similar dose-
dependent manner in additional lines from the same patient
(APPP1-2) and an independent patient APP line (APP9P2-1)
(Figure S1G), indicating that the effect of statins is conserved
across individual APP? lines and patients. In addition to
pThr231Tau/tTau, atorvastatin also reduced pS396/S404Tau,
pS202/T205Tau and levels of a pThr231 phosphorylation-
dependent conformational Tau epitope (TG3) as assessed by
immunofluorescence (Figure 1e). These data show that in
addition to screening for AB (Brownjohn et al., 2017; Kondo
et al., 2017), iPSC-derived AD neurons can be applied to screen
for pTau modulators. In addition, these data show that statins
reduce pTau levels across a number of phosphorylation epitopes
and across individual FAD (APP?) patients.

The Effect of Statins on pTau Is Mediated by Cholesteryl
Esters

To understand how pTau is regulated by statins, we studied the
relationship between the mevalonate-cholesterol synthetic
pathway and pTau levels in more detail. Statins inhibit 3-hy-
droxy-3-methylglutaryl-CoA reductase (HMGCR), an early rate
limiting step in the cholesterol synthetic pathway that converts
HMG-CoA to mevalonate (MVA) (Figure 2A). As expected, MVA
supplementation rescued the effect of atorvastatin treatment
on pThr231Tau/tTau indicating that the effect of statins on
pTau is specific to their effects on the mevalonate pathway
(Figure 2B). While atorvastatin was slightly cytotoxic at higher
concentrations (Figures S2A and S2B) toxicity did not explain
the effect of atorvastatin on pThr231Tau/tTau, as MVA supple-
mentation completely rescued the effect of atorvastatin on
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Figure 1. Identification of Compounds that
Decrease pTau Levels in FAD iPSC-Derived
AD Neurons

(A) Screening strategy overview: APP"1-6 NPC'’s
were differentiated for 3 weeks, replated into 384
well plates, and after 2 weeks, treated with 5 uM of
compound for 5 days; pThr231Tau/tTau ratio and
cell viability was measured.

(B) 1,684 compounds (in pink) were screened in
duplicate for their effect on pThr231Tau/tTau ratio
as expressed by Z score. 158 compounds that
decreased pThr231/tTauby Z < —2 were selected
for confirmation. Vehicle alone controls (DMSO) are
shown in black.

. (C) 42 confirmed non-toxic hits grouped by drug
iSdectedlor  category. SER, selective estrogen reuptake (n = 4).
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(E) APPYP1-6 neurons were treated with vehicle
(DMSO, upper row) or atorvastatin (10 uM, lower
row) for 5 days and fixed and stained with anti-
bodies for indicated antigens. NF-H, neurofilament
H, axonal marker. The pThr231Tau antibody used
is TG3, which detects a conformational epitope of
pThr231Tau. Scale bar, 100 um.

See also Figure S1.
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pThr231Tau/tTau ratio without rescuing the minor effect of
atorvastatin on cell viability (Figures S2A and S2B). Removal
of atorvastatin after 5 days of treatment allowed recovery of
pThr231Tau/Tau indicating reversible dynamic regulation (Fig-
ure S2C). Statin-treated neurons elicited a (normal) physiological
response to statin treatment exemplified by upregulation of
cholesterol-synthetic proteins (Figures S2D and S2E; Table
S4). Statins have recently been reported to induce the degrada-
tion of mutant p53 by reduction of mevalonate-5-phosphate
(MVP) (Parrales et al., 2016). The effects of statins on pTau are
not mediated by MVP, as both MVP and its direct downstream
metabolite, MVA-5PP, rescued the effect of statin treatment (Fig-
ure 2B). More distal of MVA-5PP, the MVA pathway branches
into non-sterol isoprenoid (protein prenylation) pathways and a
cholesterol synthetic pathway (Figure 2A). Inhibition of the
respective non-sterol isoprenoid pathways (by geranyl- or farne-
syl-transferase inhibitors GGTI-298 and FTI-227, respectively)

pS396/S404Tau  pS202/T205Tau

synthetic arm of the mevalonate pathway
using a squalene synthase inhibitor (YM-
53601) or A7-dehydrocholesterol reduc-
tase (DHCR7) inhibitor (AY-9944) did
significantly decrease pThr231Tau/tTau
(Figures 2C, S2F, and S2G), indicating
that pTau is regulated by the cholesterol-
synthetic branch of the MVA pathway.
Alternative ways to reduce neuronal
cholesterol such as inhibition of sterol reg-
ulatory element-binding protein (SREBP)-
mediated transcriptional activation of
cholesterol synthetic genes by fatostatin (Kamisuki et al., 2009)
(Figures 2C, S2H, and S2I) or induction of cholesterol export
by liver X receptor (LXR) agonists (Figure 2A) T0901317 and
24-hydroxycholesterol (Figures 2C, S2F, and S2G) also reduced
pThr231Tau/tTau. Activation of homologous nuclear receptors
such as PPARq (by GW50156) and PPARY (by Rosiglitazone),
which regulate fatty acid metabolism but not cholesterol export,
did not decrease pThr231Tau/tTau (Figures 2C, S2F, and S2G).
Another strategy to reduce the pool of neuronal cholesterol is the
activation of cholesterol 24-hydroxylase (CYP46A1), a neuron-
specific enzyme that converts cholesterol to 24-hydroxycholes-
terol (Anderson et al., 2016; Mast et al., 2017b; Moutinho et al.,
2016). As expected, activation of CYP46A1 by efavirenz (Figures
2C, S2F, and S2G) or overexpression of CYP46A1 (Figures S2J
and S2K) also reduced pThr231Tau/tTau. Together, these data
show that mechanistically different cholesterol-lowering drugs
all reduce pTau, strongly indicating that pTau levels are

pT231Tau
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A B Figure 2. The Effect of Statins on pTau Is

Y 3 - Mediated by Cholesteryl Esters
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(20 pM), 24-hydroxycholesterol (10 uM), T0901317
V v (10 uM), rosiglitazone (50 pM), GW501516 (10 uM),
and efavirenz (10 pM). pThr231Tau/tTau levels
DHCR? v were determined by ELISA (mean + SEM, n > 3).
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(D-F) APPY1-6 neurons were treated with ator-
vastatin (10 uM), AY-9944 (5 uM), T0901317
(10 uM), or efavirenz (10 uM) for 3 days and lipid
analysis was performed to measure (D) free
cholesterol (mean + SEM, n > 8), (E) total choles-

Export O A RDPE O A @ terol (mean + SEM, n > 4),and (F) CE (mean + SEM

Cholesteryl Esters T0$1317 o‘fé&'g‘%fﬁz‘%° Q'%gzs{’;e& tero é) + ,n > 4),and (F)CE( ES 3
& O SR SN = ©).

Hydroxycholesterol «° X ":?\"\ ;\99\%0 (G) pThr231Tau/tTau levels after 5-day treatment

controlled by neuronal cholesterol levels or downstream choles-
terol metabolites. To determine whether cholesterol itself or a
cholesterol metabolite controls pTau levels, we performed
extensive lipid analysis for key selected compounds from previ-
ous experiments (Figures 2D-2F and S2L-S2P; Table S5). None
of the pTau-reducing drugs affected phospholipid levels (sphin-
gomyelin [SM] and phosphatidylethanolamine [PE]) (Figure S2L).
Cholesterol precursor levels were altered in accordance with the
enzymatic target of the different compounds (Figures S2M-
S20); atorvastatin reduced desmosterol and lathosterol levels,
AY9944 reduced desmosterol and lathosterol levels and
increased 7DHC levels, and T0901317 and efavirenz had minor
(slightly inhibitory) effects on precursor levels. 24-Hydroxycho-
lesterol (a direct downstream metabolite of cholesterol) was
increased in media from efavirenz-treated neurons, was
decreased in AY-9944-treated samples, and was unaltered in
atorvastatin- and T0901317-treated neurons (Figure S2P). Sur-
prisingly, however, although these compounds behaved as
expected, only AY-9944 (that only had minor effect on pTau, Fig-
ure 2C) reduced free cholesterol levels (Figure 2D). It is important
to note that our iPSC-derived neurons are cultured in media
without an exogenous source of cholesterol, and thus neuronal
cholesterol levels cannot be compensated by enhanced uptake
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of APP®P1-6 neurons with avasimibe (10 uM) or
K604 (25 uM) (mean + SEM, n > 3).

215 ok (H) Treatment of APP®1-6 neurons with LDL

8.

g | 1 (25 pg/mlL) (mean + SEM, n > 3).

I See also Figure S2.
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& 0.0 " from the media. Whereas changes in free
4 N cholesterol levels were not detected

for most compounds, all compounds
significantly reduced the levels of total
cholesterol (free + esterified cholesterol)
(Figure 2E) through a strong reduction of CE (Figure 2F). This
finding suggests that conversion of CE to cholesterol compen-
sates for the loss of cholesterol through inhibition of synthesis
or induction of export, and reductions in CE, not free cholesterol,
mediate the effects of the different compounds on pTau. In line
with this observation, direct inhibition of cholesterol esterifica-
tion by the ACAT inhibitors avasimibe (aka CI-1011) (Figures
2G and S2Q-S2V) (Huttunen et al., 2009, 2010; Lee et al.,
1996) or K604 (Figure 2G) also reduced pTau. Exogenous addi-
tion of cholesterol and CE (in the form of LDL) increased
pThr231Tau/tTau (Figure 2H) levels. Together, our data show
that CE regulate pTau levels in human FAD neurons. We investi-
gated the mechanisms underlying CE-dependent regulation of
pTau in more detail.

Regulation of pTau by CE Is Correlated with, but
Independent of, APP and AB

APPY neurons have an extra copy of APP and increased levels
of both AB and pTau (Israel et al., 2012; Moore et al., 2015). To
understand the relationship between APP copy number, A,
and CE-dependent regulation of pTau in more detail, we also
treated NDC neurons with the normal two copies of APP with
cholesterol-targeting drugs. Simvastatin, atorvastatin, efavirenz,
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and the ACAT inhibitors avasimibe and K604 all reduced
pThr231Tau/tTau in the NDC neurons (Figure S3A). For simva-
statin, we further tested an extensive dose range and found
that it reduced pThr231Tau/Tau in NDC neurons in a similar
dose-dependent manner as in APP neurons (Figure 3A). A sin-
gle dose of statin or efavirenz also decreased pThr231Tau/tTau
in sporadic AD (SAD) patient- and non-demented control (NDC)
neurons (Figures 3B, 3C, S3B, and S3C). pThr231Tau/tTau was
also reduced by simvastatin in cultured hippocampal mouse
neurons (Figure S3D). Together, these data indicate that CE-de-
pendent regulation of pTau is conserved across individual
patients and healthy subjects (and even across species) and is
not dependent on baseline APP copy number.

In addition to our findings on pTau, CE reduction has previ-
ously been reported to reduce AB levels (Hutter-Paier et al.,
2004; Huttunen et al., 2009; Puglielli et al., 2001), and AB secre-
tion from our iPSC-derived neurons was also decreased by sta-
tins (Figure 3D). We observed a strong correlation between AB42
secretion and pThr231Tau/tTau in response to atorvastatin treat-
ment across time points and drug doses (Figures 3E and S3E).

Relative pThr231Tau/tTau

Figure 3. pTau and AB Are Co-regulated by
CE through Separate Pathways

(A) Dosage effect of simvastatin treatment on
pThr231Tau/tTau on non-demented control (NDC)
neurons (CV 151 line).

(B and C) Effect of simvastatin (10 uM) (B) or efa-
virenz (10 uM) treatment (C) on pThr231Tau/tTau
in neuronal lines from SAD and NDC subjects
(mean + SEM, number of individual patients indi-
cated in bars).

(D) Secreted AB levels from APPP1-6 neurons
treated with atorvastatin (10 uM) for 5 days
normalized to DMSO-treated neurons (mean =+
SEM, n > 3).

(E) Correlation of Ap42 and pThr231Tau/tTau
levels in atorvastatin-treated neurons at different
time points, dosages, and in different cell lines
(light circles, APP1-6; dark circles, APP2-1).
CC, correlation coefficient.

(F and G) Characterization of APP™' line. (F)
Western blot with antibodies against APP in
isogenic APP (line APP 2-1) and APP™" (line
APPY1KO). Full-length APP (FL) and APP CTF are
no longer detected in the APP®P1™! jine. The FL-
APP (22C11) cross reacts with APLP2 explaining
the remaining signal in the FL-APP (22C11 blot).
(G) ELISA analysis shows an absence of AB40 and
AB42 in conditioned media from the APP™" line.
Positive control is APP%1 -2, negative control is
unconditioned media. The detection antibody for
the ELISA is 6E10, as indicated in (F).

(H) Dosage effect of simvastatin treatment on
pThr231Tau/tTau on neurons with indicated ge-
notypes (mean + SEM, n > 3). Isogenic knockouts
used were in an APPY patient genetic back-
ground (lines APP1-2 [%] and APPP1KO [™] or
non-demented control [NDC] genetic background
[CV line 151 (wild-type [WT])] and 1B6 [™"]).

Mean + SEM; n > 5. See also Figure S3.
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To test whether the effect of CE on pTau was mediated by
alterations in APP processing and/or the reduction of AB, we
generated an isogenic APP™" line in an APP patient genetic
background (Figures 3F, 3G, and S3F-S3H). No APP expression
or AB secretion was detected in the APP™" neurons (Figures 3F
and 3G). pThr231Tau/tTau levels were reduced at baseline in the
APP™" neurons (Figure S3l). Interestingly, in these APP™"
neurons, simvastatin still reduced pThr231Tau/tTau in a dose-
dependent manner identical to that of its isogenic control lines
(Figure 3H). Similarly, simvastatin reduced pThr231Tau/tTau
the same in a previously generated isogenic set of NDC (APP"!)
and APP™" neurons (CV line 151 and IB6) (Fong et al., 2018)
(Figure 3H). Together, these data show that CE regulate both
pTau and AB, but regulation of pTau by CE is APP- and
AB-independent.

The Effect of CE on A Is Mediated by a Cholesterol-
Binding Domain in APP

To understand the respective pathways by which CE regulate
pTau and AB, and to verify that these pathways are indeed
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Figure 4. Regulation of Ap by CE Is Mediated by a Cholesterol Binding Domain in APP
(A) Schematic representation of the transmembrane domain of APP with amino acids essential for cholesterol binding indicated in yellow.
(B) Schematic overview of the gene-editing strategy to generate APP-Acholesterol lines. Green indicates amino acid sequence. Red arrow indicates CRISPR/

Cas9 cut site.

(C) Sequencing results verifying correct incorporation of desired mutations in the APP-Acholesterol lines. Two E693A (line 3D9 and 2B2) and one F691A+E693A
line (line D12) were generated, as well as two non-gene-edited, but clonally expanded, WT lines (B10 and B11).

(D-F) Measurements made using APP-Acholesterol neurons with the following ge!
and FE91A+E693A (1 line) (mean + SEM, n > 3 per line). (D) Relative secreted Ap42

notypes: WT (average from 2 independent lines), EB93A (2 independent lines),
levels in conditioned media from purified CD184 ~, CD44 ~, and CD24* neurons

(mean + SEM, n > 3 per line). (E) Relative secreted AB42 in response to atorvastatin treatment (10 uM, 3 days) (mean + SEM, n > 3 per line) (F) pThr231Tau/tTau in

response to atorvastatin treatment (10 uM, 3 days) in APP-Acholesterol neurons
See also Figure S4.

separate, we first studied the relationship between CE and AB
secretion in more detail. We hypothesized that the effect of CE
on AB secretion could be mediated by a recently identified
cholesterol-binding domain in APP B-CTF (Barrett et al., 2012).
We used CRISPR/Cas9 to mutate the cholesterol-binding
domain in the endogenous APP locus (Figures 4A-4C, S4A,
and S4B) and created two mutations that had previously been
shown to abolish APP B-CTF-cholesterol interactions (Barrett
et al., 2012), APP E693A and APP F691A+E693A. We observed
that AB42 secretion in these isogenic APP-Acholesterol lines
was reduced under steady state conditions (Figure 4D) indi-
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(mean + SEM, n > 3 per line).

cating that the cholesterol-binding domain affects APP process-
ing and AP secretion. More importantly, atorvastatin treatment
(Figure 4E) did not affect AB42 secretion in these neurons indi-
cating that the effect of lowering CE on AB42 is mediated by
the cholesterol-binding domain in APP. While A secretion was
no longer regulated by atorvastatin in these neurons, atorvasta-
tin still decreased pT231Tau/tTau ratio (in an identical manner as
in their isogenic wild-type controls) (Figure 4F), again confirming
that the effect of CE on pTau and the effect of CE on AB are
regulated through two separate pathways. We next sought to
determine how CE regulate pTau.
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Figure 5. Regulation of pTau by CE Is Mediated by the Proteasome

(A and B) The effect of CE lowering treatments on Tau levels and Tau phosphorylation as assessed by westemn blot (A), quantified in (B) (mean + SEM, n > 3).
Image is a composite of different loading positions on same blot, stitch is indicated by vertical line.

(C) pThr231Tau/tTau levels in APP®P1-6 neurons co-treated with atorvastatin (10 um) and a lysosomal inhibitor (chloroquine, CQ 25 uM), a phosphatase inhibitor
(okadaic acid, 1.25nM) or a proteasome inhibitor (MG132, 5 uM) for 3 days as measured by ELISA (mean + SEM, n > 3).

(D and E) APPP1-6 neurons were treated for 3 days with DMSO, simvastatin (10 uM) or atorvastatin (10 uM) and levels of proteasome subunits PSMC2 and
PSMB1/5 were assessed by western blot (D). Quantified in (E) (mean = SEM n > 3). PSMB1/5/actin image is a composite of different loading positions on same
blot, stiches are indicated by vertical line.

(F-I) APP?1-6 (F and G) or NDC CV4a (H and I) neurons were treated for 3 days with DMSO, simvastatin (10 uM), atorvastatin (10 uM), or efavirenz (10 uM) and
incubated with a proteasome activity binding probe (ABP) for 1 h. Cells were lysed, run on SDS-page, and ABP fluorescence from the gel was determined (mean +
SEM, n > 5). (G) Quantification of the western blots from (F). (I) Quantification of western blots from (H). Images are composite of different loading positions on
same blot, stiches are indicated by vertical lines.

See also Figure S5.

The Effect of CE on pTau Levels Is Mediated by the proteostatic regulation of pTau, we performed quantitative west-
Proteasome ern blot on APPP neurons treated with different CE-targeting
Previous reports indicate that accumulation of pTau in FAD drugs. In addition to a reduction of pS396/S404Tau and
neurons can be downstream of altered proteostatic regulation  pS202/T205Tau, CE reduction also reduced total Tau (Figures
of (p)Tau (Moore et al., 2015). To assess whether CE affect the 5A, 5B, and S5A). The reduction of pTau and total Tau by our
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treatments was not explained by a specific loss of neurons in the
cultures (Figures S5B-S5D). The reduction of both pTau as well
as tTau could indicate a proteostatic regulatory event, rather
than altered Tau phosphorylation and dephosphorylation events.
This was further substantiated by the finding that activity of
GSK3p (a major Tau kinase) was not affected by statin-mediated
CE reduction (Figure S5E). Next, we attempted to rescue the ef-
fect of CE reduction on pThr231Tau/tTau with inhibitors of phos-
phatase activity (okadaic acid), proteasomal (MG132), and/or or
lysosomal and autophagosomal (chloroquine) degradation (Fig-
ures 5C and S5F-S5M). Only proteasomal inhibition abrogated
the decrease in pThr231Tau/tTau ratio induced by atorvastatin
(Figures 5C and 5N), indicating that the effect of CE on pTau is
mediated by the proteasome. Interestingly, in addition to choles-
terol-synthetic genes, we found that the 26S proteasome regula-
tory subunit 7 (PSMC2) was also upregulated after statin treat-
ment in NDC neurons (Figure S2D; Table S2). We validated by
western blot in APPP neurons that statin treatment increased
the levels of proteasomal subunit PSMC2 (Figures 5D and 5E).
Levels of another proteasome subunit, proteasome subunit
beta type-5 (PSMB5) in the core of the proteasome, were also
increased (Figures 5D and 5E). This statin-dependent increase
in proteasome levels is not mediated by transcriptional upregu-
lation of proteasomal subunits (Figure S5N). Using a proteasome
activity binding probe (Berkers et al., 2007; Leestemaker et al.,
2017), we found that CE reduction through either statins or efa-
virenz increased total cellular proteasome activity in both APPP
and NDC neurons (Figures 5F-5l). The effect of CE on protea-
some function was not mediated by mechanistic target of rapa-
mycin (mTor) (Figures S50-S5Q). Together, our data show that
reducing neuronal CE enhances proteasome levels, increases
total cellular proteasome activity, and induces the proteasomal
degradation of pTau indicative of a CE-proteasome-Tau axis.

CYP46A1 Activation Is a Neuron-Specific CE-Reducing
Approach that Is Better Tolerated by Astrocytes Than
HMGCR Inhibitors (Statins)

Our data indicate that neuronal CE are a potential therapeutic
target to activate the proteasome and prevent aberrant pTau
accumulation in AD. To identify possible adverse effects of
candidate CE-lowering strategies on other non-neuronal brain
cells, we tested the toxicity of selected compounds on iPSC-der-
ived astrocytes. All iPSC-derived astrocytes displayed radial
morphology of astrocytes and expressed the glial marker
GFAP, while the neural stem cell marker SOX2 was not ex-
pressed (Figure 6A). We concentrated on two different drugs
that currently have Food and Drug Administration (FDA) approval
for other indications, statins (to lower cholesterol synthesis) and
efavirenz (that activates the neuron-specific enzyme CYP46A1).
Already, at low concentrations, simvastatin and atorvastatin
induced major astrocyte cell death (Figures 6B, 6C, S6A, and
S6B), whereas efavirenz did not affect astrocyte viability even
at high doses (Figures 6D and S6C). 24-Hydroxycholesterol
was not detected in astrocyte media before or after treatment
with efavirenz. Efavirenz increased 24-hydroxycholesterol
secretion from APPY and APP™!" neurons in a dose-dependent
manner that correlated well with its effect on pThr231Tau/tTau in
these neurons (Figures 6D and S6D). Together, these data show
that allosteric activation of CYP46A1 is a neuron-specific CE-
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and pTau-lowering treatment with less adverse effects on astro-
cytes and provides a therapeutic approach to reduce pTau accu-
mulation in early AD-neurons.

DISCUSSION

Here, we used AD-patient iPSC-derived neurons in a phenotypic
drug screen to identify compounds that reduce aberrant pTau
accumulation in FAD neurons (Israel et al., 2012; Moore et al.,
2015; Muratore et al., 2014; Ochalek et al., 2017). From a library
of >1,600 compounds, we successfully identify 42 compounds
that reduced pTau levels, including six previously reported
modulators of pTau and 36 novel pTau targeting compounds
(Figure 1). From the 42 identified compounds, we selected
cholesterol-targeting compounds (statins) to study in more
detail. Cholesterol metabolism has previously been implicated
in AD (Di Paolo and Kim, 2011; Puglielli et al., 2003) and CE,
the esterified storage products of cholesterol, accumulate in
AD patient brains (Chan et al., 2012) and in APP-transgenic
mice (Chan et al., 2012; Tajima et al., 2013; Yang et al., 2014).
We show that reducing CE, through a number of mechanistically
different drugs, reduces levels of pTau at multiple phosphoryla-
tion epitopes in both FAD, SAD, and NDC subject neurons. CE
have previously also been shown to regulate APP processing
and AP generation (Hutter-Paier et al., 2004; Huttunen et al.,
2009; Puglielli et al., 2001), and we confirmed that CE also regu-
late AB secretion from human iPSC-derived AD patient neurons.
Interestingly, we find that the effect of CE on AB is independent of
the effect of CE on pTau (Figures 3 and 4), and pTau and Ap are
thus co-regulated by CE through independent pathways. Similar
co-regulation of Ap and Tau through independent pathways
have recently been shown for ApoE (Wang et al., 2018) and the
retromer complex (Young et al., 2018). These findings, together
with our findings, reinforce the notion that common upstream
(pathogenic) pathways in SAD, such as CE, can drive increased
levels of pTau and AB through separate pathways (Small and
Duff, 2008), rather than only through a direct linear pathway
directly from A to Tau.

Pathways that Mediate the Effect of CE on pTau and A

We investigated the separate pathways that underlie CE-depen-
dent regulation of pTau and AB, respectively, in early AD
neurons. We find that the effect of CE on AB is mediated by a
cholesterol binding-site in APP, whereas the effect of CE on
pTau is mediated by the proteasome. Surprisingly, in our system,
we did not observe significant differences in free cholesterol
levels for the treatments that reduced CE, AB, and pTau. As
also previously observed (Puglielli et al., 2001), these data indi-
cate that CE mediates the effect of cholesterol-targeting drugs
on AB. We show that the effect of CE on AB is mediated by a
domain in APP that has previously been shown to bind choles-
terol (Barrett et al., 2012), possibly suggesting that this choles-
terol-binding domain can also sense CE. Alternatively, localized
reductions in cholesterol in specific domains such as lipid rafts
(Ehehalt et al., 2003), specific organelles, or localized changes
in de novo synthesized cholesterol under the detection limit of
our measurements could mediate the effect of statins on APP
processing via the APP-cholesterol binding domain. In regard
to CE-dependent regulation of pTau, we find that reduction of



B Atorvastatin
- pThr231Tau/tTau = Viability Merge
€15 1.5 - Neurons
3 & — Astrocytes g
1.0 Z1.0. 210 =
2 g T~ § ’__\'\ [MvA]  [24-Hydroxychol]
05 205 2
B 3 808 % HMGCRY(  CYP4sa1 N
£0.0 200 “o N
5 : 1 32 5 4 1 > 3 4 Cholesterol
Atorvastatin log(nM) Atorvastatin log(nM) Atorvastatin log(nM)
c Simvastatin
5 pThr231TaukTau Viability Merge - * Statins
815 21. - f
£ g1 s ” Efavirenz
S10 10 31 0 ~ 'l
3 3| i 8 by, : 1
£ \ g .
iZ08 Zos §° 5 ! Statins
200 200 %o L ! Efavirenz
3 2 3 4 3 2 3 4 2 3 4 ! AN
Simvastatin log(nM) Simvastatin log(nM) Simvastatin log(nM) * Proteasome
Efavirenz Statins
D N 5 AB pTa u *Efa virenz
5 pThr231TauttTau 5 Viability & 24-Hydroxycholesterol Merge + +
£15 15 g 20 20
3 £ L S1s 815 Synapse loss
S10 =T I s .3 g PH/;(# 2 ;iiiﬁ;
Q S : £10 21.0] = {
o5 Zos 2 E
g 2 $ 0.5 E 0.5 AD
£0.04 200 200 0.04
g 2 3 4 58 2 3 4 5 £ 3 4 5 2 3 4 5
Efavirenz log(nM) Efavirenz log(nM) E Efavirenz log(nM) Efavirenz log(nM)

Figure 6. CYP46A1 Activation Is a Neuron-Specific CE-Reducing Approach that Is Better Tolerated by Astrocytes

(A) iPSC-derived astrocytes were fixed and stained with indicated antibodies. Scale bar, 10 pm.

(B-D) iPSC-derived APPP1-6 astrocytes were treated for 3 days with increasing concentrations of (B) atorvastatin, (C) simvastatin, and (D) efavirenz, and viability
was measured (cell titer glo). Astrocytic viability (blue line) was plotted against results from Figures 1D and S1A for statins (neuronal viability and pThr231Tau/Tau
ratio). For efavirenz, dose responses to measure pThr231Tau/tTau and neuronal viability were performed in APP91-6 neurons (mean = SEM, n > 3-6).

(E) Model depicting the relationship between CE, pTau, and AB in early AD neurons. Statins reduce CE levels through inhibition of the cholesterol-synthetic
pathway, while efavirenz enhances the turnover of cholesterol to 24-hydroxycholesterol that causes conversion of CE to cholesterol and a reduction in CE.

Reduced CE cause proteasomal upregulation and degradation of pTau. In
generation.
See also Figure S6.

CE increases the level of proteasomal subunits, overall protea-
somal activity, and proteasomal degradation of pTau (see model
Figure 6E). This indicates a neuronal CE-proteasome-pTau axis
that regulates turover of neuronal pTau. The effect of CE on
proteasome levels is not mediated by enhanced transcription
of proteasomal subunits, and the exact mechanism by which
CE control proteasomal activity needs to be further determined.
Interestingly, in other model systems, lipid droplets (the storage
site of CE) have been shown to be active signaling organelles
that regulate proteasome activity (Arrese et al., 2014; Keembiye-
hetty et al., 2011). The neuronal proteasome also associates with
plasma membranes (Ramachandran and Margolis, 2017), offer-
ing another possible neuron-specific site of convergence be-
tween CE and the proteasome. CE-dependent regulation of
the proteasome is also relevant for other neurodegenerative dis-
eases in which altered cholesterol-homeostasis and protein ag-
gregation occurs such as Niemann-Pick type C and Huntington
disease (Karasinska and Hayden, 2011). Another open issue is
why pTau is regulated by CE. Direct coupling of CE to pTau levels
could indicate a pathway that coordinates the speed of Tau-
regulated axonal transport or growth, with the availability of

a correlated, but independent pathway, CE regulate APP processing and AB

(stored) neuronal cholesterol required for membrane growth or
synapse formation. Overall, our data here indicate that CE regu-
late pTau and A by two separate pathways and suggests that
CE could be an upstream driver of both AB secretion and pTau
accumulation.

CE and AD

Our findings provide a mechanistic explanation for how changes
in CE, induced by APP mutations or SAD genetic risk variants in
APP (Chan et al., 2012; Tajima et al., 2013; Yang et al., 2014)
could contribute to Tau pathology. Interestingly, CE production
is overactive in human SAD fibroblasts (Pani et al., 2009) and
APOE, the major genetic risk factor for SAD, acts as a CE trans-
porter in brain (Liu et al., 2013; Michikawa et al., 2000; Minagawa
et al., 2009). Our findings in human iPSC-derived AD neurons
indicate that alterations in neuronal CE could drive pTau accu-
mulation and are supported by previous in vivo observations in
mouse models showing that statins reduce NFT load in animal
models of tauopathy (Boimel et al., 2009), and genetic inhibition
of cholesterol esterification by ACAT1 reduces tauopathy in an
AD-mouse model (Shibuya et al., 2015), indicating that the
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interactions between CE and Tau are conserved in the adult
(mouse) brain. We describe several pharmaceutical strategies
to reduce CE in early AD neurons including LXR target gene-
mediated cholesterol export, conversion of cholesterol to hy-
droxycholesterol by CYP46A1 activators, and direct inhibition
of cholesterol esterification by ACAT inhibitors. In humans,
long-term statin usage has been shown to correlate with
reduced AD incidence in some studies (Shepardson et al.,
2011a, 2011b; Zissimopoulos et al., 2017), although the underly-
ing mechanisms have been debated. Statins also reduce pTau
levels in CSF from AD patients (Riekse et al., 2006). Here, we
show that the effects of statins on pTau can be directly mediated
by CE and are not merely a consequence of altered APP pro-
cessing or peripheral effects of cholesterol-targeting drugs.
However, our data do not indicate that statins are the best candi-
date drugs for targeting Tau accumulation in AD. Statins affect
the levels of pTau in human neurons only at relatively high con-
centrations (Figure 1) unlikely reached in human brain (Bjor-
khem-Bergman et al., 2011) and have strong adverse effects
on human astrocytes at these high concentrations (Figure 6).
We cannot exclude the possibility that in vivo statins lower
neuronal CE through indirect effects on astrocytic cholesterol
and/or CE production, but our data do indicate that additional
potency could be gained from enhanced targeting of neuronal
CE. We show that allosteric activators of CYP46A1 could provide
a neuron-specific approach to reduce CE and pTau in early AD
neurons. Regulation of pTau by CYP46A1 is also conserved in
adult (mice) brains where genetic inhibition of CYP46A1 en-
hances abnormal phosphorylation of Tau (Djelti et al., 2015),
and overexpression of CYP46A1 in transgenic Tau mice rescues
cognitive decline (Burlot et al., 2015).

We targeted CYP46A1 through allosteric activation by the
small molecule efavirenz (Anderson et al., 2016) and show that
efavirenz reduces pTau in early human AD neurons without
affecting astrocyte viability. Efavirenz, originally marketed as
an HIV-medication (brand name Sustiva), has recently also
been shown to reduce amyloid pathology in AD mice (Mast
et al., 2017b) indicating that efavirenz could possibly be repur-
posed for AD. However, when given to HIV patients at high
doses, efavirenz has significant adverse effects that include
neurotoxicity (Apostolova et al., 2017). Major adverse effects
were not observed in mice at lower concentrations of efavirenz
that sufficed to alter brain cholesterol metabolism and reduce
amyloid pathology, indicative of an appropriate therapeutic
window (Mast et al., 2017b). Other allosteric activators of
CYP46A1 have also recently been identified (Mast et al.,
2017a). The in vivo data of CYP46A1 activators on inhibitors of
amyloid pathology (Mast et al., 2017b), together with our findings
that CYP46A1 activators reduce Tau accumulation in human AD
neurons, support the development of allosteric activators of
CYP46A1 as therapies for AD.

In conclusion, using high-throughput phenotypic screening,
we identified >40 FDA-approved drugs with diverse biological
targets that reduce pTau in early AD neurons. By pathway map-
ping, we identify a CYP46A1-CE-Tau axis as a druggable
pathway in early AD. We find that reducing CE potently de-
creases neuronal pTau levels through proteasomal upregulation
and degradation of pTau in an APP- and Ap-independent
manner. In a separate pathway, AB secretion is regulated by
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CE through a cholesterol-binding domain in APP. We find that
allosteric activation of CYP46A1 is a neuron-specific CE-
lowering strategy that is well tolerated by human astrocytes.
Together, our data indicate CE as a dual upstream regulator of
pTauand A, and we propose CE-reduction, particularly through
CYP46A1 activation, as a therapeutic approach to indepen-
dently reduce accumulation of pTau and A in AD patients.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-total Tau clone 7 (IF 1:100, WB 1:1000) EMD Millipore MAB2239 RRID:AB_1587549

anti-pS202/T205 Tau (IF 1:50, WB 1:500)
anti-pS396/S404 Tau (IF 1:50, WB 1:500)
anti-pThr231 conformational (IF 1:50)
anti-MAP2 (IF 1:1000)

anti-neurofilament 131/132 (IF 1:5000)
anti-Actin clone C4 (WB 1:50,000)
anti-APLP2 (WB 1:1000)

anti-APP A4 clone 22C11 (WB 1:1000)
anti-APP C-Terminal (WB 1:500)

anti-total Tau (WB 1:1000)

anti-histone 3 clone (WB 1:1000)
anti-LC3b (WB 1:1000)

anti-ubiquitin (WB 1:250)
anti-Phospho-4E-BP1 (Thr37/46) (WB 1:1000)
anti-p70 S6 Kinase Antibody (WB 1:1000)
anti-4E-BP1 Antibody (WB 1:1000)
anti-Phospho-p70 S6 Kinase (Thr389) (WB 1:1000)
Anti-PSMC2 (D5T1T)) (WB 1:1000)
anti-PSMB5 (WB 1:1000)

anti-GAPDH (WB 1:1000)

anti-Nestin Clone 25/NESTIN (RUO) (1:500)
anti-S100b (1:500)

anti-Vamp2 (aka synaptobrevin 2) (1:1000)
anti- Syntaxin 1 (1:5000)

Peter Davies
Peter Davies
Peter Davies
Abcam

Covance

EMD Millipore
Calbiochem/Millipore
EMD Millipore
EMD Millipore
Sigma
Upstate/Millipore
Novus biologicals
EMD Millipore
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Cell Signaling
Enzo Lifesciences
Life Technologies
BD

Proteintech
synaptic systems
Gift from the Thomas

CP13 RRID:AB_2314223

PHF1 RRID:AB_2315150

TG3 RRID:AB_2716726

ab5392 RRID:AB_2138153

SMI31 RRID:AB_2314901
MAB1501 RRID:AB_2223041
171617 RRID:AB_565357
MAB348 RRID:AB_94882

171610 RRID:AB_211444

T6402 RRID:AB_261728

06-755 RRID:AB_11211742
NB600-1384 RRID:AB_669581
MAB1510 RRID:AB_2180556
Antibody #9459 RRID:AB_330985
Antibody #9202 RRID:AB_331676
Antibody #9452 RRID:AB_331692
108D2, Antibody RRID:AB_2269803
#14395 RRID:AB_2752224

Cat# BML-PW8895 RRID: AB_10540901
AM4300 RRID: AB_2536381
611658 RRID:AB_399176
15146-1-AP RRID:AB_2254244
104 211 RRID:AB_887811
polyclonal #1379

Sudhof lab
anti-Synaptotagmin (1:2000 Gift from the Thomas polyclonal #W855

Sudhof lab
Tra-181-647 BD 560124 RRID:AB_1645449
CD184-APC (FC 1:10) BD 555976 RRID:AB_398616
CDA44-PE (FC 1:10) BD 555479 RRID:AB_395871
CD24-PECy7 (FC 1:40) BD 561646 RRID:AB_10892826
CD271-PE BD 557196 RRID:AB_396599
Chemicals, Peptides, and Recombinant Proteins
T0901317 Sigma T2320
GW501516 Enzo life sciences 89150-762
Rosiglitazone Sigma R2408
Atorvastatin calcium salt Sigma PZ001
Simvastatin Sigma S6196
Rosuvastatin Sigma SML1264
Fluvastatin Sigma SML0038
Mevastatin Tocris 1526
Lovastatin Sigma PHR1285
Mevalonolactone (Mevalonic Acid) Sigma M4777
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REAGENT or RESOURCE SOURCE IDENTIFIER
(R)-Mevalonic acid 5-pyrophosphoate tetralithium salt Sigma 77631
Mevalonic acid 5-phosphate thrilithium salt hydrate Sigma 79849
Methyl-B-cyclodextrin Sigma C4555
YM-53601 Cayman Chemicals 18113
AY 9944 dihydrochloride Tocris 1639
FTI-227 trifluoroacetate salt Sigma F9803
GGTI-298 trifluoracetate salt hydrate Sigma G5169
Fatostatin hydrobromide Sigma F8932
24(S)-hydroxycholesterol Cayman Chemicals 10009931
chloroquine diphosphate salt Sigma C6628
MG-132 (InSolution) Calbiochem 37391
Cholestane Sigma-Aldrich C8003
N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) ThermoFisher TS48910
dry pyridine Sigma-Aldrich 270970
sodium hydroxide solution 10M (BioUltra) Sigma Aldrich 72068
Ri, Y-27632 dihydrochloride Abcam ab120129
SB431542 Stemgent 4-0010
Noggin R&D 3344-NG
Proteasome activity probe 1 Berkers et al., 2007; N/A

de Jong et al., 2012
SCR7 Excess Bioscience M60082-2
L-755,507 Sigma SML1362
K-604 Sigma SML1837
Critical Commercial Assays
Phospho(Thr231)/Total Tau Kit MSD K15121D-3
V-PLEX Ab Peptide Panel 1 (6E10) Kit (25 Plate) MSD K15200E-4
24(S)-Hydroxycholesterol ELISA kit Enzo ADI-900-210-0001
CellTiter-Glo® Luminescent Cell Viability Assay Promega G7571
CellTiter 96® AQueous One Solution Cell Proliferation Assay Promega G3580
Pierce LDH Cytotoxicity Assay Kit Thermo Fisher Scientific 88954
Amplex Red Cholesterol Assay Kit ThermoFisher Scientific A12216
Lipidyzer Sciex N/A

Experimental Models: Cell Lines

CV (NPC)
151 (CV WT) (iPSC, NPC)

1B6 (APP™" in CV background) (iPSC, NPC)

B10 (CV Wt) (iPSC, NPC)

B11 (CV W) (iPSC, NPC)

3d9 (CV APP E693A) (iPSC, NPC)

2b2 (CV APP E693A) (iPSC, NPC)

D12 (CV APP E693A+F691A) (iPSC, NPC)

APPY1.2 (iPSC, NPC)

APP% 1.6 (iPSC, NPC)

APPY 2 1 (iPSC, NPC)

APP 1KO (APP™" in APPP1.2 background) (iPSC, NPC)
NDC1 (M) NPC

NDC2 (M) NPC

Gore et al., 2011
Fong et al., 2018
Fong et al., 2018
This Paper

This Paper

This Paper

This Paper

This Paper

Israel et al., 2012
Israel et al., 2012
Israel et al., 2012
This Paper

Israel et al., 2012;
Young et al. 2015
Israel et al., 2012;
Young et al., 2015

RRID:CVCL_1N86
RRID: CVCL_UI49
RRID:CVCL_UI22

RRID:CVCL_VR50
RRID:CVCL_VR51
RRID:CVCL_VR53
RRID:CVCL_VR52
RRID:CVCL_VR54
RRID:CVCL_EJ97
RRID:CVCL_EJ96
RRID:CVCL_EJ99
RRID: CVCL_UI23
RRID:CVCL_EJ84

RRID:CVCL_EJ87

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

NDC3 (M) NPC Young et al., 2015 RRID: CVCL_UB88

NDC4 (M) NPC Young et al., 2015 RRID: CVCL_UB89

NDC5 (M) NPC Young et al., 2015 RRID: CVCL_UB90

SAD1 (F) NPC Israel et al., 2012; RRID: CVCL_EJ90
Young et al., 2015

SAD2 (M) NPC Israel et al., 2012; RRID: CVCL_EJ93
Young et al., 2015

SAD3 (M) NPC Young et. al. 2015 RRID: CVCL_UB91

SAD4 (F) NPC Young et. al. 2015 RRID: CVCL_UB92

SADS5 (F) NPC Young et. al. 2015 RRID: CVCL_UB93

SAD6 (M) NPC Young et. al. 2015 RRID: CVCL_UB94

SAD7 (M) NPC Young et. al. 2015 RRID: CVCL_UB95

Experimental Models: Organisms/Strains

C57BL/6J Mice Jackson Laboratory 000664

Oligonucleotides

Repair Oligos used to make CRISPR mutant lines This Paper N/A

See Table S6

Primers for amplification of APP Cholesterol Binding This Paper N/A

region See Table S6

APP Cholesterol binding region genomic DNA Sequencing This Paper N/A

Primer See Table S6

gPCR Primers See Table S6 This Paper N/A

Recombinant DNA

G7A: TOPO guide RNA plasmid for Generating This Paper N/A

cholesterol-mutant lines with target sequence:

5'GTGTTCTTTGCAGAAGATGTGGGS'

Guide RNA plasmid for generating APP™" line in This Paper N/A
APPP-patient background with target sequence:

5'GGAGATCTCTGAAGTGAAGATGG3'

CMV::Cas9-2A-eGFP Sigma-Aldrich CAS9GFPP-1EA
CYP46A1-pDESTIentiFGA1.0. This Paper N/A
GFP-only plasmid-pDESTIlentiFGA1.0. (pSyn(pr)EGFPLL3.7) This Paper N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Larry
Goldstein (Igoldstein@ucsd.edu).
All cell line requests will require a material transfer agreement (MTA).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cultured Mouse Cortical Neurons

Primary cortical neurons were cultured from postnatal day zero C57BL/6J pups. Briefly, pups were decapitated into Hanks’ medium
without Ca* and Mgz*, and cortices were dissected in Neurobasal-A medium supplemented with 10 mm HEPES. After dissection,
cortices were trypsinized for 25 min at 37°C and dissociated. Neurons were plated in Neurobasal-A with B27 supplement and drug-
treatment was performed after 2 weeks.

Human iPSC Derived Cell lines

Cell lines

Novel NPC lines were generated from previously established iPSC lines. The APP?? AD-patient NPC lines used in this study
are; APP%®1-6 (derived from iPSC-line APPYP1.1 in Israel et al. [2012]), APPY1-2 (derived from iPSC-line APP1.2 in Israel
et al. [2012]) and APP%2-1 (derived from iPSC-line APPP2.3 in Israel et al. [2012]). See Israel et al. (2012) for generation and
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characterization of these APPP iPSC lines and patient details. SAD and NDC NPC lines used are CV4a, SAD1, SAD2, SAD5, SAD5,
SAD7, NDC1, NDC2, NDC4 and NDC5 described in Young et al. (2015);

To generate isogenic APP knockout iPSCs in an APP patient 1 background, iPSC-line APPP1-2 was gene edited to generate the
iPSC and NPC-line APP®P1KO. To generate isogenic APP knockout lines in wild-type (Craig Venter, CV) background, iPSC-line CVB
(Gore et al., 2011) was gene edited to generate IPSC and NPC-line IB6 (CV APP™") and 151 (CV wt) (Fong et al., 2018). To generate
isogenic Acholesterol APP mutants the iPSC-line CVB (Gore et al., 2011) was gene edited to generate iPSC and NPC-lines B10 (wt),
B11 (wt), 3D9 (homozygous E693A), 2B2b (homozygous E693A) and D12 (homozygous F691A+EGI3A).
iPSC genome editing
Generation of isogenic APP knockout lines in a wild-type (CV iPSC) background, I1B6 (APP knockout) and 151 (wt) was described
previously (Fong et al., 2018). For gene-editing, iPSCs were pretreated with 10uM Rock inhibitor (Ri, Y-27632 dihydrochloride,
Abcam) 2 hours prior to nucleofection. iPSC’s were dissociated with Accutase and filtered through 100uM filter and spun down at
1000rpm for 5 minutes. Two million cells were nucleofected according to manufacturer instructions using the Amaxa Human
Stem Cell Nucleofector Kit 1 (Lonza).

To generate an isogenic APP™! line in an APPY%-patient background, the iPSC-line APP1.2 was nucleofected with 6 pg
CMV::Cas9-2A-eGFP vector and 3 pg U6::gRNA vector. To target the CRISPR/Cas9 we used the gRNA target sequence: 5'-GGA
GATCTCTGAAGTGAAGATGG-3' (see Table S6 for all oligos used). Nucleofected iPSCs were replated into a 6 well of MEF feeder
cells in the presence of Riand allowed to recover for 72 hours, 1 x 10* GFP* iPSCs were FACS sorted (FACS Aria llu, BD Biosciences)
and (sparsely) plated on 10 cm MEF-feeder plates in the presence of Ri. After 7 days, individual colonies were manually picked and
cultured in individual wells of a 96-well plate. Cells were split and DNA was isolated from individuals wells (quickextract kit, Epicenter),
PCR amplified using the primers (APPex16-F: CCC GTA AGC CAA GCC AAC AT, APPex16-R: CAT GCA CGAACT TTG CTG CC) and
sequenced using the primer AGGCAGCAGAAGCCTT and aligned against the APP wild-type sequence. Amplified PCR-fragments
from non-wild-type colonies were selected, cloned using the Zero Blunt TOPO PCR Cloning Kit (Invitrogen) and sequenced to
analyze the (edited) genomic DNA sequence on both alleles. One confirmed APP™! line was expanded and differentiated to neural
progenitor cells and characterized as detailed in Figure S3. To generate isogenic APPAcholesterol lines in a CV background, the CV
iPSC-line was nucleofected with 3.4 ng of a CMV::Cas9-2A-eGFP vector, 1.6 ug of a TOPO blunt Il::gRNA vector, and 50nmol (4ng)
repair single-stranded oligonucleotide. To target the CRISPR/Cas9 we used the gRNA target sequence: 5'-GTGTTCTTTGCAGAA
GATGTGGG-3'. Repair oligo’s to generate E693A and F691+E693A respectively were 5'-Tattgcatttagaaattaaaattctttttcttaatt
tgttttcaaggtgttctitgcagccgatgtgggticaaacaaaggtgcaatcattggactcatggtgggeggtgttgtcatage-3’ and E693A+F691A Repair Oligo
Sequence: 5'-ttatattgcatttagaaattaaaattctttttcttaatttgttttcaaggtgttcgctgcagecgatgtgggttcaaacaaaggtgcaatcattggactcatggtggg
cggtgttgtcat-3’ respectively.

Nucleofected iPSCs were re-plated into a 6 well of MEF feeder cells in the presence of Riand and 1 uM SCR7 (Excess Bioscience,
M60082-2) and/or 5 uM L-755,507 (Sigma, SML1362).

Cells were then allowed to recover for 48 hours after which, live, GFP+ iPSCs were FACS sorted (FACS Aria llu, BD Biosciences)
and plated at 10,000 cells per 10 cm MEF-feeder plates in the presence of Ri. After 7-14 days, individual colonies were manually
picked and cultured in individual wells of 96-well plates. 96 well plates were split and DNA was isolated from each well of one of
the plates (quickextract kit, Epicenter). The region of interest was PCR amplified using Forward Primer: 5'-CTTCCTCGAACTGGG
GAAGC-3' and Reverse Primer: 5'-TCACGGTAAGTTGCAATGAATGA-3. Coincidentally, mutation of the wild-type sequence to
the sequence corresponding to the E693A mutation generates a novel Bbvl restriction motif, whereas introduction of the F691A mu-
tation creates a Pstl restriction enzyme motif. Therefore, initial screening was performed by performing a restriction digest on the
PCR-amplified fragment by incubating the PCR amplicon with Bbv! (for E693A) or Pstl (F691A+E693A). These fragments were run
on a DNA-gel and samples in which full restriction had occurred (homozygous for the desired mutation) were confirmed by
sequencing of the amplicon using the primer: 5-CCAACCAGTTGGGCAGAGAA-3' Once confirmed, two individual IPSC lines
containing the homozygous E693A mutation (3D9, 2B2), one line containing the homozygous F691A+E693A mutation (D12) and
two unedited controls lines (B10, B11) that underwent the same clonal expansion process were expanded and differentiated to neural
progenitor cells.

Additional Cell Line Information

The Craig Venter Cell line (CV) as well as all gene edited isogenic lines generated from this line are male. The CV line was previously
reported and characterized in Gore et al. (2011). Cell lines generated in this background include the isogenic knockout lines IB6 (APP
knockout) and 151 (wt), and the Acholesterol mutant lines 3D9 and 2B2 (APP E693A), D12 (F691A+E693A), and B10 and B11 (WT
controls). All APPP1 (patient 1) derived lines are male, all APPP2 (patient 2) derived lines are female (Israel et al., 2012).

The lines NDC1, NDC2, NDC3, NDC4, NDC5, SAD2, SAD3, SAD6, and SAD7 are male. The lines SAD1, SAD4, and SAD5 are fe-
male. The NDC and SAD lines were previously reported and characterized in Israel et al. (2012) and Young et al. (2015). Analyses of
the influence of sex was not evaluated in this study. Rather the effect of drug-treatment on individual cell-lines before and after treat-
ment was compared or between isogenic gene-edited lines.

Copy number determination

200 ng of DNA was hybridized to lllumina HumanCore arrays (lllumina), and stained per lllumina’s standard protocol. Copy Number
Variation (CNV) calling was carried out in Nexus CN (version 7.5) and manually inspected, visualizing the B-allele frequencies (pro-
portion of A and B alleles at each genotype) and log R ratios (ratio of observed to expected intensities) for each sample, as described
in D’Antonio et al. (2017).
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Generation of neural progenitor cells

NPC’s were generated from iPSCs as described previously (Yuan et al., 2011). In short, 2 x 10° FACS-purified iPSC TRA1-81* cells
were seeded onto two 10 cm plates that were seeded the previous day with 5 x 10° PA6 cells and were cultured in PAG differentiation
media (450ml Glasgow DMEM, 50ml KO Serum Replacer, 5ml sodium pyruvate, 5ml Nonessential Amino Acids) + 10um SB431542+
0.5ug/ml Noggin. After 6 days in culture, media was changed to PAG differentiation media without SB431542 and Noggin. At day 11,
cells were dissociated with Accutase and ~5 x 10° 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). Of note, while iPSC are grown in lipid con-
taining media, the derived NPC after sorting (and for neuronal differentiation) are always grown in medium that does not contain an
exogenous source of lipids.

Cell culture, generation of neurons and astrocytes

iPSCs were cultured on a MEF feeder layer in HUES medium (KO DMEM, knockout serum, plasmanate, pen-strep, non-essential
amino acids, glutamax and -mercaptoethanol) + 20ng/ml bFGF (Millipore) as described previously (Israel et al., 2012) on a MEF
feeder layer and passaged with Accutase (Innovative Cell Technologies). NPCs were cultured on poly-L-ornithine (0.02 mg/ml)
and laminin (5 ug/ml) (Sigma)-coated plates in DMEM:F12 + Glutamax, 0.5x N2, 0.5x B27, Pen/Strep (all Life Technologies), and
20 ng/ml FGF, and passaged with Accutase. For neuronal differentiation, NPCs were expanded to confluence, after which FGF
was withdrawn from the culture medium and the medium was changed twice weekly. For all experiments, unless stated otherwise,
neurons after 3 weeks of differentiation were replated into 96 wells (2 x 10° living cells/well) 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. At indicated time points, the conditioned culture media was harvested from cells and cells were lysed in
70 uL MSD lysis buffer (MSD) with protease (Calbiochem) and phosphatase inhibitors (Halt). For Figures 4E and 4F (cholesterol mu-
tants) 3-week differentiated neurons were plated for 2 weeks and treated with DMSO and Atorvastatin respectively for 2 days. On day
3 a full media change was performed (containing DMSO or Atorvastatin) and 24 hours later the media was collected for AR measure-
ments. For experiments in Figure 5C, MG132 was added fresh to the media every day. For astrocytic differentiation, a confluent
10 cm plate of NPCs was scraped in NPC medium, and transferred to 3 wells of a 6 well plate placed on a 90 RPM orbital shaker
in the incubator to promote neurosphere formation. 24 hours later, 5 uM Rl was supplemented to the medium for 48 hours. After
48 hours the neurospheres were grown in NPC medium (withouth FGF) that was replaced every 2 to 3 days. One week after scraping,
media was changed to Astrocyte Growth Medium (AGM) containing 3% FBS, ascorbic acid, rhEGF, GA-1000, insulin, and L-gluta-
mine (Lonza) and cell were cultured for an additional two weeks. After two weeks, the neurospheres were plated on a poly-L-orni-
thine/laminin-coated 10 cm plate. After seven days the astrocytes emerging from the neurospheres were passaged with Accutase,
cultured in AGM, and maintained with the neurospheres.

Neuron FACS sort

For AB measurements in purified Acholesterol mutant neurons (Figure 4D) and tau measurements in the APPdp and APP™!" cells
(Figure S3l), neurons were purified to compare steady state AR measurement within different lines. After three weeks of neuronal dif-
ferentiation in NPCbase media without FGF; CD1847, CD44~, CD24" (antibodies from BD Bioscience) neurons were purified by FACS
(BD Biosciences) and were plated onto poly-L-ornithine/laminin-coated coated plates. Sorted neurons were cultured in NPCbase
media + 0.5mM dbCAMP, 20ng/mL BDNF, and 20ng/mL GDNF for 5-7 days before experiments.

METHOD DETAILS

Reagents

Compounds used are T0901317 (Sigma, T2320) GW501516 (Enzo life sciences, 89150-762), Rosiglitazone (Sigma, R2408),
Atorvastatin calcium salt (Sigma, PZ001), Simvastatin (Sigma, S6196), Rosuvastatin (Sigma, SML1264), Fluvastatin (Sigma,
SMLO0038), Mevastatin (Tocris, 1526) Lovastatin (Sigma, PHR1285), Mevalonolactone (Mevalonic Acid) (Sigma, M4777), (R)-Meva-
lonic acid 5-pyrophosphoate tetralithium salt (Sigma, 77631), Mevalonic acid 5-phosphate thrilithium salt hydrate (Sigma, 79849),
Methyl-B-cyclodextrin (Sigma, C4555), YM-53601 (Cayman Chemicals, 18113), AY 9944 dihydrochloride (Tocris), FTI-227 trifluoroa-
cetate salt (Sigma, F9803), GGTI-298 trifluoracetate salt hydrate (Sigma, G5169), Fatostatin hydrobromide (Sigma, F8932), 24(S)-
hydroxycholesterol (Cayman Chemicals, 10009931), K-604 (Sigma-Aldrich, SML1837), chloroquine diphosphate salt (Sigma,
C6628), MG-132 (InSolution, Calbiochem, 37391), Cholestane (Sigma-Aldrich C8003) N-Methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA, ThermoFisher TS48910), 1 uL of dry pyridine (Sigma-Aldrich, 270970) and sodium hydroxide solution 10M (BioUltra, Sigma
Aldrich, 72068).

The compound collection for the screen consisted of 1684 FDA and EMA approved drugs, as well as drugs that had been tested in
clinical trials. This collection was assembled from multiple commercially available libraries, including the Prestwick Chemical Library
(Prestwick Chemical), Microsource US and International Drug Collections (Microsource Discovery Systems, Inc.), and NIH clinical
collection libraries (http://www.nihclinicalcollection.com). An overview of all compounds in the screen can be found in Table S1.

Phenotypic high-throughput screen
After thawing, APPP1-6 NPC’s (passage 13) were expanded to confluence on 10cm dishes and differentiated at passage 16 (p16) by
withdrawal of bFGF. After 3 weeks, differentiated NPC’s were washed with PBS and dissociated using Accutase:Accumax
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(Innovative Cell Technologies) (1:1). Cells were resuspended in sort buffer (NPCbase Media+ 1% FBS (Mediatech 35-011-
CV)+2.5mM EDTA) and filtered through a sterile cell strainer (100um, Fisher scientific, Cat no. 22363549) to remove clumps. Cells
were spun down (5 min at 1000RPM) and resuspended in NPCbase + 20 ng/ul BDNF, 20 ng/ul GDNF (Peprotech) and 0.5 mM
dbcAMP (Sigma).

Cells were plated in 384 well poly-L-ornithine/laminin-coated plates at 5 x 10 live cells/well in 50 L and were allowed to further
mature for 2 weeks. After 1 week, 25 pL media was aspirated and replaced with fresh media (NPC base + BDNF/GDNF/cAMP).
1 week later (in total 2 weeks on the 384 well plate) 15 pL of media was aspirated (leaving 35 pL in the well) and 35 pL media + 2x
compound (NPC base + 2x BDNF/GDNF/cAMP and 10 uM of compound) was added to generate a final concentration of 5 uM com-
pound/well or vehicle (DMSO, 16 wells per 384 well plate) in duplicate. After five days of treatment, media was aspirated and cells
were lysed in 70 puL. Mesoscale discovery lysis buffer (MSD R60TX-3) with protease (Calbiochem) and phosphatase inhibitors (Halt)
and lysates were stored at —80 awaiting analysis. From the lysates viability was measured using CellTiter-Glo® Luminescent Cell
Viability Assay (Promega) according to manufacturer instructions with a modified ratio of lysate to CeLLTiterGlo reagent (1:1) and
pThr231/tTau levels were determined using Phospho(Thr231)/Total Tau kit (K15121D, Meso Scale Discovery). For each 384 well
plate, Z-scores were determined for each data point, as the number of standard deviations from the mean of the control, vehicle-
treated (DMSO) wells. Compounds that decreased pThr231Tau/tTau by Z < —2 in one of the duplicates were selected for confirma-
tional screening (repeat of the methods described for the primary screen). Compounds that decreased pThr231Tau/tTau in an
additional replicate (Z < —2) in the secondary screen were defined as hits.

AB, pThr231Tau/total Tau, pSer9GSK3b/total Gsk3b, Phospho-4E-BP1(Thr37/46)/total 4E-BP1 ELISA Measurements
For AB measurements, 25 uL of the culture media was run on a V-PLEX AB Peptide Panel 1 (6E10) (K150SKE) kit, for pThr231Tau/tTau
lysate was run on a Phospho (Thr231)/Total Tau Kit (K15121D), for pSer9GSK3p/total Gsk3p lysate was run on pSer9GSK3 /total
Gsk3p Kit (K15109D). For Phospho-4E-BP1(Thr37/46)/total 4E-BP1 lysates were run separately on a Phospho-4E-BP1(Thr37/46)
kit (K150KHD) and a total 4E-BP1 kit (K1510LD) and ratio was determined by combining these two measures from the same lysates.
All kits from Mesoscale discovery. Measurements were performed on Mesoscale discovery sector imager 600. For Figure 4D (choles-
terol mutants) purified neurons were replated after FACS and media was collected after 5 days.

Cell viability

From the lysates viability was measured using CellTiter-Glo® Luminescent Cell Viability Assay (Promega) according to manufacturer
instructions with a modified ratio of lysate to CeLLTiterGlo reagent (1:1). CellTiter 96® AQueous One Solution Cell Proliferation Assay
(Promega) and Pierce LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) were performed in 96-well plates in accordance with
manufacturer instructions.

Mass spectrometry sample preparation and LC-MS-MS

The frozen cell pellet was resuspended in an equal volume of water and then vortexed to thaw the sample. We added 100 ul of cell
suspension to 500p1 of 6 Molar Guanidine solution followed by vortexing. The sample was then boiled for 5 minutes followed by 5 mi-
nutes cooling at room temperature, this step was repeated 3 times. The proteins were precipitated with addition of methanol followed
by vortex and centrifugation at 14000 rpm for 10 minutes. The soluble fraction was removed. The pellet was resuspended in 600ul of
8 M Urea made in 100mM Tris pH 8.0 and by vortexing for 5-10 minutes. TCEP was added to final concentration of 10 mM. The sam-
ple was then frozen overnight at —20C. Next day the solution was thawed and vortexed for another 5 minutes until the solution
became clear. Chloro-acetamide solution was added to final concentration of 40 mM and vortexed for 5 minutes. Equal volume
of 50mM Tris pH 8.0 was added to the sample to reduce the urea concentration to 4 M. Lys C was added in 1:500 ratio of LysC
to protein content and incubated at 37C in a rotating incubator for 4-6 hours. Equal volume of 50mM Tris pH 8.0 was added to
the sample to reduce the urea concentration to 2 M. Trypsin was added in 1:50 ratio of trypsin to protein content. Next day the
solution was acidified using TFA (0.5% TFA final concentration) and vortexed for 5 minutes. The sample was centrifuged at 15,
700 g for 5 min to obtain agueous and organic phases. The lower aqueous phase was collected and desalted using 100 mg
C18-StageTips as described by the manufacturer protocol. The peptide concentration of sample was measured using BCA after re-
suspension in sample loading buffer and the total of 2 ug is injected for each label free quantification run. Trypsin-digested peptides
were analyzed by ultra high pressure liquid chromatography (UPLC) coupled with tandem mass spectroscopy (LC-MS/MS) using
nano-spray ionization. The nanospray ionization experiments were performed using a Orbitrap fusion Lumos hybrid mass spectrom-
eter (Thermo) interfaced with nano-scale reversed-phase UPLC (Thermo Dionex UltiMate 3000 RSLC nano System) using a 25 cm,
75-micron ID glass capillary packed with 1.7-um C18 (130) BEH™ beads (Waters corporation). Peptides were eluted from the C18
column into the mass spectrometer using a linear gradient (5%-80%) of ACN (Acetonitrile) at a flow rate of 375 pl/min for 1h. The
buffers used to create the ACN gradient were: Buffer A (98% H,0, 2% ACN, 0.1% formic acid) and Buffer B (100% ACN, 0.1% formic
acid). Mass spectrometer parameters are as follows; an MS1 survey scan using the orbitrap detector (mass range (m/z): 400-1500
(using quadrupole isolation), 120000 resolution setting, spray voltage of 2200 V, lon transfer tube temperature of 275 C, AGC target of
400000, and maximum injection time of 50 ms) was followed by data dependent scans (top speed for most intense ions, with charge
state set to only include +2-5 ions, and 5 s exclusion time, while selecting ions with minimal intensities of 50000 at in which the
collision event was carried out in the high energy collision cell (HCD Collision Energy of 30%), and the fragment masses where
analyzed in the ion trap mass analyzer (With ion trap scan rate of turbo, first mass m/z was 100, AGC Target 5000 and maximum
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injection time of 35ms). Protein identification and label free quantification was carried out using Peaks Studio 8.5 (Bioinformatics
solutions Inc.)

Lipid measurements

For the analysis of cholesterol and its precursors by means of gas chromatography mass spectrometry (GC-MS), treated neurons
were pelleted by centrifugation and resuspended in 50 pL water. 600 uL MTBE and 160 uL methanol was added and samples
were vortexed and shaken at room temperature for 30 minutes. For phase separation 200 pL water was added. Samples were
spun at 16.100 g for 5 minutes and the organic (soluble) extract (350 uL) was separated from the pelleted protein. Extraction was
repeated by the addition of 100 pL methanol, 100 pL water and 300 uL MTBE. After centrifugation the organic extracts were com-
bined (650 pL) and split into two fresh glass vials (one for the total cholesterol fraction (200uL) and one for free cholesterol fraction
(450pL)). Samples were dried under a gentle stream of nitrogen. For free cholesterol analysis, 10 pL of an internal standard solution
(IS) containing 10 png/mL cholestane in MTBE, 50 uL of N-Methyl-N-(trimethylsilyljtrifluoroacetamide (MSTFA), 1 uL of dry pyridine
and 39 pL of MTBE were added to the dried extract. The samples were kept at room temperature for 30 minutes in order to complete
derivatization before injection. For total cholesterol analysis, 10 pL IS solution, 400 uL LC-MS grade water and 100 uL. 10M NaOH
were added and samples were heated to 60°C for one hour. After samples had cooled to room temperature sterols were extracted
twice using 750 pL MTBE. The combined organic extracts were dried under a gentle stream of nitrogen and dissolved in 50 uL of
MSTFA, 1 uL of dry pyridine and 49 pL of MTBE. Samples were kept at room temperature for 30 minutes before injection. GC-MS
analysis was carried out on a ScionTQ GC-MS system (Bruker Daltonics). Helium (99.9990%) was used as carrier gas on an Agilent
VF-6ms column (5% phenyl-methyl; 25 m X 0.25 mm internal diameter; 0.25 um film thickness). The injector was kept at 280°C and
1 uL was injected split-less. The oven program started at 50°C, held for 1 minute, followed by a ramp of 50°C/min to 260°C, continued
to ramp with 4°C/min to 310°C, held for 0.3 minutes. Sterols were identified based on their relative retention time and comparison of
electron ionization mass spectra (Giera et al., 2007; Mdller et al., 2017). For quantification of free and total cholesterol an external
calibration line from 0-500 pg/mL cholesterol was constructed. Total ion current chromatograms were integrated and quantified
by the use of the external calibration lines. Pelleted protein was resuspended in 2% SDS and quantified according to the manufac-
turers instructions using the Pierce BCA Protein Assay Kit (cat. no. 23225).

Quantitative cholesterol ester and phospholipid analysis was carried out using a commercial platform (The Lipidyzer, Sciex,
Redwood, CA, USA). In brief, treated neurons were pelleted by centrifugation and resuspended in 100 uL water and 100 pL internal
standard mixture in methyl-tert.-butyl ether (MTBE). An additional 500 pL. MTBE and 160 pL methanol was added and samples were
vortexed and shaken at room temperature for 30 minutes. For phase separation 200 pL LC-MS grade water was added and samples
were spun for 3 minutes at 16.100 x g. The upper organic layer was transferred to a glass vial. The extraction was repeated after the
addition of 300 uL MTBE, 100 uL methanol and 100 plL water. The combined organic extracts were dried under a gentle stream of
nitrogen and 250 pL running buffer was added. The analysis was carried out using the commercial flow-injection based quantitative
lipidomics platform (The Lipidyzer). For analysis of relative cholesterol ester levels the cumulative concentrations of all cholesterol
esters detected was normalized over the cumulative concentration of all sphingomyelins detected.

Microscopy
After differentiation, neurons were directly fixed or replated on 96-well imaging plates at a density of 2 x 10° living cells per well. Cells
were imaged either 1 week (APPAcholesterol mutants, supplemental 4b) or 2 weeks + 5 days drug treatment (APP9*1-6 lines, Fig-
ure 1C) after replating. Cells were fixed with 4% PFA + 4% sucrose for 15 minutes at room temperature, washed 3 times with PBS,
permeabilized with 0.1% Triton X-100, blocked with 0.5% BSA/PBS for 30 minutes and incubated with primary antibodies in 0.5%
BSA/PBS for 1 hour at room temperature. Cells were subsequently washed 3 times with PBS, incubated with secondary antibodies in
0.5% BSA/PBS for 45 minutes and washed 3 more times with PBS (with the first wash containing 1:1000 DAPI). After 3 washes 100 uL
PBS was added to each well and samples were imaged. The antibodies used for immunofluorescence experiments were anti-total
Tau clone 7 (MAB2239, 1:100, EMD Millipore), anti-pS202/T205 Tau (CP13, 1:50 Peter Davies), anti-pS396/S404 Tau (PFH1, 1:50
Peter Davies), anti-pThr231 conformational (TG3, 1:50 Peter Davies), anti-MAP2 ab5392 (1:1000, Abcam) and anti-neurofilament
131/132 (SMI31) (1:5000, Covance). Anti-Nestin (BD biosciences, Clone 25/NESTIN (RUO), 611658)

S100b (Proteintech, 15146-1-AP) Secondary antibodies were Alexa Fluor anti-mouse, anti-rabbit and anti-chick (Invitrogen) and
used at 1:200. Images for Figures 1E, 6A, S1F, and S4A were acquired on a Leica TCS SPE confocal microscope, images for Figures
S1A, S1B, and S5A were acquired on a Nikon A1 confocal microscope.

RNA expression analysis

For mRNA expression analysis, RNA was isolated using the RNeasy Mini Kit (QIAGEN) and DNase-treated using TURBO DNase
(Ambion) for one hour at 37°C. cDNA was generated from RNA primed with oligo(dT) using the SuperScript First-Strand Synthesis
System (Invitrogen). We performed RT-gPCR using FastStart SYBR Green (Roche) using an Applied Biosystems 7300 RT-PCR
system. Data was analyzed using the delta-Ct method and target genes were normalized to the geometric mean of a housekeeping
gene (RPL27). The following primers were used: HMGCR-F: CGT GGA ATG GCA ATT TTA GGT CC, HMGCR-R: ATT TCAAGC TGA
CGT ACC CCT, LDLR-F: GTC TTG GCA CTG GAA CTC GT, LDLR-R: CTG GAA ATT GCG CTG GAC, PSMB5 FW: GCTACCGGT
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GAACCAGCG, PSMB5 RV: CAACTATGACTCCATGGCGGA, PSMC2 FW: TGAGAGTGGGCGTGGATAGA, PSMC2 RV:
GTACCGGGTGGACCAAAGAG, RPL27-F: AAA CCG CAG TTT CTG GAA GA, RPL27-R: TGG ATA TCC CCT TGG ACA AA.

Quantitative western blot

NPCs were differentiated in 6 wells for 3 weeks and treated for 5 days with compound after which cells were lysed in RIPA Lysis Buffer
(Millipore) with protease (Calbiochem) and phosphatase inhibitors (Halt). Protein concentrations were determined (Pierce BCA Pro-
tein Assay Kit, Thermo Fisher) and normalized. 4x LDS Sample buffer (novex) + B-mercaptoethanol was added to the lysate to
generate a final concentration of 1x sample buffer + 5% B-mercaptoethanol. Samples were boiled (100°C) for 5 minutes. Equal
amounts of lysates were run on NUPAGE 4%-12% Bis-Tris gels (Invitrogen), transferred to nitrocellulose or PVDF membranes,
and blocked for one hour at room temperature using Odyssey Blocking Buffer (LI-COR). Blots were probed overnight at 4°C using
the corresponding primary antibodies followed by IRDye secondary antibodies (LI-COR) at 1:5,000 and images were acquired by
LICOR Odyssey imager. Bands were quantified using ImageJ software. Western blot images within one panel showing a composition
of bands of interest for a particular immunogen are always from the same image (identical blot and exposure), but cropped and
grouped together for clarity. Stiches are indicated by vertical lines. Antibodies used were: anti-Actin (1:50,000; EMD Millipore),
anti-APLP2 (1:1,000; Calbiochem), anti-APP A4 clone 22C11 (1:1,000; EMD Millipore), anti-APP C-Terminal (1:500; EMD Millipore),
anti-pS202/T205 Tau (CP13, 1:500 Peter Davies), anti-pS396/S404 Tau (PHF1, 1:500 Peter Davies), anti-total Tau T6402 (1:1000,
Sigma), anti-total Tau clone 7 (MAB2239, 1:1000, EMD Millipore), anti-histone 3 clone 06-755 (1:1000, Upstate), anti-LC3b
(NB600-1384, 1:1000, Novus biologicals), anti-ubiquitin (MAB1510, 1:250, EMD Millipore), Phospho-4E-BP1 (Thr37/46) (Antibody
#9459, 1:1000 Cell Signaling), p70 S6 Kinase Antibody (Antibody #9202, 1:1000 Cell Signaling), 4E-BP1 Antibody (Antibody
#9452, 1:1000 Cell Signaling) and Phospho-p70 S6 Kinase (Thr389) (108D2, Antibody #9452, 1:1000 Cell Signaling). Vamp2 (aka
synaptobrevin 2) (synaptic systems 104 211) Syntaxin 1 (polyclonal #1379, gift from the Thomas Sudhof lab to the CNCR FGA
department), Synaptotagmin (polyclonal #W855, gift from the Thomas Sudhof lab to the CNCR FGA department), Munc18/STXBP1
(BD biosciences, Clone 31/Munc-18 (RUO), 610337)

Proteasomal levels and activity

After treatment of neurons with the indicated drugs for three days, neurons were incubated with Proteasome activity probe 1 (Berkers
etal., 2007; de Jong et al., 2012) for two hours (250 nM in media). After labeling, cells were harvested and resuspended in HR buffer
(50 mM Tris, 5 mM MgCI2, 250 mM sucrose, 1 mM DTT and 2 mM ATP, pH = 7.4). Cell lysis was achieved by sonication (Bioruptor
Pico, Diagenode, high intensity for 5 minutes with an ON/OFF cycle of 30 s) at 4°C. After a centrifugation step (21.100 g for 15 minutes)
to remove cell debris, protein concentration of the supernatant was determined by a NanoDrop spectrophotometer (Thermo Fisher
Scientific) by measuring the absorbance at 280 nm. Equal amounts of protein were denatured by boiling in LDS (lithium dodecyl
sulfate) sample buffer (Invitrogen Life Technologies, Carlsbad, CA, USA) containing 2.5% B-mercaptoethanol. Polypeptides were
resolved by 12% SDS-PAGE using the NUPAGE system and MOPS running buffer (Invitrogen Life Technologies, Carlsbad, CA,
USA). Wet gel slabs were imaged with a resolution of 50 um, using the Typhoon FLA9800 imaging system (GE), with appropriate filter
settings (A(ex/em) = 480/530 nm). For Western Blot analysis, proteins were transferred onto PVDF membrane using the Trans-Blot
Turbo Transfer System (Bio-Rad). Membranes were blocked with 5% BSA solution and subsequently incubated with primary anti-
body overnight at 4°C. After washing with PBS-Tween 20 (0.2%) membranes were incubated with secondary antibody and signals
visualized by using an Amersham Imager 600 RGB (GE) imager or Odyssey Fc (Li-Cor). Western blot images within one panel showing
a composition of bands of interest for a particular immunogen are always from the same image (identical blot and exposure), but
cropped and grouped together for clarity. Stiches are indicated by vertical lines. Immunoblotting with an antibody against GADPH
or actin was used to verify equal protein loading. Antibodies used were: anti-Actin (1:50,000; EMD Millipore), anti-PSMD7 (1:1000
PSMC2 (D5T1T) Rabbit mAb #14395), anti-PSMBS5 (1:1,000; Enzo Lifesciences, AB_105409012), anti-GAPDH (1:1000; Life Technol-
ogies, AB_2536381). Secondary antibodies used (1:5000) were HRP-conjugated polyclonal swine anti-rabbit (DAKO Cat# P0217)
and HRP-conjugated polyclonal rabbit anti-mouse (DAKO Cat# P0161).

Vectors and viral transduction

pCMV10-CYP46A1-flag vector was a kind gift from Dr. Rodrigues Elsa, University of Lisbon. CYP46A1-Flag was amplified by
primers gtacaaaaaagcaggcttaaatggactacaaagaccatgacgg and GTACAAGAAAGCTGGGTAGCggatccTCAGCAGGGGGGTGGT
and subcloned into the gateway entry vector pENTRrzi and subsequently recombined into the destination vector
pDESTIentiFGA1.0. Viral particles containing the CYP46A1 plasmid, or an GFP-only plasmid (pSyn(pr)EGFPLL3.7) were produced
as described previously (Naldini et al., 1996). In short HEK293T cells were transfected with viral packing plasmids ENV plasmid
p.MDG2:PACK plasmid pCMVAR8.2 together with the transgene vector carrying GFP or CYP46A1. After 24 hours the medium is
replaced, and after 48 hours the medium is harvested and concentrated using amicon filters with 100kDA cutoff (UFC910024,
Millipore). The concentrated virus is then filtered through a 0.2 micron filter, aliquoted and frozen at —80 degrees. For use, virus is
thawed directly prior to vial transduction. For experiments, three week differentiated NPC’s (APPdp1-6) were replated on 96-well
plates (2 x 10° living cells/well) and left to mature for another two weeks, after which they were infected with virus for 24 hours. After
24 hours, and again after 6 days media was replaced with fresh 200 pl NPC base + BDNF/GDNF/cAMP. 13 days after viral transduc-
tion the media was collected for 24-hydroxycholesterol measurements and cells were lysed for pThr231Tau/tTau analysis.
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QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical Analysis
The correlation coefficient (CC) for Figure 3E was calculated in excel using the formula

Correl(X, y)=— =X XV V)

T =X’y -7

All other data was analyzed using GraphPad Prism Software (GraphPad Software). Statistical analysis comparing multiple groups
was performed using a one-way Anova with a Tukey’s multiple comparison test. Statistical analysis comparing two groups (treated
versus untreated groups within the same genotype were calculated using multiple t tests. Data are depicted with bar graphs of the

mean = SEM of all values. Significance was defined as p < 0.05(*** p <0.001, **p < 0.01, *p < 0.05). nindicates independent measures
from independent wells.
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Supplemental Figure 1. Characterization of neuronal cultures and statin effects on pTau
and viability, Related to Figure 1.
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smaller group of nestin-positive neuronal precursor cells and absence/very low abundance of
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astrocytic cells (Yuan et al., 2011). Scale bar represents 100um. (C) Dosage effects of statins
(five day treatment) on neuronal viability as measured by CeLLTiter-Glo luminescent cell
viability assay. (D-E) Effects of a single dose of statins and a known toxic agent (Digitoxin)
(five day treatment) on toxicity (D) determined by lactate dehydrogenase (LDH) released into
the media (mean+SEM, n>3) and (E) cell viability (mean+SEM, n<3) determined by AQueous
one cell viability assay (meantSEM, n>3). (F) Neuronal cultures (differentiated for three
weeks, replated, matured for two more weeks) were treated with atorvastatin or DMSO for five
days and stained for MAP2 and Neurofilament-H. Scale bar represents 100um. (G) Dosage
effects of simvastatin on pThr231Tau/tTau ratio in an additional FAD line from patient 1
(APP?1-2) and in an independent FAD APPY patient line (APP%2-1) (meantSEM, n>3).
Dosage effects are compared to the effect of simvastatin on APP®1-6 from figure 1d. ***

p<0.001, **p<0.01, *p<0.05.
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Supplemental Figure 2. Effect of cholesterol-metabolism targeting compounds on
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Effects of indicated compounds at same concentrations as in Figure 2 and a known toxic agent
(Digitoxin) (five day treatment) on cell viability determined by (A) AQueous one cell viability
assay (mean+SEM, n>3). (B) lactate dehydrogenase (LDH) released into the media
(mean+SEM, n>3). (C) Effect of atorvastatin and atorvastatin washout on pThr231Tau/tTau
ratio in APP%1-6. Neurons were treated for 5 days with DMSO or Atorvastatin and directly
harvested, or after 5 days atorvastatin was washed-out and cells were harvested 2-4 days after
wash out. (D) Purified neurons (NDC line B11 and B10) were treated for three days with
atorvastatin or DMSO and harvested for quantitative mass spectrometry. In total three runs from
three independent experiments were performed (two different experiments with B11 and one
experiment with B10). All proteins that were increased >1.5 fold in all three runs were selected
as hits and plotted by their effect on fold change (meantsem). For complete dataset see Table
S4. Proteins with a role in cholesterol synthesis are indicated in blue. HMGCR, 3-Hydroxy-3-
Methylglutaryl-CoA Reductase; CYP51A1, Cytochrome P450 Family 51 Subfamily A
Member 1 aka Lanosterol 14a-demethylase; SQLE, Squalene Epoxidase; VCL, Vinculin;
SPTANI, spectrin alpha, non-erythrocytic 1; RBM22, RNA Binding Motif Protein 22;
CKMTI1A, Creatine Kinase, Mitochondrial 1A; PSMC2, 26S proteasome regulatory subunit 7;
CPT2, carnitine palmitoyltransferase 2; DHRS7, Dehydrogenase/Reductase 7. (E) Schematic
depicting the identified hits in (D) with a role in cholesterol synthesis. (F) Cell viability
(AQueous one) and (G) compound toxicity (LDH release) of conditions in Figure 2c. Digitoxin
was used as a positive control for cell death (mean+SEM, n>3). (H-I) APP®1-6 Neurons were
treated for 5 days with 20pM fatostatin and mRNA levels of SREBP-target genes (3-hydroxy-
3-methylglutaryl-coenzyme A reductase, HMGCR (H) and Low-Density Lipoprotein Receptor,
LDLR (I)) were determined by quantitative real-time polymerase chain reaction (RT-qPCR)
and normalized over housekeeping genes (RPLP27) (mean+SEM, n>12). (J-K) Differentiated

neurons were transduced with lentivirus carrying CYP46A1 or GFP expression vectors. After
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13 days 24-hydroxycholesterol in media (J) and neuronal pThr231Tau/tTau ratio was
determined (K). (L) APP%1-6 neurons were treated with Atorvastatin (10 pM), AY-9944 (10
uM), T0901317 (10uM), Efavirenz (10uM) and Avasimibe (10uM) and lipid analysis was
performed to measure the proportion of sphingomyelin (SM) and Phosphatidylethanolamine
(PE) (mean+SEM, n>3). (M-O) APP%®1-6 neurons were treated with Atorvastatin (10 uM),
AY-9944 (5 uM), T0901317 (10uM) and Efavirenz (10uM) for three days and lipid analysis
was performed to measure cholesterol precursors. (M) Typical traces from lipid GM-MS
showing detected cholesterol precursors in neuronal cultures treated with indicated inhibitors
(zoomed-in to show precursor peaks). (N-O) Overall precursor levels were low abundant and
could be quantified only for desmosterol (N) and lathosterol (O) (meantSEM). Efavirenz had
previously been shown to increase precursor levels, but in our cultures did not increase (rather
modestly decrease) precursor levels. *In the AY-9944 treated neurons 7DHC and Cholesta-
8,14-dien-3p-0 accumulated as previously reported (Giera et al., 2007). N>4 for all treatments,
expect for desmosterol levels in atorvastatin treated samples, which were below detection in
two out of four samples. ND=not detected. (P) 24-hydroxycholesterol (five day treatment)
levels in media from APP%1-6 neuronal cultures treated with indicated compounds
(mean+SEM, n>3). (Q-V) APP¥1-6 neurons were treated with avasimibe (5uM) and lipid
analysis was performed to measure (Q) total cholesterol (mean+sem, N>8), three day treatment,
(R) free cholesterol (mean+SEM, n>4), three day treatment (S) CE (mean+=SEM, n>8) three
day treatment (T) 24-hydroxycholesterol in media (mean+SEM, n>4) (five day treatment) and
(U) desmosterol and (V) lathosterol both (mean+SEM, n>3) three day treatment. *** p<0.001,

*%p<0.01, *p<0.05.
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Supplemental Figure 3. The effect of CE-reducing drugs on pTau in neurons with

different genetic backgrounds, Related to Figure 3.
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(A) NDC CV4a neurons were treated with indicated compounds; Simvastatin (10 uM),
Atorvastatin (10 pM), Efavirenz (25uM), Avasimibe (10uM) and K604 (50puM)
pThr231Tau/tTau levels were determined by ELISA (meantSEM, n>3). (B) Effect of
simvastatin (10pm) (B) or Efavirenz (10um) (C) treatment on pThr231Tau/tTau in neuronal
lines from indicated NDC and SAD subject iPSC-derived neurons (meantSEM). Same as in
main figure 3b-c but here plotted for individual lines. Indicated (/D) are number of
measurements (n) and number of independent differentiations (D). (D) Effect of atorvastatin
(10pm) treatment on in vitro cultured mouse cortical neurons (mean=SEM, n>3). (E) APP% 1-
6 neurons were treated for indicated time points with atorvastatin. Cell lysates and media were
analyzed by ELISA for pThr231Tau/ tTau and A levels. (F) Schematic overview of the gene-
editing strategy to generate an isogenic APP™" line in APP-genetic background. The original
patient has a duplication of APP (three copies of the gene for APP). Cutting by CRISPR/Cas9
at indicated sites (red scissors) causes the excision of the duplication site between cut-sites and
correction of copy number. Non-homologues end-joining (NHEJ) insertion/deletion errors
(indel) generated during the repair introduce respective premature stop-codons in the two
remaining alleles as indicated. (G) Copy number analysis (digital karyotyping) of the region
with APP duplication for a non-demented control genome, Down syndrome genome
(duplication of the entire chromosome 21) and APP® line before (3 copies of APP) and after
(“corrected to 2 copies of APP”) gene editing showing copy number correction. (H) Sequencing
results from TOPO-cloning of the individual alleles verifying a “GA” deletion on one allele
and an “A” insertion in the other allele, compared to wildtype sequence (APPdp) (upper box)
generating a premature stop. (I) pThr231Tau/tTau ratio in isogenic purified APP® (APP¥®1-2)
and APP™!" (APPdp1KO) neurons (five days after sort) (mean=SEM, n>3). *** p<0.001,

**p<0.01, *p<0.05.
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Supplemental Figure 4. Characterization of APP-Acholesterol neurons, Related to Figure

4.
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(A) Analysis of APP-protein level in control and mutant lines, showing normal expression of
full-length APP. Image is a composite of different loading positions on same blot, stich is
indicated by vertical line. (B) Immunofluorescence staining of wild type and indicated APP-

Acholesterol neurons showing neuronal morphology and polarization. Scale bar represents

100pum.
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Supplemental Figure 5. Characterization of drug-treatment effects on neuronal cultures

and pTau-mediated turnover by the proteasome, Related to Figure S.
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(A) The effect of Efavirenz (five day treatment, 10uM, APP®1-6 neurons) on Tau levels and

Tau phosphorylation as assessed by western blot (see quantification in main figure 5B). Image
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is a composite of different loading positions on same blot, stich is indicated by vertical line. (B)
Neuronal (MAP2), precursor (Nestin) and astrocyte (S100b) staining of three-week
differentiated non-replated neurons (conditions used for western blot) after five day treatment
with DMSO, Simvastatin (10pum), Atorvastatin (10pum) or Efavirenz (25um) in CV4a neurons.
High non-specific background staining for S100b was observed in this line, arrows indicate
examples of low abundant above-background S100b positive cells. Scale bar represents 200pm.
(C) Western blot analysis of indicated synaptic proteins after treatment with DMSO,
Atorvastatin (10um), T0901317 (10um) Efavirenz (25um) (five day treatment, APP¥1-6
neurons). Image is a composite of different loading positions on same blot, stiches are indicated
by vertical lines. (D) Western blot analysis of housekeeping genes and neuron-specific enolase
(NSE) after treatment with DMSO or Atorvastatin (10um) (five day treatment, APP®1-6
neurons). Image is a composite of different loading positions on same blot, stiches are indicated
by vertical lines. (E) APP1-6 neurons were treated for indicated time points with atorvastatin.
Cell lysates were analyzed by ELISA for pSer9GSK3b/ tGsk3b (mean=SEM, n>3). (F) APP%1-
6 neurons were treated for 3 days with 25uM chloroquine (inhibitor of lysosomal acidification
and autophagosomal degradation) or S5uM MG-132 (proteasomal inhibitor) and cell viability
was determined (meantsem, N>3). (G) APP%1-6 neurons were treated for 3 days with 1.25nM
okadaic acid (phosphatase inhibitor) and pGSK3b/GSK3b levels were determined by ELISA
as a measure of phosphatase inhibition (mean+sem, N>3). (H-I) APP%1-6 neurons were treated
for 3 days with 10uM atorvastatin in the presence of 25uM chloroquine (H) or 5uM MG-132
(I). Lysates were collected and assessed by western blot staining with antibodies against (H)
microtubule-associated protein 1A/1B-light chain 3 (LC3) to show inhibition of autophagic flux
by chloroquine and staining with antibodies for (I) ubiquitin to show accumulation of
ubiquitinated proteins in MG-132 treated samples. (J) APP%1-6 neurons were treated for 3 days

with SuM MG-132, fixed and stained with a total Tau antibody. (K) tTau/total protein levels
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and (L) pThr231Tau/total protein in APP neurons co-treated with atorvastatin (10um) and the
proteasome inhibitor (MG132, 5uM) for 3 days as measured by ELISA. Results are averages
from two independent APP® lines (APP¥ 1-6 and 2-1) (mean+SEM, n>3 per line). (M)
pThr231Tau/tTau levels in WT neurons co-treated with atorvastatin (10pm) and a proteasome
inhibitor (MG132, 5uM) for 3 days as measured by ELISA. Results are averages from two
independent WT lines (CV4a and line 151) (meantsem, N>3 per line). MG-132 is unstable in
solution and was therefore added fresh every day in all experiments. (N) APP®1-6 Neurons
were treated for indicated time points with 10puM atorvastatin and mRNA levels of proteasomal
subunits PSMBS and PSMC2 were determined by quantitative real-time polymerase chain
reaction (RT-qPCR) and normalized over housekeeping genes (RPLP27) (mean+SEM, n>3).
(O) APP%1-6 neurons were treated for 5 days with DMSO, 10uM atorvastatin or Torinl (an
mTor inhibitor) and phosphorylation status of mTor target proteins was determined by western
blot. Image is a composite of different loading positions on same blot, stiches are indicated by
vertical lines. (P) APP1-6 neurons were treated for indicated time points with DMSO or 10uM
atorvastatin and phosphorylation status of the mTor target 4EBP1 was determined by ELISA
(mean+SEM, n>3) (Q) Positive control for 4EBP ELISA. APP®1-6 neurons were treated for
three days with insulin containing media or insulin-free media and phosphorylation status of
the mTor target 4EBP1 was determined by ELISA (mean+SEM, n>3). *** p<0.001, **p<0.01,

*p<0.05.
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Supplemental Figure 6. Astrocytic and neuronal viability in response to statins and

efavirenz, Related to Figure 6.
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iPSC-derived APP2-1astrocytes were treated for three days with increasing concentrations of
(A) simvastatin, (B) atorvastatin and (C) efavirenz and viability was determined (cell titer glo).
(D) APP™! (APPdp1KO) neurons were treated for five days with increasing concentrations
efavirenz and pThr231Tau/Tau levels, 24-hydroxycholesterol levels and viability was

measured (mean+SEM, n>3).
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Supplemental Table 2. Coefficient of variation for screening campaign, Related to

Figure 1.

ptau/total tau ratio Cell Titer Glo
plate # ave std dev | cv ave std dev v
1 4.89 1.05 0.21 427566 87006 0.20
2 4.38 0.76 0.17 439798 105410 0.24
3 4.80 0.68 0.14 417468 46284 0.11
4 4.42 0.71 0.16 413676 65711 0.16
5 6.05 0.72 0.12 540691 134415 0.25
6 6.88 0.60 0.09 538648 128503 0.24
7 5.87 1.64 0.28 252201 42936 0.17
8 5.79 1.69 0.29 237674 55155 0.23
9 5.03 1.12 0.22 193892 56904 0.29
10 5.30 1.14 0.21 276671 43889 0.16
11 4.36 1.01 0.23 202913 60936 0.30
12 5.18 1.15 0.22 215490 47718 0.22
13 5.15 1.23 0.24 221407 75762 0.34
14 4.30 0.65 0.15 224197 41101 0.18
15 6.07 1.47 0.24 233372 57994 0.25
16 7.76 0.69 0.09 534782 49171 0.09
17 6.57 1.30 0.20 377836 67072 0.18
18 4.38 1.04 0.24 333269 51268 0.15
19 4.99 1.35 0.27 336305 76970 0.23
20 5.09 0.94 0.19 421618 90686 0.22
AVERAGE CV AVERAGECV
0.20 0.21

Coefficient of variation (CV) for pThr231Tau/tTau and cell titer glo in DMSO-treated
samples for each of the 20 384 well plates used for the screening campaign (primary screen,
conformation, dose response experiments)
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Supplemental Table 5. Absolute levels of cholesterol, Related to Figure 2.

free cholesterol ng/ug protein total cholesterol ng/ug protein

mean stdev mean stdev
DMSO 85.9 1.6 119.1 10.1
Atorvastatin 89.5 6.3 99.4 8.3
AY-9944 67.2 2.5 76.6 4.5
T0901317 73.0 6.9 104.2 8.2
Efavirenz 75.1 6.6 88.1 4.5
Avasimibe 88.2 8.4 98.7 9.8

Table depicts the absolute levels of free cholesterol (N=8) and total cholesterol (N=4) over
protein corresponding to the relative levels plotted in figure 2d and e.
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Supplemental Table 6. Oligonucleotides used in this study, Related to STAR methods.

Oligonucleotides Source Identifier
5’tattgcatttagaaattaaaattctttttcttaatttgttttcaaggtgtecttt
geagecgatgtgggticaaacaaaggtgcaatcattggactcatggtgg | This Paper E693A Repair Oligo
geggtgtigtcatage3’
5’ttatattgcatttagaaattaaaattctttttcttaatttgttttcaaggtgttc
getgeageegatgtgggttcaaacaaaggtgcaatcattggactcatgg | This Paper E693A+F691A Repair Oligo
tgggeggtgttgtcat3d’
5'CTTCCTCGAACTGGGGAAGCS’ This Paper ]’;I;flecrh"l mut region forward
5’TCACGGTAAGTTGCAATGAATGA3’ This Paper APP Chol mut region reverse primer
5'CCAACCAGTTGGGCAGAGAAS3’ This Paper | PP Chol mut genomic DNA
Sequencing Primer
5’CGTGGAATGGCAATTTTAGGTCC3’ This Paper HMGCR-F (qPCR)
HMGCR-R (qPCR): .
5’ ATTTCAAGCTGACGTACCCCT3’ This Paper | HIMGCR-R (4PCR)
LDLR-F (qgPCR): ) .
5’GTCTTGGCACTGGAACTCGT3’ This Paper LDLR-F (qPCR)
LDLR-R (qPCR): .
5°CTGGAAATTGCGCTGGACS’ This Paper | LDLR-R (qPCR)
5’GCTACCGGTGAACCAGCG3’ This Paper PSMB5 FW (qPCR)
5’CAACTATGACTCCATGGCGGA3’ This Paper PSMBS5 RV (qPCR)
5’TGAGAGTGGGCGTGGATAGA3’ This Paper PSMC2 FW (qPCR)
5’GTACCGGGTGGACCAAAGAG3’ This Paper PSMC2 RV (qPCR)
5’AAACCGCAGTTTCTGGAAGA3’ This Paper RPL27-F (qPCR)
5’TGGATATCCCCTTGGACAAA3Z’ This Paper RPL27-R (qPCR)
5’gtacaaaaaagcaggcttaaatggactacaaagaccatgacgg3’ | This paper CYP46A1 PCR primer 1
5’GTACAAGAAAGCTGGGTAGCggatccTCAGC This paper CYP46A1 PCR primer 2

AGGGGGGTGGT3’
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Abstract

Amyloid beta (AB) is a major component of amyloid plaques which are a key
pathological hallmark found in brains of Alzheimer’s Disease (AD) patients. AB 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 AB. 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 (flIAPP)
dimerization and reduces full length APP interaction with BACE1. In contrast,
atorvastatin treatment caused a decrease in BCTF dimerization and a decrease in
BCTF 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
AB production. Additionally, we show that statins are effective at lowering Ap 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 AR by decreasing BACE1
interaction with fIAPP and by decreasing y-secretase interaction with BCTF and
suggest that these changes may be mediated by alterations in fIAPP and BCTF

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 (AB) and accumulation of intracellular
hyperphosphorylated Tau protein (pTau) (1). The amyloid cascade hypothesis, a
dominant hypothesis in the AD field, proposes that A is the causative agent in AD and
that changes in AR cause downstream accumulation of pTau which can lead to the
neurodegeneration that occurs in AD (2—7). Thus, understanding the mechanism of A3
generation is a major area of interest to AD researchers.

AB 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 (B-secretase BACE1 to generate two protein fragments:
soluble APP 8 (sAPPB) and a B C-terminal fragment (BCTF). sAPP is released into
the extracellular space. BCTF is cleaved by y-secretase which releases the APP
intracellular domain (AICD) into the cytosol and generates AB peptides of various
lengths. AB40, a 40 amino acid peptide is the major species generated. AB42, 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 AB species.(1)

In the alternative, non-amyloidogenic pathway, APP is first cleaved by a-
secretase to generate soluble APP a (sAPPa) and a C-terminal fragment (aCTF).

sAPPa is released into the extracellular space. aCTF 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-1, 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 AP 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
B-CTF dimerization and in part mediate flAPP dimerization (30-35). The APP
ectodomain can also contribute to dimerization of fIAPP (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 AB42 (34, 36). These results indicate that BCTF dimerization
may promote APP processing to AB42. However, these claims have been refuted by
two studies which instead of disrupting APP dimerization, induced or enriched for CTF
dimers. These studies showed that BCTF dimers are less susceptible to processing by
y-secretase (37, 38). Another study showed that inducing dimerization of fIAPP caused
an increase in fIJAPP and a mild decrease in sAPPB (37, 39), suggesting that
dimerization may additionally inhibit processing of fIAPP 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 fIAPP interaction with BACE1.
Atorvastatin treatment additionally caused a decrease in BCTF dimerization along with
a decrease in BCTF 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 AB levels. Collectively, our data
elucidates a pathway by which reductions in cholesterol/CE can reduce APP

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

dimerization and decreased BCTF dimerization.

Results
Atorvastatin causes a reduction of secreted AB42 and AB40 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 fIAPP
dimerization (WwtAPPvc). We made BCTFvn and BCTFvc constructs to study the effects
of atorvastatin on BCTF dimerization. We also made two constructs that we can co-
transfect with BCTFvn to study BCTF-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

61



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 AB42 (Fig.
1A), AB40 (Fig. 1B), sAPPB (Fig. 1C) and sAPPa (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 AB42 (Fig. 1A), and AB40
(Fig. 1B) measured in conditioned media from transfected cells. Treatment with a
BACE1 inhibitor (BIV) reduced sAPPB (Fig. 1C) and did not significantly change
sAPPa (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 AB42 and AB40 that we previously observed in
hiPSC derived neurons(44). MSD-ECL based measurements revealed that
atorvastatin treatment reduced both AB42 (Fig. 1A), AB40 (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 AB42 (Fig. 1A), and AB40

(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 sAPPB, sAPPaq, and
fIAPP. Atorvastatin treatment of wtAPPvc transfected cells caused a reduction in levels
of the BACE1 cleavage product sAPP (Fig. 1C) and the a-secretase cleavage product
sAPPa (Fig. 1D) suggesting that atorvastatin may block a-and B-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 a- and
B- secretase cleavage (sAPPa and sAPP[3 respectively) and reduces AB40 and AB42
while concurrently increasing levels of flJAPP. Together, these data suggest that
atorvastatin treatment reduces BACE1 mediated processing of APP leading to an

accumulation of fIAPP.

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 AB42 and AB40 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(l) substitution for each of the four glycines in the
three tandem GXXXG domains. This gave us G25I, G29I, G33I, and G371 split Venus
pairs (AR 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, G33Il, and G371 split Venus pair transfected
cells. Venus median fluorescence intensity was quantified for each condition. G33lI
mutations caused a significant decrease in APP dimerization (Venus median
fluorescence intensity) while G251, G291, 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 G331 mutation in BCTF but not fIAPP 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 G383 is an important residue in the GXXXG motif that
regulates fIAPP and/or BCTF dimerization.

To determine whether mutations in the GXXXG motif influence APP processing,
we measured AB42 and AB40 in conditioned media from HEK cells transfected with
the WT, G251, G29I, G33Il, and G37I split Venus pairs. We observed that all four
mutations caused a reduction in AB42 (Fig. S5C). All mutations except for G251 caused
a reduction in AB40 (Fig. S5D). These results show that mutations in the GXXXG motif
cause reductions in APP processing to A that are independent of APP dimerization.
These results confirm previous studies that show that mutations within the A
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-
BACE?1 interaction.

We used this split Venus assay to measure the effects of atorvastatin on APP-
BACE?1 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-BACE?1 interaction in transfected HEK cells

and in hiPSC derived neurons.

Atorvastatin decreases BCTF dimerization

To determine whether atorvastatin treatment influences dimerization of BCTF,
we used the split Venus BIiFC system. We co-transfected HEK cells with two
constructs, BCTF tagged with the Venus C-terminus (BCTFvc) and BCTF tagged with
the Venus N-terminus (BCTFvn) as well as a soluble mCherry construct for cell
selection. When BCTF dimerizes we can detect a Venus signal and use this as a

measure of BCTF dimerization (Fig. 4A). Cells were gated in the same way as
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described above. Analysis of Venus median fluorescence intensity (BCTF
dimerization) was performed only on transfected cells.

We performed a control experiment to determine whether the Venus signal in
this assay is specific to BCTF dimerization rather than non-specific reconstitution of
the Venus signal. When BCTFvn is co-transfected with a plasmid expressing just the
vc fragment and when BCTFvc is co-transfected with a plasmid expressing just the vn
fragment, we see very little signal compared to when BCTFvn and BCTFvc are co-
transfected together (Fig. S7 A&B). This experiment shows that the Venus signal in
this assay is specific to BCTF dimerization.

We used this split Venus assay to measure the effects of atorvastatin on BCTF
dimerization. Figure 4B shows flow cytometry histogram data for BCTFvc and BCTFvn
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 BCTF dimerization (Fig. 4B&C).

Atorvastatin decreases BCTF-PS1 and BCTF-PS2 interaction

To determine whether atorvastatin treatment influences interaction of BCTF 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 BCTF tagged with the Venus N-terminus

(BCTFvn) as well as a soluble mCherry construct for cell selection. When BCTFvn and
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PS1vc or PS2vc interact, we can detect a Venus signal and use this to quantify BCTF-
PS1 or BCTF-PS2 interaction (Fig. 5A). Cells were gated in the same way as described
above. Analysis of Venus median fluorescence intensity (BCTF-PS1 or BCTF-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 BCTF-PS1 and BCTF-PS2 interaction.

We used this split Venus assay to measure the effects of atorvastatin on BCTF-
PS1 and BCTF-PS2 interaction. Figure 5B shows flow cytometry histogram data for
PS1vc or PS2vc and BCTFvn 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 BCTF-PS1 and BCTF-

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 fIAPP and a reduction of sAPPf3 and sAPP«
but no change in BACE1 levels in iPSC derived neurons

To determine whether the mechanism by which atorvastatin reduces APP
processing to AB 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 sAPP (Fig. 6A) and sAPPa
(Fig. 6B) in conditioned media from WT neurons after atorvastatin treatment. This
observation suggests that atorvastatin treatment interferes with APP processing by a-
secretase and BACEH1. If this is true, then atorvastatin treatment would cause less
cleavage of fIAPP to sAPPR by BACE1 and less cleavage of fIAPP to sAPPa by a-
secretase and we would expect to see an accumulation of flIAPP. (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 fTAPP 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 aCTF and no change in BCTF

When fIAPP is cleaved by BACE1 to generate sAPPB and BCTF they are
produced in equimolar quantities (Fig. 9A). Since we observed atorvastatin induced
decreases in SAPPf levels, we hypothesized that we would also observe a decrease
in BCTF levels after atorvastatin treatment. Surprisingly, there was no significant
change in BCTF 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 BCTF to AR by y-secretase.

When fIAPP is cleaved by a-secretase to generate sAPPa and aCTF, they are
produced in equimolar quantities (Fig. 9A). Since we observe a reduction in sAPPa
after atorvastatin treatment, indicating a reduction in a-secretase processing, we
hypothesized that we would observe a decrease in aCTF levels after atorvastatin

treatment. Interestingly, a-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 aCTF 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

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

Statins reduce AB42 and Ap40 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 AR
and APP (51). Here, we invert the question and ask whether the effects of statins on
AB are dependent on Tau. We treated both WT and Tau KO iPSC derived neurons
with DMSO, atorvastatin or simvastatin and measured the effects on AR levels.
Simvastatin and atorvastatin reduced AB42 (Fig. S9A) and AB40 (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 AB occur independently of their effects on Tau.
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Additionally, these results show that the effects of statins on AB42 and AB40 are not
limited to atorvastatin. Simvastatin is also effective at lowering AB42 and AB40 in

hiPSC derived neurons.

Cholesterol/CE lowering drugs cause a reduction of secreted AB42 and AB40 in
hiPSC derived neurons

We tested the hypothesis that AB 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 AB42 (Fig. 8B) and AB40 (Fig. 8C) secretion showing that statins can lower A3
secretion in neurons from individuals with familial AD. Supplementation with MVA
rescued the effect of simvastatin treatment on both Ap42 (Fig. 8B) and AB40 (Fig. 8C)
levels indicating that the effects of statins on AR 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 AB42 (Fig. 8B)
and Ap40 (Fig. 8C) secretion. This shows that levels of secreted AB42 and AB40 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 AP 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 AB42 (Fig. 8B) and AB40 (Fig.
8C). Together, these data indicate that CE regulate levels of A in human iPSC derived

neurons.

Simvastatin reduces secreted AB42 and AB40 from neurons derived from NDC
and SAD subjects

We showed that atorvastatin and simvastatin can lower AB 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 AB42 and AB40.
Simvastatin treatment reduced both AB42 (Fig. 8D) and AB40 (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 A3 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
AB. We made three principal observations: Simvastatin reduces A secretion in SAD
and FAD patient derived neurons. Statins reduce APP processing to AB by reducing
APP interaction with the secretases and by altering APP dimerization. And, cholesteryl

esters reduce AP levels through a Tau independent mechanism.

Statins reduce APP processing to AB 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 AB42 and AB40 by reducing APP interaction
with BACE1 and y-secretase. These changes are tightly correlated with atorvastatin
induced increases in fTAPP dimerization and atorvastatin induced decreases in BCTF

dimerization. We propose a model in which atorvastatin treatment inhibits processing
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by BACE1 and y-secretase by inducing fIAPP dimerization and inhibiting BCTF
dimerization (Fig. 9B)

BCTF dimerization has previously been shown to exert effects on APP
processing by y-secretase. When we reduce BCTF dimerization with statins, we see
reductions in AB secretion and reductions in BCTF interaction with PS1 and PS2. This
can be interpreted in two ways. First, statins may have a direct effect on BCTF
dimerization, and the reduced dimerization may cause reduced processing by y-
secretase. Alternatively, statins may have a direct negative effect on BCTF 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 AP 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 BCTF processing
by y-secretase (38, 53). In light of these studies, our data may suggest that reduced
dimerization of BCTF 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 BCTF
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 flIAPP
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dimerization on APP processing by BACE1(45, 46). The most direct study of the effects
of fIAPP dimerization on processing showed that inducing dimerization of fIAPP using
a chimeric APP-FKBP protein which can be induced to dimerize by addition of an FKBP
binding drug led to an increase in fIAPP and a mild reduction in SAPPf3 suggesting that
fIAPP dimerization may decreases fIAPP 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 A3 secretion.

The mechanism by which APP dimerization alters interaction with the
secretases has not been fully elucidated. One possibility is that the induction of flIAPP
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 Ap through a Tau independent mechanism

Many previous studies have investigated the effect of statins on APP processing
and AR levels. Most of these studies show that statins reduce A levels, however, there
doesn’t appear to be a consensus on one pathway by which statins reduce A levels.
(42, 43)

Statins have pleiotropic effects on several pathways that may influence AR
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 A 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 AB 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 AR 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 AB (51). We show here that
CE also causes a reduction of AR levels that is independent of Tau by showing that
simvastatin reduces AB in both WT and Tau KO neurons. This suggests that in addition

to previously defined pathways in which AR and Tau can work together in the same
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pathway, AB 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 A 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 A 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 AR 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 AR reducing drugs have led researchers to
question whether reducing AB will be an effective way to treat or prevent AD. Whether
AB 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 A 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 APPd AD-patient iPSC lines used here are; APP1-6 (derived from iPSC-
line APP%1.1 (RRID:CVCL_EJ96) in (78)) , APPd1-2 (derived from iPSC-line
APPd1.2 (RRID:CVCL_EJ97) in (78)) and APP92-1 (derived from iPSC-line APP92.3
(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 x 105 FACS-
purified iPSC TRA1-81+* cells were seeded onto two 10 cm plates that were seeded
the previous day with 5 x 105 PA6 cells and were cultured in PA6 differentiation media
(450ml Glasgow DMEM, 50mlI KO Serum Replacer, 5ml sodium pyruvate, 5ml
Nonessential Amino Acids) + 10um SB431542+ 0.5ug/ml Noggin. On the 11t day,
cells were dissociated with Accutase and ~5 x
10° 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 (-
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)

AB, sAPPB, and sAPPa 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 x10° 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 x105 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 AR measurements, 25 uL of the culture media was run on a V-PLEX AB
Peptide Panel 1 (6E10) (K150SKE) kit. For all sSAPP measurements, 25ul of the culture
media was run on a MULTI-SPOT sAPPa/sAPP( 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 yM 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 1X81 inverted epifluorescence microscope. Z-stack
images were captured using a 100x objective (imaging parameters: 0.4 um z-step,
400-800 ms exposure, and 1x1 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 ROls.
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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 (2x10° 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 x10° 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 NPO0007) + (-
mercaptoethanol was added to the lysate to generate a final concentration of 1x
sample buffer + 5% B-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 x10° 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 Il 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 uM atorvastatin, 4 uM 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)
ApB42 levels (B) AB40 levels (C) sAPP levels and (D) sAPPa levels from conditioned
media were determined by MSD-ECL. (mean + SEM, n = 3) (E) Levels of fIAPP were
determined by western blot.
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Figure 3.2: Atorvastatin increases fIAPP 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 uM 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 uM
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 fIAPP-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-fIAPP interaction gives rise
to Venus fluorescence. (B&C) HEK cells were plated in DMSO or 10 uM 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-fIAPP interaction (Venus median fluorescence intensity) (mean +
SEM, n =3). (D) iPSC derived WT neurons were plated in DMSO or 10 uM 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 BCTF dimerization (A) Two BCTF constructs
were tagged to complementary n-terminus (vn) or c-terminus (vc) fragments of Venus
fluorescent protein (VFP). Dimerization of BCTF gives rise to Venus fluorescence. (B-
C) HEK cells were plated in DMSO or 10 uM atorvastatin. 24 hours later, cells were
transiently transfected with BCTFvn, BCTFvc, 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 BCTF dimerization (Venus median fluorescence intensity)
(mean = SEM, n = 3).
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Figure 3.5: Atorvastatin decreases BCTF-PS1 and BCTF-PS2 interaction (A) PS1
and a PS2 constructs were each tagged to the c-terminus (vc) fragment of Venus
fluorescent protein (VFP). A BCTF plasmid was tagged to the complementary Venus
n-terminus (vn). PS1vc or PS2vc was co-transfected with CTFvn. PS1-BCTF and
PS2-BCTF interaction gives rise to Venus fluorescence. (B-E) HEK cells were plated
in DMSO or 10 uM Atorvastatin and then transiently transfected 24 hours later. Cells
were analyzed 16 hours after transfection. (B) Histograms showing flow cytometry
analysis of PS1- BCTF interaction (Venus median fluorescence intensity). (C)
Quantification of flow cytometry analysis of PS1-BCTF interaction (Venus median
fluorescence intensity). (mean + SEM, n = 3) (D) Histograms showing flow cytometry
analysis of PS2-BCTF interaction (Venus median fluorescence intensity). (E)
Quantification of flow cytometry analysis of PS2-BCTF interaction (Venus median
fluorescence intensity) (mean + SEM, n = 3).
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Figure 3.6: Atorvastatin treatment causes a reduction of sAPPf3 and sAPPa,
accumulation of fIAPP and but no change in BACE1 levels (A-F) WT neurons were
treated with DMSO or 10 uM Atorvastatin for 5 days. Levels of (A) sAPP and (B)
sAPPa were determined by MSD-ECL. Levels of (C) fIAPP 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 aCTF and no change
in BCTF (A-E) WT neurons were treated with DMSO or 10 uM Atorvastatin for 5 days.
(A) Levels of aCTF and BCTF were determined by western blot (B) quantification of
BCTF (C) quantification of aCTF (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 Ap42
and AB40 (A) Diagram of the mevalonate pathway and compounds used in this study
(B&C) APP9r1-6 mixed culture neurons were treated with inhibitors of specific steps in
the mevalonate pathway; atorvastatin (10 uM), simvastatin (10 uM), YM-53601
(10 pM), avasimibe (10 uM) for 5 days. For indicated conditions, mevalonate (MVA,
0.5mM) was added to the media at t=0. (B) AB42 levels and (C) AB40 levels were
determined by MSD-ECL (mean + SEM, n = 3). (D-E) Effect of 5 day simvastatin
(10 uM) treatment on (D) AB42 levels (E) AB40 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.
fIAPP dimerizes and accumulates while sAPPa and sAPP decrease. These changes
are accompanied by reduced APP-BACE1 interaction, suggesting reduced -
secretase cleavage. aCTF accumulates and BCTF remains unchanged while AR
secretion is reduced. These changes are accompanied by reduced PS1-BCTF and
PS2-BCTF 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 uM 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 AB42 and AB40 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 maotifs.
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) AB42
levels and (D) AB40 levels from conditioned media were determined by MSD-ECL
(mean = SEM, n = 3).
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Supplemental Figure 3.6: Validation of fIAPP-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 BCTF 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
BCTF dimer pair non-specifically interacts with co-transfected VN or VC protein. (A)
Histograms showing flow cytometry analysis of BCTF dimerization (Venus median
fluorescence intensity). (B) Quantification of flow cytometry analysis of BCTF
dimerization (Venus median fluorescence intensity) (mean = SEM, n = 3).
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Supplemental Figure 3.8: Validation of BCTF-PS1 and BCTF-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-BCTF or PS2-BCTF interaction (Venus median fluorescence intensity). (B,D,F)
Quantification of flow cytometry analysis of PS1-BCTF or PS2-BCTF interaction
(Venus median fluorescence intensity) (mean + SEM, n = 3).
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Supplemental Figure 3.9: Statins reduce AB42 and AB40 secretion in both WT
and Tau KO human iPSC derived neurons WT or Tau KO neurons were treated with

DMSO or 10 uM Atorvastatin for 5 days._(A) AB42 levels and (B) ApB40 levels were
determined by MSD-ECL (mean + SEM, n = 3).
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Mounting evidence suggests that alterations in cholesterol
homeostasis are involved in Alzheimer’s disease (AD) pathogen-
esis. Amyloid precursor protein (APP) or multiple fragments
generated by proteolytic processing of APP have previously
been implicated in the regulation of cholesterol metabolism.
However, the physiological function of APP in regulating lipo-
protein homeostasis in astrocytes, which are responsible for de
novo cholesterol biosynthesis and regulation in the brain, remains
unclear. To address this, here we used CRISPR/Cas9 genome edit-
ing to generate isogenic APP-knockout (KO) human induced plu-
ripotent stem cells (hiPSCs) and differentiated them into human
astrocytes. We found that APP-KO astrocytes have reduced
cholesterol and elevated levels of sterol regulatory element-bind-
ing protein (SREBP) target gene transcripts and proteins, which
were both downstream consequences of reduced lipoprotein
endocytosis. To elucidate which APP fragments regulate choles-
terol homeostasis and to examine whether familial AD muta-
tions in APP affect lipoprotein metabolism, we analyzed an iso-
genic allelic series harboring the APP Swedish and APP V717F
variants. Only astrocytes homozygous for the APP Swedish
(APPSY¢/5%e) mutation, which had reduced full-length APP (FL
APP) due to increased B-secretase cleavage, recapitulated the
APP-KO phenotypes. Astrocytic internalization of B-amyloid
(AB), another ligand for low-density lipoprotein (LDL) recep-
tors, was also impaired in APP-KO and APPS¥®/5*¢ astro-
cytes. Finally, impairing cleavage of FL APP through f-secre-
tase inhibition in APPSV*/S*¢ astrocytes reversed the LDL and
A B endocytosis defects. In conclusion, FL APP is involved in the
endocytosis of LDL receptor ligands and is required for proper
cholesterol homeostasis and A B clearance in human astrocytes.
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Alzheimer’s disease (AD)? is a progressive and irreversible
neurodegenerative disease that is the most common form of
dementia in the elderly (1). Genetically, AD can be subdivided
into two subgroups: early onset, familial Alzheimer’s disease
(FAD) and late onset, sporadic Alzheimer’s disease (SAD) (2).
Although FAD can be attributed to rare and highly penetrant
mutations in amyloid precursor protein (APP), presenilin-1
or presenilin-2, the precise etiology of SAD is unknown (3).
Recently, several lines of evidence have implicated cholesterol
metabolism as a common biological pathway involved in FAD
and SAD. The €4 allele of APOE, the major cholesterol carrier
of the brain, is the strongest known genetic risk factor in AD (4,
5). Genome-wide association studies have identified additional
mutations in lipid metabolism-related proteins like APOJ/
Clusterin and ABCA7 as other highly-associated risk factors
(6). Finally, retrospective studies, although controversial, have
suggested that use of the cholesterol-lowering statins lowers
the risk for AD (7-9).

APP is a ubiquitously expressed, single-pass, type I trans-
membrane protein that is thought to have multiple putative
biological functions (10). The functional heterogeneity of APP
may stem from its multiple proteolytic fragments, which are
generated by two major pathways: nonamyloidogenic cleavage
via sequential proteolysis by a- and then y-secretase or amy-
loidogenic cleavage by B- and then vy-secretase. APP or various
proteolytic fragments of APP have recently been implicated in
the control of brain cholesterol metabolism via regulation of
LDL receptor-family mRNA and protein (11-15). Normally,
low intracellular cholesterol levels induce cholesterol biosyn-
thesis via intricate transcriptional and posttranslational mech-
anisms involving increased proteolytic processing of SREBPs,
which result in up-regulated cholesterol biosynthesis enzymes
and increased internalization of extracellular cholesterol via

2 Theabbreviations used are: AD, Alzheimer’s disease; APP, amyloid precursor
protein; CTF, C-terminal fragment; AB, amyloid-B; KO, knockout; hiPSC,
human induced pluripotent stem cell; iPSC, induced pluripotent stem cells
LDL, low density lipoprotein; LDLR, low density lipoprotein receptor;
SREBP, sterol-regulatory element-binding protein; BBR, berberine; SREBP,
sterol regulatory element-binding protein; qRT-PCR, quantitative RT-PCR;
NPC, neural precursor cell; HMGCR, HMG-CoA reductase; sAPP, soluble
APP; FL, full length; Tfn, transferrin; SAD, sporadic Alzheimer’s disease; FAD,
familial Alzheimer’s disease; BSI, B-secretase inhibitor; DMEM, Dulbecco’s
modified Eagle’s medium; RI, ROCK inhibitor; FBS, fetal bovine serum; Bis-
Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; MEF,
mouse embryonic fibroblast.
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Figure 1. Generation of APP-KO hiPSCs using CRISPR/Cas9-targeted genome editing. A, diagram of CRISPR/Cas9 workflow to generate isogenic hiPSCs.
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LDL receptors. In contrast, high-intracellular cholesterol levels
inhibit the proteolytic processing of SREBP and thus turn off
cholesterol biosynthesis and uptake (16). Regulation of LDL
receptor mRNA and protein is also relevant to mechanisms of
AP clearance in the brain because LDL receptors like low-den-
sity lipoprotein receptor (LDLR) and lipoprotein receptor-re-
lated protein 1 (LRP1) mediate the internalization of AB by
binding to AB directly or via apoE (17-21).

Despite our understanding of the sensitive and complex
mechanisms regulating intracellular cholesterol, there is little
consensus as to how APP regulates this pathway in the brain.
Multiple studies on these subjects have yielded mixed results,
likely due to the use of nonendogenous APP levels, the study of
nonneural cell types, or the use of whole brain tissue, which
masks the unique phenotypes of individual cell types. To begin
to address these issues, we utilized CRISPR/Cas9 genome edit-
ing to generate an isogenic series of APP-KO and FAD mutant
hiPSCs. We further differentiated these hiPSCs into astrocytes,
the cell type primarily responsible for the brain’s de novo cho-
lesterol synthesis and regulation. Using APP-KO, APP Swedish,
and APP V717F astrocytes, we identify a role for FL. APP in the
uptake of LDL receptor ligands and demonstrate that proper
levels of FL APP in human astrocytes are essential for lipopro-
tein regulation and A clearance. Our data shed light onto the
elusive function of FL APP, establish a linkage between APP and
biological pathways implicated in SAD, and finally highlight the
utility of using hiPSC technology to study the physiological
function of endogenous proteins in specific cell types.

J. Biol. Chem. (2018) 293(29) 11341-11357
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Results
Generation of isogenic APP-knockout hiPSCs using CRISPR/Cas9

To study the role of endogenous human amyloid precursor
protein (APP) in regulating astrocytic cholesterol metabolism,
we utilized CRISPR/Cas9 genome editing to knock out (KO)
APP in hiPSC (Fig. 1). To induce gene disruption, we utilized a
guide RNA targeting exon 16 of APP. In both APP-KO clones
used in our experiments, the CRISPR/Cas9 — guide RNA com-
plexes generated unique indels at the predicted cut site in each
allele. All of these indels were predicted to generate premature
stop codons in either exon 16 or exon 17 of APP (Fig. 2A4). For
analysis, we compared these APP-KO hiPSCs to WT, unedited
subclones of the original hiPSC line that also underwent the
genome editing process but were not modified.

To test whether premature stop codon formation had
induced nonsense-mediated decay of APP mRNA and thus loss
of APP protein, we first examined APP transcript using primer
sets targeting regions upstream and downstream of the
CRISPR/Cas9 cut site. There was little detectable APP mRNA
in APP-KO neural precursor cells (NPCs), neurons, and astro-
cytes (Fig. 2, B-D). Consistent with these results, two N-termi-
nal full-length APP (FL APP) antibodies, which recognized
epitopes either upstream (22C11) or downstream (6E10) of the
CRISPR/Cas9 cut site, and one C-terminal APP antibody (APP
CTF) failed to detect any APP protein in APP-KO NPCs (Figs. 2E
and Fig. S1). Furthermore, the medium from APP-KO neurons
contained no detectable cleaved APP fragments like AB or the
secreted soluble APP (sAPP) fragments (data not shown).
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Figure 2. Characterization of APP-KO isogenic cells. A, insertions or deletions induce premature stop codon formation in both alleles of two independently
derived APP-KO hiPSC clones, IA1 and IB6. The qRT-PCR analysis of APP, APLP1,and APLP2 mRNA levels in NPCs (n = 8 from three independent experiments) (B),
purified neurons (n = 8 from two independent experiments) (C), and astrocytes (n = 6 from at least two independent experiments) (D) shows little detectable
APP mRNA (***, p < 0.001; ****, p < 0.0001) and no significant differences in APLP1 or APLP2 mRNA levels in neurons or astrocytes. There was a significant
increase in APLP1 (**, p = 0.0082) and APLP2 (**, p = 0.0035) mRNA in NPCs. All qRT-PCR data were normalized to RPL13A, RPL27, and TBP. E, representative
Western blots from WT and APP-KO NPCs using antibodies for APP and APP family members, APLP1 and APLP2, show no detectable APP protein but a slight
elevation in APLP1 and APLP2. f, percentage of neurons identified by flow cytometry using a CD44—/CD184—/CD24+ cell-surface signature after 3 weeks of
neural differentiation shows that loss of APP does not affect neuronal differentiation (n =7 from four independent experiments). G, percentage of astrocytes
positive for CD44,CD184, and GFAP by flow cytometry is not different between WT and APP-KO astrocytes (n = 12 from three independent experiments). Data
are depicted with bar graphs of the mean =+ S.D. NSis nonsignificant.

Together, these data suggested that CRISPR/Cas9-induced non- We also examined the expression of APP family members,
sense-mediated decay of APP transcripts prevented translation of amyloid precursor-like protein 1 and 2 (APLP1 and APLP2),
APP protein in APP-KO NPCs, neurons, and astrocytes. which have been shown to exert some functional redundancy
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Figure 3. APP-KO astrocytes have altered cholesterol metabolism. A, lipidomics MS quantification of the cholesterol precursors: desmosterol (**, p =

0.0025; ***, p = 0.0003; n = 4); B, 7-dehydrocholesterol (****, p < 0.0001; n =

4) in astrocytes, neurons, and NPCs shows much higher levels of cholesterol

precursors in astrocytes. C, quantification of total cellular cholesterol levels by Amplex Red cholesterol assay kit shows decreased cholesterol in APP-KO
astrocytes (*, p = 0.0226; n = 13 from three independent experiments). D, qRT-PCR analysis of mRNA levels from astrocytes grown in medium containing 3%
FBS shows up-regulated HMGCR (¥, p = 0.0382), LDLR (¥, p = 0.0427), and LRP1 (¥, p = 0.0157) gene expression in APP-KO astrocytes (n = 10 from at least two
independent experiments). £, qRT-PCR analysis of HWGCR, LDLR, and LRP1 mRNA levels from astrocytes grown with lipoprotein-depleted serum (LDS) shows no
significant differences in expression between WT and APP-KO astrocytes (n = 8 from at least two independent experiments). F, quantification of mRNA
induction of HMGCR, LDLR, and LRPT mRNA by qRT-PCR 24 h after changing growth medium from 3% FBS-containing mediumtto lipoprotein-depleted medium
shows no significant differences in the fold induction of SREBP-target genes in WT and APP-KO astrocytes (n = 4 from at least two independent experiments).

Data are depicted with bar graphs of the mean = SD.

with APP. Interestingly, in APP-KO NPCs, we saw a modest
up-regulation of APLPI and APLP2 mRNA levels (Fig. 2B) and
protein (Fig. 2E). However, when these APP-KO NPCs were
further differentiated to neurons (Fig. 2C) or astrocytes (Fig.
2D), this up-regulation of APLPI and APLP2 mRNA was no
longer detected. These data indicated that there were no off-
target effects on homologous APP family members, and any
phenotypes observed in APP-KO neurons or astrocytes were
not due to loss or overexpression of APLP1 or APLP2.

Because APP is a key protein in neural development (22), we
next tested whether the loss of APP influenced the capability of
APP-KO NPCs to differentiate into neurons or astrocytes.
Using flow cytometry for a neuronal cell-surface signature of
CD184—, CD44—, and CD24+ (23), we found no difference in
the percentage of neurons generated from WT or APP-KO
NPCs following multiple rounds of neuronal differentiation
(Fig. 2F). Similarly, using the glial markers, CD44, CD184, and
GFAP, we found no difference in the differentiation capability
of WT or APP-KO NPCs to generate astrocytes (Fig. 2G).

hiPSC-derived astrocytes produce high levels of de novo
synthesized cholesterol in vitro

Given the relative isolation of the brain from the periphery
because of the blood-brain barrier, cholesterol is synthesized
locally in the brain (24). Previous studies examining sterol syn-
thesis in brain-specific cell types have identified astrocytes as
the brain’s primary source of cholesterol (25). To test whether
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our hiPSC-derived system recapitulated this essential function
of astrocytes in vivo, we performed a comprehensive analysis of
free sterols in astrocytes, neurons, and NPCs using LC-MS. We
found that, relative to neurons and NPCs, astrocytes had signif-
icantly elevated levels of the immediate cholesterol precursors,
desmosterol (Fig. 34) and 7-dehydrocholesterol (Fig. 3B). Con-
sistent with previous work reporting that astrocytes predomi-
nantly contain sterols from the Bloch pathway of cholesterol
biosynthesis (26), we observed higher concentrations of astro-
cyte-derived desmosterol relative to 7-dehydrocholesterol. These
data suggest that hiPSC-derived astrocytes recapitulate the
ability to synthesize cholesterol, similar to their native function
in vivo.

APP-KO astrocytes have altered cholesterol metabolism

We next sought to determine whether loss of APP affected
cholesterol levels in hiPSC-derived astrocytes. Compared with
WT, APP-KO astrocytes had decreased cholesterol (Fig. 3C).
Given that levels of intracellular cholesterol regulate the activity of
the sterol regulatory element-binding protein (SREBP) family of
transcription factors (27, 28), we next analyzed SREBP-target
genes. These included HMG-CoA reductase (HMGCR), the rate-
limiting enzyme in cholesterol biosynthesis, and the low-density
lipoprotein receptor (LDLR). We also analyzed expression of low-
density lipoprotein receptor-related protein 1 (LRPI), another
highly expressed lipoprotein receptor in human astrocytes (29),
whose expression has been reported to be regulated by the APP
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intracellular domain (12) in addition to SREBP (30). mRNA
expression of HMGCR, LDLR, and LRPI was up-regulated in
APP-KO astrocytes when grown in normal growth medium with
3% serum (Fig. 3D). To test whether this result in APP-KO astro-
cytes was a consequence of low intracellular cholesterol and
not simply aberrant SREBP function, we examined whether
APP-KO astrocytes could further up-regulate transcript in
response to prolonged lipoprotein depletion. Indeed, after cul-
ture under lipoprotein-free conditions, differences in SREBP-
target gene expression were no longer observed between WT
and APP-KO astrocytes (Fig. 3E). Furthermore, there was no
difference between WT and APP-KO astrocytes in the fold
induction of either HMGCR, LDLR, or LRPI mRNA after
24 h of cholesterol withdrawal (Fig. 3F). These data sug-
gested that because APP-KO astrocytes could still modulate
SREBP-target gene expression, low intracellular cholesterol
resulted in up-regulation of cholesterol synthesis and inter-
nalization genes.

APP-KO astrocytes have decreased lipoprotein endocytosis but
are not defective in bulk endocytosis, bulk receptor recycling,
or expression of LDL receptors at the cell surface

Because APP-KO astrocytes exhibited a cholesterol starva-
tion phenotype, but did not demonstrate impaired SREBP sig-
naling in response to cholesterol withdrawal, we hypothesized
that APP-KO astrocytes had reduced endocytosis of extracellu-
lar lipoproteins from the culture media. To test this, WT and
APP-KO cells were treated with fluorescently-labeled LDL (Fig.
4A). After 1 h of continuous LDL treatment, APP-KO astro-
cytes demonstrated a modest but significant reduction in lipo-
protein endocytosis as reflected by a reduction in intensity of
intracellular LDL fluorescence. To test whether this reduction
in lipoprotein endocytosis was a result of reduced bulk endocy-
tosis, we treated cells with fluorescently-labeled dextran (Fig.
4.B). We found no difference in dextran internalization between
WT and APP-KO astrocytes, suggesting that impaired endocy-
tosis was specific for lipoproteins.

Next, to understand the mechanism of reduced lipoprotein
endocytosis in APP-KO astrocytes, we also tested bulk receptor
recycling by flow cytometry using fluorescently-labeled trans-
ferrin (Tfn). Tfn marks recycled cargo and allows for character-
ization of recycling compartments (31), and APP is known to
recycle back to the cell surface in Tfn receptor—positive vesi-
cles. To test the endocytic recycling of receptors at the cell
surface, astrocytes were incubated with Tfn at 37 °C for 10 min
to allow Tfn uptake. Cells were then acid-washed to remove
surface-bound Tfn before being chased with growth medium at
fixed time points to allow Tfn to be recycled back to the cell
surface. We observed no difference in the rate of Tfn recycling
between WT and APP-KO astrocytes over time (Fig. 4C), sug-
gesting that general recycling of receptors in endosomes, which
normally contain APP, was not impaired in APP-KO astrocytes.

Given that both bulk endocytosis and Tfn receptor-marked
recycling pathways were not defective in APP-KO astrocytes,
we next examined whether newly synthesized lipoprotein
receptors could be shuttled to the cell surface via the secretory
pathway. To do this, we measured cell-surface LDLR by flow
cytometry after treatment with berberine (BBR), which stimu-
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lates LDLR mRNA expression and up-regulates cell-surface
LDLR (32). Although BBR treatment up-regulated surface
LDLR levels compared with DMSO-treated astrocytes (Fig.
4D), there were no differences in cell-surface LDLR between
WT or APP-KO astrocytes in either condition. To further verify
that the loss of APP does not affect cell-surface LDL receptor
levels, we used a cell-surface biotinylation assay to label plasma
membrane-bound proteins with a cleavable biotin and then
used streptavidin beads to pull down surface proteins. This
allowed us to measure cell surface (pulldown fraction), total
(input fraction), and intracellular (supernatant fraction) LDLR
and LRP1 levels via Western blotting (Fig. 4, E-P). Confirming
our previous results, we saw no difference in the amount of
cell-surface LDLR or LRP1 protein (Fig. 4, E-H). However, in
line with up-regulated LDLR and LRP1 transcript in APP-KO
astrocytes, we observed increased total LDLR and LRP1 protein
(Fig. 4, I-L). Consistent with these results, intracellular LDLR
and LRP1 protein were also elevated (Fig. 4, M—P). Finally,
examination of APP-KO astrocytes by immunofluorescence
revealed the presence of enlarged LRP1 puncta (Fig. 4Q).

Together, these data revealed no defects in regulation of
transcription, Tfn-receptor recycling pathways, or the shut-
tling of newly synthesized receptors to the cell surface via the
secretory pathway in APP-KO astrocytes. These data suggest
that the loss of APP attenuated lipoprotein endocytosis and
contributed to decreased cholesterol and increases in
SREBP-target genes.

FAD astrocytes exhibit alterations in APP processing

Inlight of previous work implicating multiple APP fragments
in the regulation of cholesterol homeostasis, we aimed to deter-
mine which APP fragments are required for proper lipoprotein
metabolism. We also sought to examine whether FAD muta-
tions in APP affect cholesterol homeostasis in human astro-
cytes. To do this, we analyzed an isogenic allelic series of astro-
cytes either heterozygous or homozygous for the APP Swedish
mutation (APPS¥*/¥T and APPS¥*/5*) or APP V717F muta-
tion (APPY7Y7¥/WT and APPV717¥/V717F) (33). The Swedish and
V717F mutations are thought to have different defects in APP
processing, which would allow us to make distinct predictions
about which APP fragments are relevant for lipoprotein regu-
lation (34, 35).

To characterize the APP processing alterations in FAD
mutant astrocytes, we quantified protein levels of FL. APP (Fig.
5A). Of all FAD genotypes, only APPS“*/$*¢ astrocytes exhib-
ited a reduction of FL APP (Fig. 5B). However, given that
B-secretase processing of FL APP is favored in the APP Swedish
mutation (36, 37), we hypothesized that this loss of FL. APP in
APPS™e/S¥e astrocytes would coincide with increases in AB and
soluble APP (sAPP) B along with a decrease in SAPPa. As pre-
dicted, APP Swedish astrocytes secreted high levels of AB40,
Ap42, and AB38 (Fig. 5, F-H), with no change in the Ap42/
AP40 ratio compared with WT (Fig. 5E). Additionally, APP
Swedish astrocytes exhibited decreases in sSAPP« (Fig. 51), little
detectable WT sAPPp (Fig. 5]), and increased Swedish sAPPS
(Fig. 5K), which was recognized by an antibody specific for the
APP Swedish mutation and only detectable in APP Swedish
astrocytes. To detect APP C-terminal fragments (APP CTFs),
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astrocytes were treated with a y-secretase inhibitor for 48 h.
Only APP Swedish astrocytes exhibited increased APP B-CTF
fragments (Fig. 5D) and reductions in the APP a-CTF fragment
(Fig. 5C). In APP V717F astrocytes, by contrast, we observed a
dose-dependent increase in the AB42/AB40 ratio (Fig. 5E) as a
result of increased AB42 (Fig. 5G) and no significant change in
the amount of APP CTFs compared with WT after 48 h of
y-secretase inhibitor treatment (Fig. 5, C and D). APP V717F
astrocytes also showed no changes in the levels of the soluble
fragments, sAPPa (Fig. 5I) or sAPPB (Fig. 5)). Collectively,
these data are consistent with previous data reporting that the
APP Swedish mutation enhances p-secretase cleavage of APP
(36, 37), and the APP V717F mutation promotes an increased
AB42/AB40 ratio (38, 39). We hypothesized that these distinct
alterations in APP processing could help us elucidate which
APP fragment is most important in regulating lipoprotein
metabolism in FAD astrocytes.

APPSWe/SWe gstrocytes recapitulate APP-KO phenotypes of
impaired lipoprotein endocytosis and altered cholesterol
metabolism

To examine cholesterol homeostasis in APP mutant FAD
astrocytes, we tested lipoprotein endocytosis in which we had
previously observed a defect in APP-KO astrocytes. Of all APP
mutant genotypes, only APPS¥*/S*¢ astrocytes phenocopied
APP-KO astrocytes in reduced lipoprotein endocytosis (Fig.
6A) without a concomitant reduction in bulk endocytosis (Fig.
6B). APP-KO, APPS"*/WT and APPS™*/S** astrocytes all exhib-
ited reductions in the APP fragments generated by a-secretase
cleavage (Fig. 5, C and I). However, given that only APPS™/5™e,
but not APPS¥¥T astrocytes mimicked APP-KO phenotypes,
we hypothesized that FL APP might be crucial in regulating
lipoprotein metabolism.

To determine whether reduced lipoprotein endocytosis in
FAD astrocytes with reduced FL APP levels also led to down-
stream alterations in cholesterol metabolism, we looked at the
expression of multiple proteins involved in lipoprotein regula-
tion (Fig. 6C). We first examined the transcription factor
SREBP1, which regulates intracellular cholesterol levels. SREBP
function is controlled by multiple mechanisms, including self-
regulation by transcriptional positive feedback and activation
via sequential proteolysis and translocation of its mature,
cleaved fragment to the nucleus. Protein levels of both full-
length (Fig. 6D) and cleaved SREBP1 (Fig. 6E) were elevated in
APP-KO and APPS"*/5™ astrocytes. In response to attenuated
lipoprotein endocytosis, we observed that the ratio of cleaved/
FL-SREBP protein was also significantly increased in APP-KO
and APPS“/S%¢ astrocytes (Fig. 6F). Because mature SREBP
also up-regulates lipoprotein receptor-mediated uptake of
extracellular lipoproteins, we further examined LDLR protein
in FAD astrocytes. As observed previously in APP-KO astro-
cytes, LDLR protein was elevated in APPSW**" astrocytes
(Fig. 6G). Together, these data suggest that both APP-KO and
APPS™e/S¥e astrocytes have impaired lipoprotein endocytosis
and exhibit downstream biochemical changes expected in cho-
lesterol-deficient cells.
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APP-KO astrocytes and APP*"*/S¢ astrocytes also have
impaired uptake of AB, another LDL-receptor ligand

Given that reduction of FL APP coincided with impaired
lipoprotein endocytosis and cholesterol homeostasis, we spec-
ulated that FL. APP might also be required for other astrocyte-
specific functions related to lipoprotein receptor function. We
hypothesized that astrocytes with reduced FL. APP would also
be defective in lipoprotein receptor—mediated internalization
of the A peptide.

To determine whether our hiPSC-derived astrocytes could
internalize AB, WT astrocytes were treated with FITC-conju-
gated A for 15 min, washed, and given fresh medium (Fig. 74).
Over the course of 72 h, we examined the presence of AB-FITC,
early endosome marker EEA1, and M6PR, which tags vesicles
destined for transport to the lysosome. Although the amount of
EEA1 and M6PR puncta remained constant, the number of
AB-FITC puncta decreased over time (Fig. 7B). Further analysis
demonstrated that AB colocalization with M6PR increased
over time (Fig. 7C), suggesting that AB was being targeted for
lysosomal degradation. We further verified this observation
using flow cytometry of WT astrocytes treated with the pH-
sensitive AB-FITC or the pH-insensitive AB-HiLyte Fluor 647
(Fig. 7D). Both probes were utilized because a pH-sensitive sig-
nal will decrease in fluorescence intensity when it reaches a
more acidic compartment like the lysosome (40). Over the
course of 48 h, the intensity of both AB-FITC and AB-HiLyte
Fluor 647 increased over time. However, at 72 h we observed a
reduction in the pH-sensitive AB-FITC, but not AB-HiLyte
Fluor 647, suggesting that AB was being targeted to an acidic
compartment following internalization. To exclude the possi-
bility that the reduction of AB-FITC simply reflected an inabil-
ity to detect the probe, but not actual A degradation, we sup-
plemented astrocyte culture medium with AB for 24 h and
measured the concentration of A in astrocytes over time (Fig.
7E). Over the course of 48 h, we observed a 90% reduction in
AB. Together, these data indicate that WT hiPSC-astrocytes
could both internalize and degrade AB. To test whether
APP-KO and APPS“*/* astrocytes are defective in AB inter-
nalization in addition to lipoprotein endocytosis, we treated
astrocytes with AB-HiLyte Fluor 647 for 24 h of continuous
uptake (Fig. 7F). We observed reduced internalization of AB in
both APP-KO and APP****® astrocytes but notin APP V717F
astrocytes, indicating that normal levels of FL APP are required
for proper LDL receptor function in the endocytosis of both
extracellular lipoproteins and Ap.

B-Secretase inhibitor treatment reverses impairments in
lipoprotein and A endocytosis in APP**/>"¢ astrocytes

Because APPS™/5" astrocytes recapitulated defects observed
in APP-KO cells, we hypothesized that this was a consequence
ofincreased cleavage and loss of FL APP protein by B-secretase.
Because FL APP is transported away from the plasma mem-
brane in an endocytic compartment for B-secretase cleavage
(41, 42), we predicted that APPS“/5“® astrocytes also had
reduced APP at the cell surface. Using cell-surface biotinylation
and streptavidin beads to pull down surface proteins (Fig. 84),
we find that ~10% of total cellular APP is present at the cell
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Figure 5. FAD astrocytes exhibit alterations in APP processing. A-C, FL APP (22C11), APP CTF, and actin protein levels in astrocytes by Western blotting. B,
quantification of FL APP protein normalized to actin shows a 30% reduction in FL APP in APPS*¢/5*¢ astrocytes (***, p = 0.0007; n = 3 from at least three
independent experiments). C, quantification of APP a-CTF protein in astrocytes normalized to total CTF protein after 48 h of 200 nm compound E treatment (¥,
p =0.0306; n = 3 from at least three independent experiments). D, quantification of APP B-CTF protein in astrocytes normalized to total CTF protein after 48 h
of 200 nm compound E treatment (**, p = 0.0012; ****, p < 0.0001;n = 3 from at least three independent experiments). £, quantification of the AB42/ApB40 ratio
after measuring secreted A peptides from astrocytes by MSD immunoassay (****, p < 0.0001; n = 6 from three independent experiments). F, secreted AB40
from astrocytes (****, p < 0.0001; n = 6 from three independent experiments). G, secreted AB42 from astrocytes (****, p < 0.0001;**, p = 0.0012; n = 6 from
three independent experiments). H, secreted AB38 from astrocytes (****, p < 0.0001; n = 6 from three independent experiments). /, secreted sAPP« from
astrocytes (¥, p = 0.0362; ***, p < 0.0002; n = 5 from three independent experiments). J, secreted sAPPB from astrocytes (***¥, p < 0.0001; n = 5 from three
independent experiments). K, secreted Swedish sAPP3 from astrocytes (**, p = 0.0052; n = 8 from two independent experiments). Data are depicted with bar
graphs of the mean + S.D.

surface in WT astrocytes (Fig. 8B). However, in APPS¥/5%¢ To test our hypothesis that normal levels of FL APP are
astrocytes, we observed a 50% reduction of cell-surface APP  required for proper lipoprotein metabolism and A clearance,
compared with WT. we utilized a B-secretase inhibitor (BSI) to inhibit B-cleavage in
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Figure 6. APPSW¢/SW astrocytes recapitulate APP-KO ph ypes. A, quantification of LDL endocytosis in FAD astrocytes by flow cytometry demonstrates
that APP"¢/5¢ astrocytes also exhibit reduced lipoprotein endocytosis (p = 0.0242; n = 4 from three independent experiments). B, quantification of bulk
endocytosis in FAD astrocytes by flow cytometry for fluorescently-tagged dextran shows no significant differences between WT and all genotypes (n = 6 from
three independent experiments). C-F, Western blot analysis of full-length SREBP1 protein, cleaved or mature SREBP1 protein, LDLR, and actin show increased
levels of FL SREBP1 protein (**, p = 0.0071; ***; p = 0.0004; n = 4 from four independent experiments) (D), cleaved SREBP1 protein (**, p = 0.0077; ***, p =
0.0005; n = 4 from four independent experiments) (), and an increased ratio of cleaved/FL SREBP1 protein (¥, p = 0.0204; **, p = 0.0052; n = 4 from four
independent experiments) (F)in APP-KO and APP5¥*/>*¢ astrocytes. G, APP-KO and APP5**/5*¢ astrocytes also demonstrate increased total LDLR protein (¥, p =
0.0326; **, p = 0.0022; n = 5 from five independent experiments). Data are depicted with bar graphs of the mean * S.D.

APPSWe/S¥e astrocytes. Because BSIs are sometimes reported to
have low potency in cells expressing the APP Swedish mutation
(43), we measured whether 24 h of BSI treatment could reduce
AP secretion in WT and APPS¥*/5* astrocytes. We observed
decreased AB40 peptides in BSI-treated WT astrocytes and a
marked reduction of AB40 in BSI-treated APPS"*/S™ astro-
cytes near WT levels (Fig. 8C). To test whether BSI treatment

129

could rescue the defects we observed in APPS™*/** astrocytes,
we treated WT, APP-KO, and APP“* astrocytes with a BSI
for 24 h and measured LDL and AB endocytosis. Upon phar-
macological inhibition of B-secretase in APPS™*/** astrocytes,
we observed a reversal of defects in both LDL endocytosis (Fig.
8D) and A endocytosis (Fig. 8E). Significant increases in LDL
or AB endocytosis were not observed in the absence of APP,
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of the mean = S.D.

indicating that rescue of impaired endocytosis relied on impair-
ing B-secretase cleavage of FL. APP.

Discussion
APP is a transmembrane protein that is highly expressed in
the central nervous system. It has been shown to have many
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varied biological functions, likely due to multilayered mecha-
nisms of regulation resulting in multiple proteolytic products
and alternatively spliced isoforms. To determine whether APP
or any of its proteolytic cleavage products are involved in lipo-
protein regulation, we employed CRISPR/Cas9-genome edit-
ing to generate APP-KO, APP Swedish, and APP V717F hiPSCs
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Figure 8. Pharmacological inhibition of B-secretase reverses LDL and A endocytosis defects in APPSW®/*"® astrocytes. A and B, quantification of
cell-surface biotinylation experiments shows that APPS%e/S%e 3strocytes have reduced cell-surface APP levels, identified in the pulldown (PD) lanes, compared

with WT astrocytes (**, p = 0.0016). Western blots were run with 5% of input,

5% of supernatant (sup.), and 50% of pulldown (n = 5 from three independent

experiments). G, secreted AB40 peptide levels, measured by MSD immunoassay, in WT and APPSV¢/>"¢ astrocytes after 24 h of treatment + a B-secretase

inhibitor (BS/) exhibit significant reductions in secreted AB40 peptides upon

B-secretase inhibitor treatment (¥, p = 0.0154; **, p = 0.0020; n = 6 from two

independent experiments). D and E, flow cytometry analysis of LDL (n = 4 from two independent experiments) (D) and AB endocytosis (E) (n = 4 from two
independent experiments) in WT and APPS*/*We astrocytes * f-secretase inhibitor treatment shows that B-secretase inhibition reverses defectsin APPSWe/Swe

(LDL, p = 0.0120; AB, p = 0.0092) but not APP-KO astrocytes. **** p < 0.0001

and differentiated them into human astrocytes, the source of de
novo cholesterol in the brain. Here, we show that FL APP reg-
ulates LDL receptor function. Loss of FL. APP resulted in
impaired lipoprotein and AB endocytosis, reduced intracellular
cholesterol, and aberrant elevations of transcripts and proteins
related to cholesterol synthesis and internalization. Finally, we
show that inhibiting cleavage of FL APP by B-secretase can
reverse LDL and AB endocytosis defects, but only in the pres-
ence of APP. Thus, in addition to having a critical role in mam-
malian brain development (44), normal levels of FL. APP are
also critical in the maintenance of homeostatic brain functions.
We propose that pathological alterations of FL APP levels could
contribute to glial dysfunction in multiple neurodegenerative
disorders.

Mechanistically, we attribute defective lipoprotein and A
endocytosis in APP-KO and APPSV¢/* agtrocytes to the loss of
FL APP in each of these genotypes. APP isoforms containing
the KPI domain have been shown to bind to LRP1 at the N
terminus (45, 46). Intracellularly, the cytoplasmic adaptor pro-
tein FE65 has been shown to link the C-terminal NPXY endo-
cytosis motifs of APP and multiple LDL receptors (47-49).
Thus, astrocytic APP isoforms, which include the KPI domain,
may have a dual linkage with LDL receptors at both the N and C
termini. In light of this prior work demonstrating interactions
between APP and LDL receptors, it is possible that FL. APP acts
asa coreceptor for LDL receptor ligands in human astrocytes. A
further explanation for dysregulated cholesterol metabolism in
APP-KO and Swedish astrocytes is that these genotypes also
have a high rate of ligand-independent receptor endocytosis. It
is feasible that both decreased endocytosis of lipoproteins and
increased ligand-independent endocytosis of the LDL recep-

. Data are depicted with bar graphs of the mean = SD.

tors combine in an additive manner to produce the results we
observed. Overall, it is consistent with our data that without
proper FL APP levels the function of LDL receptors is impaired.
This dovetails nicely with previous studies demonstrating that
APP interacts with diverse binding partners, including APOE
(50), kinesin (51, 52), SORLA (53), and cholesterol (54). Inter-
estingly, all of these interacting partners modulate APP metab-
olism, and alterations in these interactions are hypothesized to
contribute to AD pathology.

FL APP regulates brain cholesterol metabolism

In human astrocytes, we find that normal levels of FL. APP are
essential for proper regulation of cholesterol homeostasis. Loss
of FL APP led to impairments in lipoprotein endocytosis (Fig.
4A), resulting in decreased intracellular cholesterol (Fig. 3C)
and activation of SREBP-target gene transcripts and protein
(Figs. 3D and 4, I-L) in both APP-KO and Swedish astrocytes.
Interestingly, we did not observe a dose-dependent effect of
FL-APP levels in our LDL endocytosis experiments as we did in
the AB endocytosis experiments. Although both APP-KO and
Swedish astrocytes exhibited differential handling of lipopro-
teins compared with WT astrocytes, it is possible that more
subtle changes in lipoprotein endocytosis correlating with FL
APP levels are below the level of detection in the assay.

Previous work done by our lab using the same isogenic FAD
hiPSC lines to study human neurons revealed that accumula-
tion of a different APP fragment, B-CTF, caused impairments
in lipoprotein endocytosis and a neuron-specific transcytotic
trafficking pathway via defects in recycling (33). Although we
cannot rule out that the overabundance of APP B-CTF in
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APPS™/S¥e astrocytes outcompetes FL APP for binding to LDL
receptors and thus impairs recycling of LDL receptors to the
surface, CTFs were difficult to detect in our hiPSC-derived
astrocytes without y-secretase inhibition. This suggests that
steady-state levels of the rapidly processed or degraded p-CTF
might be quite low relative to FL. APP or AB in APPS“*/*** astro-
cytes. Given the low levels of astrocytic B-CTF we observed, we
hypothesize that we might not observe cholesterol phenotypes
in FAD astrocytes that are characterized by accumulation of
B-CTF protein, like presenilin mutant astrocytes. By contrast,
in mutant astrocytes characterized by increased APP expres-
sion (e.g APP duplication or Down syndrome), we hypothesize
that there will be alterations in cholesterol metabolism. Alter-
ing APP gene dosage in astrocytes is likely to alter its normal
physiological processing as well as the processing of other pro-
teins, like LRP1, with which APP may be competitive substrate.
Collectively, these data shed light on the importance of study-
ing the role of endogenous proteins in specific cell types as we
find that alterations in APP processing can affect either astro-
cyte or neuron-specific functions via different mechanisms.
Increased B-CTF in human neurons and loss of FL. APP in
human astrocytes may impair lipoprotein endocytosis indepen-
dently in a cell-specific context. Additional work comparing
astrocytes and neurons from different FAD mutations would be
revealing.

In this study, we demonstrate a linkage between FL APP lev-
els and lipoprotein endocytosis. However, further study of how
FL APP levels in astrocytes influence lipoprotein export and
thus neuronal health is also needed, given the reliance of neu-
rons on astrocyte-derived lipoproteins (25, 56). Future work to
investigate how aberrant lipoprotein metabolism in astrocytes
contributes to AD phenotypes could provide mechanistic
insight into the development of new AD therapeutics.

FL APP regulates A clearance

Here, we report that loss of FL APP in APP-KO and APP*"*/5"¢
astrocytes impairs A internalization (Fig. 7F). Interestingly,
we do not observe A clearance defects in the other FAD muta-
tions. This not only reflects the high degree of clinical and path-
ological heterogeneity within AD, but also heterogeneity within
subgroups of FAD patients harboring different FAD mutations
(57, 58). Although it is possible that some FAD mutant astro-
cytes could have small alterations in FL. APP levels that are also
below our level of detection, these phenotypic differences are
also in agreement with the notion that the accumulation of AB
in FAD is primarily due to neuronal overproduction of AB. In
line with this idea, FAD mutations in APP are often considered
to be gain-of-function mutations due to the generation and
accumulation of some toxic proteolytic product (3). However,
here we find in APPS"*/5¥¢ astrocytes that the mutation confers
aloss-of-function phenotype associated with the loss of FL APP
to B-secretase cleavage. We postulate that the impairment in
ApB clearance in APPSV*/5“ astrocytes could also contribute to
the greatly increased A plaque load observed in mouse models
overexpressing the APP Swedish mutation (59 -61).

In light of data suggesting that the increased deposition of A3
in SAD is primarily a result of impaired AB clearance rather
than increased AB generation (62), further work in this system
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could examine whether astrocytes derived from SAD patients
are defective in A clearance. Also, given the observation that
both reactive astrocytes and cells undergoing a cellular stress
response alter APP expression and APP processing (63-65), it
would be revealing to study how FL APP levels under these
pathological conditions affect AB clearance mechanisms.

Linking APP to mechanisms of glial dysfunction in SAD

In this study, we find that loss of FL APP impairs LDL recep-
tor function. We provide a novel linkage between FL APP levels
and two potential mechanisms of glial dysfunction in AD: dysregu-
lation of cholesterol metabolism and A clearance. Although sev-
eral studies have addressed the effect of the loss of LDL recep-
tors on APP processing (66-69), little has been done to
elucidate how the loss of APP affects LDL receptor function.
The concept that FL APP levels directly affect the ability of LDL
receptors to endocytose lipoproteins or AB is in agreement
with the known stoichiometry of the LRP1-FE65-APP tri-
meric complex (47). Loss or overproduction of any member of
this multimeric complex could alter the various functions of the
LDL receptors by abrogating complex formation. Together,
using endogenous protein levels in an isogenic series of iPSC-
derived human astrocytes, our data shed light on the novel
function of FL APP in controlling LDL receptor—mediated cho-
lesterol metabolism and A clearance in human astrocytes.
These findings suggest that FL. APP may have a more central
role in the etiology of AD than previously suspected.

Experimental procedures
Cell culture

IPSCs were cultured as described previously (70-72) on a
MEF feeder layer in HUES medium: knockout DMEM, 10%
knockout serum replacement, 10% plasmanate (Grifols Thera-
peutics, Inc.), 1 X nonessential amino acids, 1 X Glutamax, 1X
penicillin/streptomycin, and 0.1 mM B-mercaptoethanol (all
Invitrogen) with 20 ng/ml FGF-2 (Millipore). The iPSCs were
passaged with Accutase (Innovative Cell Technologies) and
supplemented with 10 um ROCK inhibitor (RI, Y-27632 dihy-
drochloride, Abcam) after passaging only. The iPSCs were dif-
ferentiated into NPCs, as described previously (23), by seeding
iPSCs on a PA6 stromal cell layer in PA6 differentiation medi-
um: Glasgow DMEM, 10% knockout serum replacement, 1 mm
sodium pyruvate, 0.1 mM nonessential amino acids, and 0.1 mm
B-mercaptoethanol (all Invitrogen), in the presence of 500
ng/ml Noggin (R&D Systems) and 10 mm SB431542 (Stemgent)
for 6 days. Following 12-14 days of differentiation, NPCs were
FACS-purified using a CD184-APC+, CD271-PE—, CD44-
PE—, CD24—PECy7+ (BD Biosciences) cell-surface signature
onaBD FACSAria Il flow cytometer. NPCs were cultured on 20
mg/ml poly-L-ornithine and 5 mg/ml laminin (Sigma)-coated
plates in NPC medium: DMEM/F-12 + Glutamax, 0.5X N2,
0.5X B27, penicillin/streptomycin (all Life Technologies, Inc.),
and 20 ng/ml FGF-2, and passaged with Accutase. For neuronal
differentiation, NPCs were expanded to confluent 10-cm
plates, after which FGF-2 was withdrawn from the culture
medium, and the medium was changed twice a week. After 3
weeks, neurons were FACS-purified using a CD184-APC—,
CD44-PE—, CD24—PECy7+ (BD Biosciences) cell-surface sig-
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nature, plated on poly-L-ornithine/laminin-coated plates in
NPC medium supplemented with 20 ng/ul BDNF, 20 ng/ul
glial cell line-derived neurotrophic factor (both from Pepro-
tech), and 0.5 mM dibutyryl cAMP (Sigma). NPCs were differ-
entiated to astrocytes using the following protocol. Briefly, a
confluent 10-cm plate of NPCs was scraped in NPC medium,
transferred to three wells of a 6-well plate, and placed on a 90
rpm orbital shaker in the incubator to promote neurosphere
formation. After 24 h, 5 uMm RI was supplemented to the
medium. Following 48 h with RI, the neurospheres were grown
in NPC medium without FGF-2, and the medium was changed
every 2-3 days. One week after scraping, neurosphere medium
was changed to Astrocyte Growth Medium (AGM) containing
3% FBS, ascorbic acid, recombinant human EGF, GA-1000,
insulin, and r-glutamine (Lonza) and cultured for 2 weeks.
Next, the neurospheres were plated on a poly-L-ornithine/
laminin-coated 10-cm plate. One week later, after which astro-
cytes emerged from the neurospheres, the cells were passaged
with Accutase, cultured in AGM, and maintained with the neu-
rospheres. To make lipoprotein-free astrocyte medium, FBS
was replaced with lipoprotein-deficient serum (Sigma). For
experimental use, neurospheres were not included. In every
experiment, each genotype is represented by the following
number of independently differentiated hiPSC subclones/as-
trocyte lines: WT (2 or 3 clones: 151, IB7, and IID4), APP-KO (2
clones: IA1 and IB6), APP*™*/™™ (2 clones: 12-2 and 12-7),
APPS™e/S¥e (2 clones: 22 and 119), APPY7*"¥¥T (1 clone:
IVDS8), APPV717F/V717F (1 clone: I1IB12).

Genome editing

All isogenic iPSCs were derived using CRISPR/Cas9 as
described previously from the CVB iPSC line (33, 71) derived
from J. Craig Venter (73), whose diploid genome sequence is
publicly available (74). In brief, iPSCs were pretreated with 10
uM RI prior to nucleofection. To obtain single cells, iPSCs were
dissociated with Accutase and filtered twice through 100-um
filters. To generate APP-KO and APP V717F clones, 2 X 10°
iPSC were nucleofected using the Amaxa Human Stem Cell
Nucleofector Kit I (Lonza) with 6 pg of CMV::Cas9 —2A-eGFP
vector and 3 pg of U6:gRNA vector, which was generated using
the gRNA synthesis protocol as described previously (75). For
APP Swedish clones, 8 X 10° iPSC were nucleofected with 5 ug
of pSpCas9(BB)-2A-GFP (PX458) vector, which was generated
as described previously (76). The following guide RNA sequences
were used, targeting exon 16 for APP-KO and APP Swedish:
GGA GAT CTC TGA AGT GAA GAT GG, and exon 17 for
APP V717F: GAC AGT GAT CGT CAT CAC CTT GG. To
introduce the APP Swedish or APP V717F point mutations in
our WT CVB hiPSC line using CRISPR/Cas9-mediated homo-
logy directed repair, 100 uM single-stranded DNA oligonucle-
otides were also included during nucleofection. After culturing
the iPSCs in the presence of RI for 48-72 h, 1 X 10* GFP+
iPSCs were FACS sorted (FACS Aria IIu, BD Biosciences) and
plated on 10-cm MEF feeder plates in the presence of RI. After
1 week, single colonies were manually picked, cultured in
96-well plates, and expanded. DNA from single clones was
harvested using QuickExtract DNA Extraction Solution
(Epicenter) and PCR-amplified using the following PCR
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primers: APPex16-F, CCC GTA AGC CAA GCC AAC AT, and
APPex16-R, CAT GCA CGA ACT TTG CTG CC; or APPex17-F,
TGTTCCACC TGT CAA AGG GT,and APPex17-R, AGT TGA
GAT AAC AAC ACA CAC TCT. PCR products were purified
using the QIAquick PCR purification kit (Qiagen) or Exo-
SAP-IT PCR Product Cleanup Reagent (ThermoFisher Scien-
tific) as directed by the manufacturer and Sanger sequenced.
Clones in which disruptions at the predicted gRNA/Cas9 cut
site were observed were further sequenced after cloning using
the Zero Blunt TOPO PCR cloning kit (Invitrogen). All previ-
ously unpublished isogenic iPSCs were digitally karyotyped by
hybridization to the Infinium CoreExome-24 BeadChip (Illumina)
as described previously (77) and determined to be euploid.

RNA expression

For mRNA expression analysis, RNA was isolated using the
RNeasy mini kit (Qiagen) and DNase-treated using TURBO
DNase (Ambion) for 1 h at 37 °C. cDNA was synthesized from
RNA primed with oligo(dT) using the SuperScript First-Strand
synthesis system (Invitrogen). qRT-PCR was performed using
FastStart SYBR Green (Roche Applied Science), and samples
were run in triplicate on an Applied Biosystems 7300 RT-PCR
system. Data were analyzed using the AACt method, and target
genes were normalized to the geometric mean of three house-
keeping genes: RPL13A, RPL27, and TBP. The following prim-
ers were used: 3'-APP-F,ATCATG GTG TGG TGG AGG TT,
and 3'-APP-R, ACA CCG ATG GGT AGT GAA GC;5'-APP-F,
GAA GCA GCC AAT GAG AGA CAG, and 5'-APP-R, TCA
AAA TGC TTT AGG GTG TGC; APLP1-F, CTT CCC ACA
GCC AGT AGA TGA, and APLPI-R, CCA GGC ATG CCA
AAG TAA ATA; APLP2-F, CCA TGG CAC TGA ATA TGT
GTG, and APLP2-R, CCT CAT CAT CCT CAT CCA CAG;
HMGCR-F, TCC CTG GGA AGT CAT AGT GG, and
HMGCR-R, AGG ATG GCT ATG CAT CGT GT; LDLR-F,
CTG GAA ATT GCG CTG GAC, and LDLR-R, GTC TTG
GCA CTG GAA CTC GT; LRP1-F, CCAGCCCTT TGA GAT
ACA GG, and LRPI-R, CTG CTC TCA GCT CTG GTC G;
RPLI3A-F, GGA CCT CTG TGT ATT TGT CAA, and
RPL13A-R, GCT GGA AGT ACC AGG CAG TG; RPL27-F,
AAACCGCAGTTT CTG GAA GA, and RPL27-R, TGG ATA
TCC CCT TGG ACA AA; SREBF2-F, GAG ACC ATG GAG
ACC CTC AC, and SREBF2-R, TCA GGG AAC TCT CCC
ACT TG; TBP-F, TGC TTCATA AAT TTC TGC TCT G, and
TBP-R, TAG AAG GCC TTG TGC TCA CC.

Protein expression

Cells were lysed in RIPA Lysis Buffer (Millipore) with prote-
ase (Calbiochem) and phosphatase inhibitors (Halt). Protein con-
centrations were determined using the Pierce BCA protein assay
kit (ThermoFisher Scientific). Equal amounts of protein lysates
were run on NuPAGE 4-12% BisTris gels (Invitrogen), transferred
to nitrocellulose or polyvinylidene difluoride membranes, and
blocked for 1 h at room temperature using either 5% milk or
Odyssey Blocking Buffer (LI-COR). Blots were probed over-
night at 4 °C using the corresponding primary antibodies fol-
lowed by HRP-conjugated (Vector Laboratories) or IRDye sec-
ondary antibodies (LI-COR) at 1:5000. Bands were quantified
using Image] software or the Odyssey Imaging System follow-
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ing the manufacturer’s instructions. The following antibodies
were used: anti-actin (1:50,000; EMD Millipore MAB1501);
anti-APLP1 (1:1000; Calbiochem 171615); anti-APLP2 (1:1000;
Calbiochem 171616/7); anti-APP A4 clone 22C11 (1:1000;
EMD Millipore MAB348); anti-APP C terminus (1:500; EMD
Millipore 171610); anti-B-amyloid, 6E10 (1:1000, BioLegend
803015); anti-LDLR (1:1000; Abcam AB14056); anti-LRP1
(1:1000; Abcam AB92544); and anti-SREBP1 (1:500; Protein-
tech 14088-1-AP).

Sterol analysis

For free sterol analysis, 1 X 10° cells were pelleted and stored at
—80°C before sterols were extracted and analyzed as described
previously at the UCSD Lipidomics Core (55, 78). Briefly, sterols
were extracted by dichloromethane/methanol (50:50; v/v),
hydrolyzed, and separated using reverse-phase LC using a
1.7-pm 2.1 X 150-mm Kinetex C18 column (Phenomenex) on
an ACQUITY UPLC system (Waters) followed by analysis on
QTRAP 6500 mass spectrometer (Ab Sciex). A mixture of deu-
terated standards (Avanti Polar Lipids) was used for internal
standards. For intracellular cholesterol measurements, 1 X 10°
subconfluent astrocytes were pelleted and stored at —80 °C.
Cells were resuspended in PBS, mixed with chloroform/meth-
anol (2:1 v/v), vortexed, and rotated. Following centrifugation,
the chloroform and lipid-containing layer was transferred to a
new tube, vacuum-dried, and resuspended in Reaction Buffer E
from the Amplex Red Cholesterol Assay (Invitrogen). Choles-
terol was measured from the chloroform/methanol-extracted
samples using the Amplex Red Cholesterol Assay as directed by
the manufacturer.

Cell-surface biotinylation

For surface biotinylation of lipoprotein receptors, astrocytes
were seeded in a 10-cm plate at a density of 2 X 10° cells per
plate in duplicate. After 48 h, sub-confluent astrocytes were
washed three times with ice-cold PBS and then incubated with
either PBS or 2 mm EZ-Link Sulfo-NHS-SS-Biotin (Thermo-
Fisher Scientific) for 30 min at 4 °C. Cells were washed three
times with TBS, pH 7.4, and lysed in RIPA buffer with protease
and phosphatase inhibitors. For streptavidin pulldown, 250 ug
of protein lysate at 0.5 pg/ul was incubated with 100 ul of
pre-washed PureProteome Streptavidin Magnetic Beads (EMD
Millipore) by rotating overnight at 4 °C. The next day, beads
were immobilized, and a sample of supernatant was saved to
measure nonbiotinylated intracellular protein. The beads were
washed five times in cold PBS containing 1% Triton X-100, and
biotinylated proteins were released from the streptavidin beads
by boiling the samples in 2X NuPAGE LDS Sample Buffer
(Invitrogen) at 100 °C. Western blots were run with 5% of input,
5% of supernatant, and 50% of pulldown.

Preparation of A peptide

Lyophilized FITC-labeled B-amyloid(1-42) (American Pep-
tide) or B-amyloid(1-42) HiLyte Fluor 647 (Anaspec) was sol-
ubilized following the manufacturer’s instructions using a min-
imal amount of alkaline 1.0% NH,OH immediately followed by
1X PBS to a working concentration of 100 um. Small aliquots
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were immediately stored at —80 °C and only used once to elim-
inate variability due to freeze-thawing.

Flow cytometry

For lipoprotein and bulk endocytosis assays, astrocytes were
seeded in a 24-well plate at a density of 8 X 10* cells per well.
Two days later, cells were treated with 20 ug/ml BODIPY FL
LDL or Dil LDL for 1 hat 37 °C or 50 ug/ml dextran-fluorescein
or dextran-Alexa Fluor 647 (Life Technologies, Inc.). Following
incubation with labeled substrates, cells were washed with cold
PBS and dissociated with trypsin (Invitrogen) for 5-10 min at
37 °C to remove any ligand bound to the cell surface. For the
transferrin recycling assay, astrocytes were seeded in a 24-well
plate at a density of 8 X 10* cells per well. Two days later, cells
were treated with 100 ug/ml transferrin-Alexa Fluor 647 (Life
Technologies, Inc.) for 10 min at 37 °C. Following the 10-min
incubation, cells were washed with cold PBS and cold acid wash
buffer to remove transferrin bound to the cell surface. Cells at
the “0” time point were dissociated using Accutase, filtered, and
stored on ice until analysis. The remaining conditions were
“chased” with culture medium and harvested at the indicated
time points. For analysis of cell-surface LDLR protein, astro-
cytes were seeded in a 24-well plate at a density of 8 X 10* cells
per well. After 24 h, astrocytes were treated with either DMSO
or berberine (10 ug/ml, Selleck Chemicals) for 24 h. Next, cells
were washed with PBS and dissociated using an EDTA dis-
sociation buffer (50 mm HEPES, pH 7.4, 1 mm EDTA, 5 mm
glucose, 5 mm KCl, 125 mm NaCl, and 2 mg/ml BSA) for 10
min at 37 °C. Cells were then incubated with (R)-phyco-
erythrin mouse anti-human LDLR (BD Biosciences 565653)
at a final concentration of 8 ug/ml on ice for 30 min. For
continuous A uptake assays, astrocytes were incubated with
500 nm FITC-labeled B-amyloid(1-42) (American Peptide) or
500 nm B-amyloid(1-42) HiLyte Fluor 647 (Anaspec). At the
indicated time points, cells were harvested by trypsinization to
remove any surface-bound ligand and fixed with 4% parafor-
maldehyde at room temperature for 15 min. Fixed cells were
stored in PBS at 4 °C until analysis. All experiments were ana-
lyzed on an Accuri C6 flow cytometer (BD Biosciences).
10,000-20,000 events were recorded per sample, and the
median fluorescence intensity was quantified.

Immunofluorescence

Astrocytes were seeded in 8-well chamber slides at a density
of 3 X 10* cells per chamber and fixed 2-3 days after plating.
Briefly, cells were fixed with 4% paraformaldehyde for 15 min at
room temperature, permeabilized with 0.1% Triton X-100, and
blocked in serum. The antibodies used for immunofluores-
cence experiments were anti-EEA1 (1:100; BD Biosciences
610456/7), anti-LRP1 (1:200; Abcam AB92544), and anti-M6PR
(1:1,000, Abcam AB12894). Secondary antibodies were Alexa
Fluor anti-mouse and anti-rabbit IgG (Invitrogen) and used at
1:200. Images were acquired on a Zeiss or Leica confocal
microscope

AP and sAPP measurements

For secreted AB and sAPP measurements, astrocytes were
seeded at 2.5 X 10° cells per well of a 24-well plate. The follow-
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ing day, the medium was changed. After 5 days in culture,
medium was harvested and run on a V-PLEX A3 Peptide Panel
1 (6E10) kit, SAPPa/sAPPB kit, and/or Swedish sAPPB kit
(Meso Scale Discovery). For cellular A3 measurements, 500 nm
AB(1-42) (American Peptide) was supplemented to astrocyte
culture medium. After 24 h, cells were washed with PBS, and
fresh medium was added. At the indicated times, cell lysates
were harvested using MSD Lysis Buffer with protease and phos-
phatase inhibitors and stored at —80 °C until they were run on
a V-PLEX A Peptide Panel 1 (6E10) kit (Meso Scale Discov-
ery). These measurements were normalized to protein content
using the Pierce BCA Protein Assay kit (ThermoFisher Scien-
tific). y-Secretase inhibitor treatment was performed using 200
nm Compound E (EMD Chemicals) for 48 h. B-Secretase inhib-
itor treatment was performed using 4 uM p-Secretase Inhibitor
IV (Calbiochem) for 24 h.

Statistics

All data were analyzed using GraphPad Prism Software. Sta-

tistical analysis comparing the two groups was performed using
Student’s ¢ test. Statistical analysis comparing different geno-
types to WT controls was performed by Dunnett’s multiple
comparisons test. Data are depicted with bar graphs of the
mean * S.D.
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WT APP KO

Clone: IB7 1ID4 1A1 IB6 [kDa)

- 191

FL APP
(6E10)

Actin

S-1: A full image of a western blot for FL-APP using the 6E10 antibody (expected ~100 kDA) and Actin
(expected ~42 kDA) as a loading control in WT and APP-KO cells show that there are no truncated APP
fragments detectable above background signal in the APP-KO cells.

139



ACKNOWLEDGEMENTS

Chapter 4, in full, is a reprint of the material as it appears in JBC 2018. Fong, L.
K., Yang, M. M., Chaves, R. dos S., Reyna, S. M., Langness, V. F., Woodruff, G.,
Roberts, E. A., Young, J. E., and Goldstein, L. S. B. (2018) Full-length amyloid
precursor protein regulates lipoprotein metabolism and amyloid- clearance in human
astrocytes. J. Biol. Chem. 10.1074/jbc.RA117.000441 The dissertation author was a

co-author on this paper.

140



Chapter 5
Conclusion

141



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 AB. 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 AB secretion, the effects of CE on
Tau and AB are mediated by independent pathways. We additionally showed that a
putative cholesterol binding site in APP mediates statin induced changes in A
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 AB secretion. These unanswered questions led me to the work

142



presented in the third chapter. In this chapter, we dug deeper into the mechanism of
how cholesterol metabolism targeting drugs alter APP processing to AB. 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 (flIAPP) dimerization and reduces full length APP
interaction with BACE1. BCTF interaction with y-secretase -catalytic subunits
decreased as well after atorvastatin treatment. Together, these results suggest that
cholesterol lowering drugs reduce APP processing to AB by increasing fIAPP
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 flJAPP 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.
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