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ABSTRACT Amyloid beta (AB) is a major component of amyloid plaques, which are a key
pathological hallmark found in the brains of Alzheimer’s disease (AD) patients. We show that
statins are effective at reducing AB in human neurons from nondemented control subjects, as
well as subjects with familial AD and sporadic AD. AB is derived from amyloid precursor
protein (APP) through sequential proteolytic cleavage by BACE1 and fy-secretase. While
previous studies have shown that cholesterol metabolism regulates APP processing to AB,
the mechanism is not well understood. We used iPSC-derived neurons and bimolecular
fluorescence complementation assays in transfected cells to elucidate how altering choles-
terol metabolism influences APP processing. Altering cholesterol metabolism using statins
decreased the generation of sAPPP and increased levels of full-length APP (fIAPP), indicative
of reduced processing of APP by BACE1. We further show that statins decrease fIAPP interac-
tion with BACE1 and enhance APP dimerization. Additionally, statin-induced changes in APP
dimerization and APP-BACE1 are dependent on cholesterol binding to APP. Our data indicate
that statins reduce AP production by decreasing BACE1 interaction with fIAPP and suggest
that this process may be regulated through competition between APP dimerization and APP
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cholesterol binding.

INTRODUCTION

The brains of patients with Alzheimer’s disease (AD) exhibit two key
pathological hallmarks: accumulation of extracellular plaques pri-
marily composed of amyloid beta peptide (AB) and accumulation of
intracellular hyperphosphorylated Tau protein (pTau) (O'Brien and
Wong, 2011).

AP is derived from sequential proteolytic cleavage of amyloid
precursor protein (APP). APP can be cleaved in two major pathways
(see Figure 8A later in this article). In the amyloidogenic pathway,
APP is first cleaved by the B-secretase BACE1 to generate two pro-
tein fragments: soluble APPB (sAPPB) and a B-C-terminal fragment
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(BCTF). sAPPB is released into the extracellular space. BCTF is
cleaved by y-secretase, which releases the APP intracellular domain
(AICD) into the cytosol and generates AP peptides of various
lengths. AB40, a 40-amino-acid peptide, is the major species gener-
ated. AB42, a slightly longer and more hydrophobic peptide, is pro-
duced in smaller quantities but is a major component found in amy-
loid plaques and is thought to be more prone to oligomerization
into toxic AB species (O’Brien and Wong, 2011).

In the alternative, nonamyloidogenic pathway, APP is first
cleaved by o-secretase to generate soluble APPa. (sAPPa) and o-C-
terminal fragment (0CTF). sAPPa. is released into the extracellular
space. alCTF is cleaved by y-secretase, which releases the AICD into
the cytosol and generates a small fragment called p3 (O'Brien and
Wong, 2011).

A large body of evidence supports a link between cholesterol
metabolism and AD. Statins inhibit cholesterol biosynthesis, and
epidemiology studies have shown that statin users are at a de-
creased risk for AD (Jick et al., 2000; Wolozin et al., 2000; Haag
et al., 2009; Li et al., 2010; Lin et al., 2015; Zissimopoulos et al.,
2017). Statins alter APP processing and reduce AB levels (Simons
et al., 1998; Kojro et al., 2001; Ostrowski et al., 2007), and the BCTF
region of APP contains a transmembrane domain that can bind cho-
lesterol (Barrett et al., 2012). We previously showed that neuronal
lines carrying mutations that impair the APP cholesterol-binding do-
main are insensitive to statin-induced alterations in AB levels (van
der Kant et al., 2019). We also showed that the effect of statins on
AB production in these neurons is likely mediated by cholesterol
esters (CE) or a localized pool of subcompartmentalized cholesterol,
as statin treatment did not measurably alter free cholesterol levels
but did cause a decrease in cellular CE levels (van der Kant et al.,
2019). Cholesterol and CE have both previously been shown to in-
fluence APP processing (Bodovitz and Klein, 1996; Simons et al.,
1998; Kojro et al., 2001; Puglielli et al., 2001; Wahrle et al., 2002;
Ehehalt et al., 2003; Hutter-Paier et al., 2004; Huttunen et al., 2007,
2009, 2010; Xiong et al., 2008; Cossec et al., 2010; Marquer et al.,
2011). CE has been reported to regulate A production and
accumulation in vivo (Hutter-Paier et al.,, 2004; Huttunen et al.,
2010). Mechanistically, reduction of CE has been shown to delay
maturation of APP, causing retention of APP in the endoplasmic re-
ticulum (ER) and reduced processing of APP to AB (Huttunen et al.,
2007, 2009).

APP processing is also dependent on APP dimerization (Rossjohn
et al., 1999; Scheuermann et al., 2001; Munter et al., 2007; Eggert
et al, 2009). The glycine-XXX-glycine (GXXXG) amino acid se-
quence is a common motif in transmembrane helices that can medi-
ate helix-helix interactions and dimerization of proteins (Russ and
Engelman, 2000; Kleiger et al., 2002). APP contains three of these
GXXXG motifs in the juxtamembrane and transmembrane region,
which are thought to mediate BCTF and fIAPP dimerization (Munter
et al, 2007; Kienlen-Campard et al., 2008; Khalifa et al., 2010;
Decock et al., 2015, 2016; Higashide et al., 2017). In addition to
these domains, the APP ectodomain can also contribute to dimer-
ization of fIAPP (Khalifa et al., 2010). Drug-induced dimerization of a
fIAPP-FKBP chimera causes an increase in flIAPP and a decrease in
sAPPB (Eggert et al., 2009, 2018), suggesting that dimerization may
inhibit processing of fIAPP by BACE1. Similar to the effects of lower-
ing CE, induced dimerization of fIAPP causes its retention in the ER
(Eggert et al., 2018). The relationship of cholesterol and CE to APP
dimerization is not well understood. The three GXXXG motifs over-
lap with the transmembrane cholesterol-binding domain (Barrett
et al, 2012), and in a purified reconstituted system, binding of
cholesterol to APP prevents APP dimerization (Beel et al., 2010).
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Whether APP dimerization is also affected by cholesterol or CE un-
der physiological conditions in neurons is not known.

Here we used human iPSC-derived neurons and transfected HEK
cells to study the effects of statins on APP dimerization and process-
ing. We used a bimolecular fluorescence complementation (BiFC)
split Venus—based approach to show that statins increase flAPP di-
merization in a manner that is dependent on the APP cholesterol-
binding site. This is accompanied by a concurrent decrease in fIAPP
interaction with BACE1, which is also dependent on APP cholesterol
binding. As a result of reduced processing by BACE1, statins in-
crease fIAPP protein levels and decrease sAPPB and AB levels. Our
data elucidate a pathway by which alterations in cholesterol me-
tabolism can reduce APP processing to AB by enhancing APP di-
merization and reducing APP interaction with BACE1. These
changes appear to occur in a manner that is dependent on the APP
cholesterol-binding site. Our data support the hypothesis that APP
cholesterol binding and APP dimerization act in competition to
modulate processing by BACE1.

RESULTS

Cholesterol-lowering drugs cause a reduction of secreted
AP42 and AB40 in hiPSC-derived neurons

Previously, we showed that statin treatment reduces AB42 and AB40
secretion from neurons derived from one iPSC line from a nonde-
mented control individual. Here we show that this effect also occurs
in cell lines derived from a variety of individuals with unique genetic
backgrounds. Simvastatin treatment significantly reduced both
ABA42 (Figure 1A and Supplemental Figure S1, A-l) and AB40 (Figure
1B and Supplemental Figure S2, A-l) levels in neurons derived from
four nondemented control (NDC) and five sporadic Alzheimer's dis-
ease (SAD) individuals. Simvastatin and atorvastatin also reduced
AB42 (Figure 1C) and AB40 (Figure 1D) in hiPSC-derived neurons
from an individual with familial AD caused by an APP duplication
(APPdp). These results indicate that statin-induced reduction of AB
secretion is conserved across neurons derived from familial Alzheim-
er's disease (FAD), SAD, and NDC subjects.

We asked whether the effects of statins on AB secretion can be
explained by their effects on cholesterol metabolism, or whether
they can be attributed to off-target effects of statins on pathways
that branch off from the cholesterol biosynthetic pathway. The
mevalonate pathway is the primary pathway responsible for choles-
terol biosynthesis. Statins inhibit 3-hydroxy-3-methylglutaryl-CoA
reductase (HMGCR), which catalyzes conversion of HMG-CoA to
mevalonate (MVA) (Figure 1E) (Buhaescu and lzzedine, 2007).
Supplementation with MVA rescued the effect of simvastatin treat-
ment on both AB42 (Figure 1C) and AB40 (Figure 1D) levels,
indicating that the effects of statins on AB are due to inhibition of
HMGCR. 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 path-
way that is committed exclusively to cholesterol biosynthesis
(Figure 1E) (Buhaescu and lzzedine, 2007) and can be inhibited by
the squalene synthase inhibitor YM-53601 in iPSC-derived neurons
as characterized previously (van der Kant et al., 2019). YM-53601
treatment significantly reduced both AB42 (Figure 1C) and AB40
(Figure 1D) secretion. Consistent with findings in other model
systems (Hutter-Paier et al., 2004; Cole et al., 2005; Huttunen et al.,
2007, 2009, 2010), these data indicate that AB42 and AB40 genera-
tion and secretion in human neurons is regulated by the choles-
terol-biosynthetic arm of the mevalonate pathway and that statins
can be used as tool compounds to modify this pathway. Statins are
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FIGURE 1: Cholesteryl ester-lowering drugs cause a reduction of secreted AB42 and AB40. (A, B) Effect of 5d
simvastatin (10 pM) treatment on (A) AB42 levels and (B) AB40 levels in iPSC-derived neurons from SAD (sporadic AD)
and NDC (nondemented control) subjects. Each dot represents an average of n > 3 measurements from one individual
(NDC n = 4 individuals, SAD n =5 individuals). (C, D) Mixed culture neurons derived from an individual with an AD
causing APP duplication were treated with inhibitors of specific steps in the mevalonate pathway; atorvastatin (10 uM),
simvastatin (10 uM), YM-53601 (10 pM) for 5 d. For the indicated conditions, mevalonate (MVA; 0.5 mM) was added to
the media at t = 0. (C) AB42 levels and (D) AB40 levels were determined by Meso Scale Discovery
electrochemiluminescence (MSD-ECL) (mean £ SEM, n > 3). (E) Diagram of the mevalonate pathway and compounds

used in this study.

widely used drugs with well characterized effects on cholesterol
metabolism. Thus, we focus the rest of our investigation on the
mechanistic effects of cholesterol metabolism on AB levels using
statins as a tool compound.

Statin-mediated reduction in AP secretion is
Tau-independent

Previously, we showed that statins also reduce pTau in iPSC-derived
neurons. We previously showed that the effects of statins on pTau
levels do not require A and APP (van der Kant et al., 2019). We
hypothesized that the reverse could be true, that statin-induced
changes in pTau occur upstream of changes in APP and AB in a
shared, cholesterol-dependent pathway. To test whether the effect
of statins on AB is Tau-dependent, we used CRISPR/Cas? to gener-
ate a MAPT KO iPSC line with an insertion-induced stop codon at
the MAPT locus, which encodes the Tau protein (Figure 2A). Western
blot was used to confirm a lack of Tau protein expression in the
MAPT KO cell lines (Figure 2B). WT and MAPT KO iPSC lines can be
differentiated to MAP2-positive neurons with neuronal morphology
(Figure 2C)
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We treated both WT and MAPT KO iPSC derived neurons with
dimethyl sulfoxide (DMSO), atorvastatin, or simvastatin and mea-
sured the effects on AB levels. Simvastatin and atorvastatin reduced
ABA42 (Figure 2D) and AB40 (Figure 2E) levels in both wild-type (WT)
and MAPT KO neurons to similar extents. These results show that
the effects of statins on APP processing to AR occur independently
of their effects on Tau. Together with our previous findings (van der
Kant et al., 2019), this shows that while cholesterol is an important
regulator of both pTau and AB, cholesterol-dependent changes in
pTau and AB occur independently of one another.

Statins reduce processing of fIAPP to sAPPp and sAPPq. and
processing of APP CTFs to Ap

We hypothesized that statins reduce AB by interfering with APP pro-
cessing. To test this, we characterized the effects of atorvastatin on
APP fragment composition in WT hiPSC-derived neurons. We ob-
served a decrease in both sAPPp (Figure 3A) and sAPPa. (Figure 3B)
in conditioned media from WT neurons after atorvastatin treatment.
We also observed an increase in fIAPP after statin treatment (Figure
3, C and D). A similar cholesterol-dependent increase of flAPP has
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FIGURE 2: Statin-mediated reduction in AB secretion is Tau-independent. (A) We used CRISPR/Cas? to create MAPT
KO iPSC lines by creating an insertion-induced stop codon at the MAPT locus. (B) Western blot confirming knockout of
Tau protein in the MAPT KO iPSC lines. (C) WT and MAPT KO iPSCs were differentiated to neurons and then fixed,
permeabilized, stained for MAP2 (neuron cell body marker), and then imaged. WT and MAPT KO lines both differentiate
to MAP2-positive neurons with similar neuronal morphologies. (D, E) WT or Tau KO neurons were treated with DMSO or
10 uM atorvastatin or simvastatin for 5 d. (D) AB42 levels and (E) AB40 levels were determined by MSD-ECL (mean +

SEM, n = 3).

been reported previously in other model systems (Cole et al., 2005).
This increase in flAPP was mostly driven by an increase in immature
APP, consistent with ER retention of APP after statin treatment as
previously suggested (Huttunen et al., 2009). The two WT lines we
used had slightly different baseline expression levels of BACET;
however, BACE1 protein levels were not altered after statin treat-
ment in either line (Figure 3, E and F), indicating that increased levels
of fIAPP and decreased A production are not caused by a reduction
in BACE1 levels. We also measured the effects of statins on APP CTF
levels. We observed a strong reduction in BCTF/fIAPP (Supplemen-
tal Figure S3A) and aCTF/fIAPP (Supplemental Figure S3B) after
statin treatment, which is in line with reduced fIAPP processing.
However, when normalized to actin, BCTF levels were unchanged
while aCTF levels slightly increased (Supplemental Figure S3, D and
E), indicating that statins stabilize CTF levels. This is consistent with
a two-step regulation of APP processing by statins (Cole et al., 2005;
Zhou et al., 2008): cholesterol-dependent regulation of fIAPP pro-
cessing and isoprenoid-dependent regulation of CTF processing to
AB. Here, we focused our efforts on understanding the cholesterol-
dependent effects of statins on fIAPP processing.

Statins decrease APP-BACE1 interaction
The observed reduction in APP processing and subsequent increase
in flAPP in statin-treated neurons led us to hypothesize that statin
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treatment may alter APP-BACE1 interaction and APP dimerization.
To understand the effect of statin treatment on APP processing and
dimerization in more detail, we modified a bimolecular fluorescence
complementation (BiFC) assay described in Das et al. (2016) to mea-
sure APP-BACE1 interactions (see Figure 5A later in this article) and
APP-APP interactions (see Figure 6A later in this article).

We developed this system in HEK293 (HEK) cells and validated
that APP processing in this system is regulated in a manner similar
to that in iPSC-derived neurons. All APP fragments measured were
much higher in wtAPPvc transfected cells compared with untrans-
fected cells (Figure 4, A-E), indicating that most of the measured
fragments are derived from processing of the transfected con-
struct rather than from endogenous APP. Treatments with a v-
secretase inhibitor (compound E) and a BACE1 inhibitor (BIV) both
reduced AB42 (Figure 4A) and AB40 (Figure 4B). Treatment with
BIV reduced sAPPB (Figure 4C) and did not significantly change
sAPPa (Figure 4D). These data show that transfected APP can be
processed by endogenous BACE1 and y-secretase. Atorvastatin
treatment reduced AB42 (Figure 4A), AB40 (Figure 4B), sAPPB
(Figure 4C), and sAPPa. (Figure 4D) and increased levels of full-
length wtAPPvc (visualized with an anti-GFP [green fluorescent
protein] antibody) in the transfected HEK cells (Figure 4E). The
changes in APP fragments that we observe in transfected HEK
cells match the changes we see in hiPSC-derived neurons after

Molecular Biology of the Cell
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FIGURE 3: Statins reduce processing of fIAPP to sAPPf and sAPPo.
without altering BACE1 levels. (A-F) Neurons derived from two
distinct WT iPSC lines were treated with DMSO or 10 uM atorvastatin
for 5 d. Levels of (A) sAPPf and (B) sAPPo. were determined by
MSD-ECL. (C) Levels of fIAPP were determined by Western blot and
quantified in D. (E) Levels of BACE1 were determined by Western blot
and quantified in (F) (mean + SEM, n > 3).

atorvastatin treatment, indicating that the changes modeled in the
split Venus transfection system are similar to those modeled in hu-
man neurons and can be used to gain mechanistic insights on this
pathway.

To robustly quantify Venus signal (APP-BACE1 interaction) in a
high-throughput manner, we developed a flow cytometry assay
that quantitatively measures thousands of cells (Supplemental
Figures S4, A-E, and S5, A-D). We confirmed that the Venus signal
observed in this assay is specific to the APP-BACE1 interaction
rather than nonspecific fluorescence of the split Venus constructs
or nonspecific reconstitution of the Venus signal (Supplemental
Figure S7, A-D).
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We observed that statin treatment reduced the median fluores-
cence intensity of the Venus signal, indicating less fIAPP-BACE1 in-
teraction (Figure 5, B and C). Atorvastatin treatment did not signifi-
cantly affect the transfection efficiency as measured by the
percentage of transfected singlets (Supplemental Figure S6, A and
B). These data show that statin treatment reduces APP-BACET1 inter-
action in transfected HEK cells. We confirmed these findings in
iPSC-derived neurons transfected with the split Venus constructs us-
ing microscopy (Figure 5D). These results show that reduced sAPPJ
production after statin treatment is indeed caused by a reduction of
APP-BACET1 interaction, which might be expected when APP is re-
tained in the ER.

Statins increase APP dimerization

Previous studies have suggested that full-length APP dimerization can
alter APP processing by BACE1 (Kaden et al., 2008; Bhattacharyya
etal., 2016). To determine whether statins affect APP dimerization, we
modified the split Venus BiFC assay described above to measure APP
dimerization (Figure 6A) (Chen et al., 2006; Ben Khalifa et al., 2011; So
etal., 2013). Cells were gated and compensated in the same manner
as described for the APP-BACET interaction assay (Supplemental
Figures S4, A-E, and S5, A-D). We confirmed that the Venus signal
observed in this assay is specific to APP dimerization rather than non-
specific fluorescence of the split Venus tags or nonspecific reconstitu-
tion of the Venus signal (Supplemental Figure S8, A-D).

Statin treatment increased Venus median fluorescence intensity
(APP dimerization) as quantified by high-throughput flow cytometry
analysis in HEK cells (Figure 6, B and C). These results were con-
firmed in transfected iPSC-derived neurons by microscopy (Figure
6D). Overall, these data indicate that statins, through a reduction of
cholesterol biosynthesis, enhance APP dimerization and decrease
APP-BACET1 interaction, explaining reduced AP production under
these conditions.

The APP cholesterol-binding site mediates statin-induced
changes in APP dimerization and APP-BACE1 interaction
One previous study showed that in a purified, reconstituted system,
binding of cholesterol to APP acts in competition with APP dimeriza-
tion (Song et al., 2013). Whether APP dimerization is affected by
cholesterol binding in live cells is not known. To test this, we used
site-directed mutagenesis to generate mutant APPvn and APPvc
constructs with mutations in the cholesterol-binding site that are
known to interfere with APP cholesterol binding (E693A and F691A)
(Barrett et al., 2012; Nierzwicki and Czub, 2015). We will refer to
these mutations collectively as Acholesterol-APP mutants. We tested
whether statin treatment causes alterations in dimerization in
Acholesterol-APP—transfected cells. We observed that compared
with the strong increase in dimerization observed in the wtAPP con-
dition, statin treatment has a blunted effect on APP dimerization in
cells transfected with split Venus pairs containing the APP E693A
mutation (eaAPPvn and eaAPPvc) and no effect on APP dimerization
in cells transfected with split Venus pairs containing both the APP
E693A and F691A mutations (eafaAPPvn and eafaAPPvc) (Figure
7A). This indicates that the influence of statins on APP dimerization
is dependent on the APP cholesterol-binding site in cultured cells. To
our knowledge, this is the first time this has been shown in live cells.
We hypothesized that statin-induced changes in APP-BACET1 in-
teraction were also dependent on APP binding to cholesterol. To
test this, we asked whether APP-BACE1 interaction is affected by
statin treatment in cells cotransfected with Acholesterol-APP and
BACE1 split Venus pairs. Compared with the strong decrease in
APP-BACE1 interaction observed in the wtAPP condition, statin
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FIGURE 4: Statins reduce processing of transfected APP in HEK cells. To test whether
transfected HEK cells can be used to model drug-induced changes in APP processing, we
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(D) sAPPo. from media of wtAPPvc transfected cells. (E) Western blot visualization of APPvc
(visualized with an anti-GFP antibody that binds to the Venus c-terminus [vc] tag) and actin.

treatment has a blunted effect on APP-BACE1 interaction in cells
transfected with eaAPPvn and BACE1vc and no effect on APP-
BACE1 interaction in cells transfected with eafaAPPvn and BACE 1vc.
(Figure 7B). This indicates that the influence of statins on APP-
BACE1 interaction is dependent on the APP cholesterol-binding
site. Together, these data support the model that cholesterol bind-
ing and dimerization act in competition to regulate APP processing
by BACE1 (Figure 8, A and B).

DISCUSSION
We probed the mechanisms of how statins regulate APP processing
to AB. We observed that statins reduce AP secretion in neurons
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derived from NDC, SAD, and FAD individu-
als. Statins cause a reduction of APP interac-
tion with BACE1 and drive the accumulation
of flAPP in a process dependent on the APP
cholesterol-binding domain and APP dimer-
ization. These changes occur in a Tau-inde-
pendent manner.

m DMSO

BACET1 Inhibitor

3 Y-secretase Inhibitor
= Atorvastatin

Statins reduce APP processing to Af

by reducing APP interaction with
B-secretase and altering APP
dimerization

Together, the changes in APP proteolytic
fragment composition along with the de-
creases in APP-secretase interaction that we
observe after statin treatment suggests that
statins reduce APP processing to AB42 and
AB40 by increasing APP dimerization and
reducing APP interaction with BACE1.
These changes are tightly correlated with
statin-induced increases in fIAPP dimeriza-
tion. We propose a model in which statin
treatment inhibits processing by BACE1 by
reducing APP cholesterol binding and in-
ducing fIAPP dimerization (Figure 8B). In a
secondary process, statins also influence
APP CTF turnover and processing (Supple-
mental Figure S3, A-E) in a process that is
likely isoprenoid-dependent rather than
cholesterol-dependent (Cole et al., 2005;
Zhou et al., 2008). We focused on the cho-
lesterol-dependent effect of statins on fIAPP
dimerization and showed that statin treat-
ment induces fIAPP dimerization and re-
duces APP processing by BACE1. Very few
studies have looked at the effects of fIAPP
dimerization on APP processing by BACE1
(Kaden et al., 2008; Bhattacharyya et al.,
2016). Inducing dimerization of fIAPP using
a chimeric APP-FKBP protein that can be in-
duced to dimerize by addition of an FKBP-
binding drug led to an increase in flAPP and
a reduction in sAPPB (Eggert et al., 2009).
This suggests that fIAPP dimerization may
decrease fIAPP processing by BACE1. Later
studies from the same group showed that
induced dimerization increased APP local-
ization in the ER, possibly explaining dimer-
ization-induced decreases in APP process-
ing by BACE1 (Eggert et al., 2018). One
previous in vitro study showed that binding of cholesterol to APP
may prevent APP dimerization (Beel et al., 2010). Our data expand
on these results by showing that APP dimerization is enhanced by
inhibiting cholesterol metabolism under physiological conditions in
live cells and neurons. We additionally show the importance of the
APP cholesterol-binding site in mediating the effects of statins on
APP dimerization, supporting the notion that dimerization and cho-
lesterol binding are intimately connected. Statin-induced increases
in dimerization were accompanied by decreases in APP-BACE1
interaction and an increase in flAPP that was primarily driven by
increased immature APP. This was consistent with a previous
study showing that statin treatment causes APP retention in the ER,
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Statins decrease APP-BACE1. Interaction. (A) Principle of
the APP-BACET1 interaction assay. The C-terminus of Venus
fluorescent protein (vc) was tagged to the C-terminus of BACE1 to
generate the BACE1vc plasmid. The N-terminal half of Venus (vn) was
tagged to the C-terminus of fIAPP to generate the APPvn plasmid.
To test the interaction of APP and BACE1, both plasmids are
cotransfected into the cells along with a soluble mCherry plasmid for
cell selection. When APP and BACE1 interact, vn and vc fragments
reconstitute into a functional Venus protein and emit fluorescence,
which can be detected by microscopy or flow cytometry. (B, C) HEK
cells were plated in DMSO or 10 uM atorvastatin and then transiently
transfected 24 h later. Cells were transfected with wtAPPvn, wtAPPvc,
and mCherry unless otherwise indicated. mCherry-positive cells were
analyzed 16 h after transfection. (B) Histograms showing flow
cytometry analysis of BACE1-fIAPP interaction (Venus median
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resulting in reduced maturation of APP and thus limited availability
of APP for proteolytic processing by the secretases (Huttunen et al.,
2009). We propose that atorvastatin treatment induces dimerization
and inhibits APP processing by BACE1, possibly through statin-in-
duced alterations in ER localization and APP maturation. Another
possibility is that the induction of fIJAPP dimerization that we ob-
serve after statin treatment makes APP impervious to BACE1 inter-
action. It is plausible that dimerization could obscure amino acids
involved in APP-secretase interactions or obscure APP cleavage
sites. More work is needed to determine whether statin-induced di-
merization alters APP processing and APP-secretase interactions by
altering APP trafficking or by obscuring amino acids that are essen-
tial to APP processing. BACE1 also forms dimers, trimers, and tetra-
mers (Liebsch et al., 2017), and statins have also been shown to re-
duce BACE1 dimerization and BACE1-mediated APP processing
(Parsons et al., 2006). Thus, statins may inhibit APP processing by
BACE1 through muiltiple mechanisms. Developing pharmacological
approaches to target APP dimerization or APP cholesterol binding
may lead to novel therapeutic strategies for AD treatment.

Cholesterol-dependent regulation of APP processing

In addition to statins, we also used a squalene synthase inhibitor to
confirm that APP processing to AP is regulated by the cholesterol
biosynthetic arm of the mevalonate pathway. We previously demon-
strated that statin treatment of iPSC-derived neurons causes a
reduction in CE but no measurable reduction in cholesterol levels
(van der Kant et al., 2019). This supports the hypothesis that the
effect of statins on fIAPP and AB levels is mediated by changes in CE
or by localized changes in cholesterol levels in subcellular organelles
that are not detectable in whole cell lysates. Our observation that
cholesterol homeostasis influences amyloidogenic APP processing
to AB is in agreement with many previous studies (Bodovitz and
Klein, 1996; Simons et al., 1998; Frears et al., 1999; Kojro et al.,
2001; Ehehalt et al., 2003; Xiong et al., 2008; Cossec et al., 2010;
Marquer et al., 2011). In addition, we observed a second step of
regulation of CTF processing and turnover that likely depends on
the isoprenoid pathway (Cole et al., 2005; Zhou et al., 2008). Under-
standing the regulation of APP processing by cholesterol is of high
importance as cholesterol has been strongly implicated in AD patho-
genesis. Several studies have shown that CE (the storage form of
cholesterol) is enriched in AD patient brains and in transgenic AD
mouse models (Chan et al., 2012; Tajima et al., 2013; Yang et al.,
2014). Mutations that cause FAD have been associated with altered
cholesterol homeostasis (Cho et al., 2019). And elevated LDL cho-
lesterol has been associated with early-onset AD (Wingo et al.,
2019). Changes in cholesterol homeostasis that are driven by FAD or
SAD genetic risk factors could influence AD pathogenesis. For ex-
ample, APOEe4 (the major genetic risk factor for SAD) is a protein
involved in the transport of cholesterol. APOE is one of the major
apolipoproteins in the CNS (Elliott et al., 2010) and shuttles lipids

fluorescence intensity). A negative control transfected with only
mCherry is shown in red. (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 pM atorvastatin. Four days later, neurons were
transiently transfected with wtAPPvn, BACE1vc, and mCherry.

Cells were fixed, permeabilized, and stained with MAP2 16 h
post-transfection. Cells were selected for imaging based on positive
MAP2 and mCherry signal and neuronal morphology. Imaging and
image processing were performed blind.
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Statins increase flAPP dimerization. (A) Principle of the flAPP dimerization assay. Two fIAPP 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, which can be detected by microscopy or flow cytometry. To test APP
dimerization, both plasmids are cotransfected into the cells along with a soluble mCherry plasmid. Analysis of Venus
median fluorescence intensity (APP dimerization) was performed only on transfected cells. (B, C) HEK cells were plated
in DMSO or 10 pM atorvastatin and then transiently transfected with wtAPPvn, wtAPPvc, and mCherry 24 h later. Cells
were analyzed 16 h after transfection. (B) Histograms showing flow cytometry analysis of dimerization (Venus median
fluorescence intensity) in transfected cells. A negative control transfected with only mCherry is shown in red.

(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 h after transfection. Cells were selected for imaging based on positive MAP2 and mCherry signal and neuronal

morphology. Imaging and image processing were performed blind.

from glia to neurons and vice versa (Liu et al., 2017). The APOEe4
allele interferes with this lipid transport (Liu et al., 2017) and can
cause cholesterol accumulation in different cell types (Lin et al.,
2018). As we show that neuronal cholesterol and APP processing to
AP in neurons are tightly coupled, it would be very interesting to
investigate how neuronal cholesterol metabolism is subsequently
regulated by glia and how this glia-dependent regulation of neuro-
nal cholesterol might be impacted by APOE and/or other genetic
risk factors for AD such as TREM2 and PLCy2, which also have been
shown to regulate brain lipid metabolism (Andreone et al., 2020;
Nugent et al., 2020). Furthermore, new neuronal-cholesterol-lower-
ing approaches, for example, based on activation of CYP46A1 and
conversion of cholesterol to 24-hydroxycholesterol have been de-
veloped and are currently in clinical trials for AD (van der Kant et al.,
2020). Overall, our work supports the relevance of targeting neuro-
nal and brain cholesterol metabolism to treat AD and provide mech-
anistic insight into the influence of cholesterol on AD pathogenesis.
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Statins reduce AP through a Tau-independent mechanism
Previously, we published that statins reduce pTau levels by a mecha-
nism that is independent of APP and AB (van der Kant et al., 2019).
We show here that statins also cause a reduction of AB levels that is
independent of Tau by showing that simvastatin reduces A in both
WT and MAPT KO neurons. This suggests that in addition to
previously defined pathways in which AB and Tau can work together
in the same pathway, AR and pTau levels can both be closely
coregulated by changes in cholesterol metabolism 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.

General conclusions and future directions

Gaining an understanding of the upstream pathways that regulate
AB may lead us to a better understanding of APP function and AD
pathogenesis and ultimately to improved drug targets. Further
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FIGURE 7: The influence of statins on APP dimerization and APP-BACE1 interaction is
dependent on the APP cholesterol-binding site. We made point mutations in the APP
cholesterol-binding site in APPvn and APPvc plasmids. These Acholesterol APP mutations were
previously shown to obliterate APP cholesterol binding (eaAPPvn = APP E693A) (eafaAPPvn =
APP E693A+F691A). HEK cells were plated in DMSO or 10 uM atorvastatin and then transiently
transfected 24 h later. (A) Cells were transfected with WT or Acholesterol mutant split Venus
pairs and mCherry. mCherry-positive cells were analyzed by flow cytometry 16 h after
transfection. Venus median fluorescence intensity was quantified as a measure of APP
dimerization (mean + SEM, n > 3) (B) Cells were transfected with WT or Acholesterol mutant
APPvn, WT BACE1vc, and mCherry. mCherry-positive cells were analyzed by flow cytometry

nucleofection. To obtain single cells, iPSCs
were dissociated with Accutase (Innovative
Cell Technologies) and filtered twice
through 100 pM filters. Cells (8 x 10°) were
nucleofected using the Amaxa Human Stem
Cell Nucleofector Kit | (Lonza) with 5 pg
pSpCas?(BB)-2A-GFP (PX458) vector (Ran
et al., 2013), containing guide RNA (gRNA)
(5"-TCACGCTGGGACGTACGGGT-3))  tar-
geting MAPT exon 2. After culturing the iP-
SCs in the presence of Rl for 48 h, 1 x 10
GFP + IPSCs were FACS sorted (FACS Aria
llu; BD Biosciences) and plated on 10 cm
MEF-feeder plates in the presence of RI.
After 1 wk, single colonies were manually
picked, cultured in 96-well plates, and ex-
panded. DNA from single clones was har-
vested using QuickExtract DNA Extraction
Solution (Epicentre), and the MAPT gene
was PCR amplified using Phusion High-Fi-
delity DNA Polymerase (NEB) and primers
(TAUSF; GGC CAA CTG TTA GAG AGG GT
and TAUSR; TCT GGA TGC AAA CTG TTC
CCQG), purified using Exo-SAP-IT PCR Prod-
uct Cleanup Reagent (ThermoFisher Scien-
tific), and Sanger sequenced. Sequencing
results were aligned against the MAPT wild-
type sequence to determine the presence
of disruption in the vicinity of the gRNA/

16 h after transfection. Venus median fluorescence intensity was quantified as a measure of

APP-BACET1 interaction (mean + SEM, n > 3).

investigation into targeting cholesterol metabolism, APP-choles-
terol binding, and APP dimerization using pharmacological ap-
proaches may lead to novel therapeutic strategies to treat AD.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Human iPSC-derived cell lines

The WT iPSC lines used in this study include 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 Gore
et al. (2011). WT1(B10) and WT2(B11) were generated and charac-
terized in van der Kant et al., (2019).

SAD and NDC iPSC lines used are SAD2 (RRID: CVCL_EJ93),
SAD3 (RRID: CVCL_UB91), SAD4 (RRID: CVCL_UB92), SAD5 (RRID:
CVCL_UB93), SADé6 (RRID: CVCL_UB9%4), NDC1 (RRID:CVCL_EJ84),
NDC3 (RRID: CVCL_UB88), NDC4 (RRID: CVCL_UB89), and NDC5
(RRID: CVCL_UB90) described and characterized in Young et al.
(2015).

The iPSC line from the AD patient with an APP duplication is
APPI1.1 (RRID:CVCL_EJ96) in Israel et al. (2012). See Israel et al.
(2012) for characterization of this cell line and for patient details.

The generation of the MAPT KO iPSC line as well as its isogenic
WT control is described below.

iPSC genome editing

iPSCs (iPSC CVI line) derived from fibroblasts obtained from a
biopsy from J. Craig Venter (Gore et al., 2011) were pretreated with
10 pM Rock Inhibitor (RI; Y-27632 dihydrochloride; Abcam) before
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Cas9 predicted cutting site. Possibly edited
clones were expanded, resequenced, and
digitally karyotyped by hybridization to the
Infinium CoreExome-24 BeadChip (lllumina). One line was identi-
fied carrying multiple insertions in MAPT exon 2, predicted to
generate a premature stop codon; this line was expanded and dif-
ferentiated to neural progenitor cells (NPCs) and then differentiated
to neurons. To test whether premature stop codon formation had
induced nonsense-mediated decay of MAPT mRNA and thus loss of
Tau protein, we examined Tau protein levels in this clone compared
with a WT, an unedited subclone that underwent the genome edit-
ing process but was not modified. Anti—total Tau T6402 (1:1000;
Sigma) failed to detect any Tau protein in the edited clone, suggest-
ing that CRISPR/Cas9-induced insertions prevented translation of
Tau protein generating a MAPT null line.

Generation of NPCs

NPCs were generated from iPSCs as described in Yuan et al. (2011).
Briefly, 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 PA6 differentiation media (450 ml
Glasgow DMEM, 50 ml KO serum replacer, 5 ml sodium pyruvate,
5 ml nonessential amino acids) + 10 pm SB431542 + 0.5 ug/ml Nog-
gin. On the 11th 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 + 20 ng/ml bFGF (Fibroblast Growth Factor basic
protein) (Millipore). From here, cells were expanded and frozen
down for use in future experiments.

Cell culture and generation of neurons

iPSCs were cultured on a MEF feeder layer in HUES medium (400 ml
KO DMEM |[Life Technologies 10829] + 50 ml Knockout serum
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(Sigma; S6196), mevalonolactone (meva-
lonic acid) (Sigma; M4667), YM-53601 (Cay-
man Chemicals; 18113), avasimibe (Sigma;
PZ0190-5MG), compound E (Calbiochem
CAS 209986-17-4), and BACE1T inhibitor
(BIV) (Calbiochem CAS 797035-11-1).

AB, sAPPB, and sAPPo MSD-ECL
measurements

For Meso Scale Discovery electrochemilu-
minescence (MSD-ECL) measurements of
conditioned media from iPSC-derived neu-
rons, neurons were replated into 96 wells
(2 x 10° living cells/well) after three wk of
differentiation. Replated neurons were cul-

FIGURE 8: Cholesterol/CE-lowering drugs inhibit APP processing by promoting flIAPP
dimerization. (A) Model of APP processing in untreated cells. (B) Diagram summarizing APP
processing changes observed after statin treatment. fIAPP dimerizes and accumulates while
sAPPo. and sAPPJ decrease. These changes are accompanied by reduced APP-BACE1
interaction, suggesting reduced BACE1 cleavage. Levels of a-CTF and B-CTF are not reduced
after statin treatment despite the reduction in fIAPP processing, indicating that statins also

regulate CTF turnover through a secondary mechanism.

[Thermo Fisher 10828028] + 50 ml plasmanate [Chapin] + 5 ml Pen/
Strep [Life Technologies 15140-122] + 5 ml nonessential amino acids
[Life Technologies 11140-050] + 5 ml glutamax [Life Technologies
35050-061] + 1 ml B-mercaptoethanol [Life Technologies 21985-
023]+ 20 ng/ml FGF [R&D Systems 233-FB-1]) as described in Israel
et al. (2012). iPSCs were passaged with Accutase (Innovative Cell
Technologies).

MEFS were plated in MEF media (450 ml DMEM high glucose
[Life Technologies 11965] + 50 ml fetal bovine serum [Mediatech
35-011-CV] + 5 ml Pen/Strep [Life Technologies 15140-122] + 5 m
glutamine [Life Technologies 250303]) on plates coated with 0.1%
gelatin.

NPCs were cultured on poly-t-ornithine (0.02 mg/ml) and laminin
(5 pg/ml) (Sigma)-coated plates in NPC base media (DMEM:F12 +
glutamax, 0.5x N2, 0.5x B27, Pen/Strep [all Life Technologies]) +
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 conflu-
ence, after which FGF was withdrawn from the NPC base culture

256 | V.F Langness et al.

tured for 2 wk in 200 pl NPC base + BDNF/
GDNF/cAMP. After 2 wk, media was re-
moved and fresh media (200 pl NPC base +
BDNF/GDNF/cAMP) containing the tested
compounds was added. The conditioned
culture media was harvested from cells at
the indicated time points.

For MSD-ECL measurements of condi-
tioned media from HEK cells, HEK cells
were plated on 12 well plates coated with poly-L-lysine (2 x 10° liv-
ing cells/well) in the indicated drug treatment. On the second day,
media was removed, the cells were washed once with phosphate-
buffered saline (PBS), and media was replaced with fresh dilutions of
the indicated treatment and cells were transfected. Media was har-
vested for analysis at the indicated time points (typically 16-24 h
post-transfection).

For all AR measurements, 25 pl of the culture media was run on
a V-PLEX AB Peptide Panel 1 (6E10) (K150SKE) kit. For all sAPP mea-
surements, 25 ul of the culture media was run on a MULTI-SPOT
sAPPo/sAPPB plate (K15120E). All kits are from Meso Scale Discov-
ery. Measurements were performed on the MSD imager MESO
QuickPlex SQ 120.

Microscopy

Replatedneuronsderivedfromthe CVBiPSCline (RRID:CVCL_1N86)
on MatTek glass-bottom dishes were treated with 10 pM atorvas-
tatin and DMSO for 5 d. Following treatment, cells were trans-
fected with either APPvn/APPvc/sol. mCherry or APPvn/BACE1vc/
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sol. mCherry plasmids using Lipofectamine 2000 for 16-18 h. Cells
were fixed in 4% PFA (paraformaldehyde) and permeabilized using
Triton X-100. Immunostaining was performed using the MAP2
antibody.

Imaging and subsequent data analyses were done blinded.
Images were acquired using an Olympus 1X81 inverted epifluo-
rescence microscope. Z-stack images were captured using a
100x objective (imaging parameters: 0.4 pm z-step, 400-800 ms
exposure, and 1 x 1 binning). Neurons that were double-positive
for MAP2 and soluble mCherry were selected for imaging.
Captured images were deconvolved and subjected to a
maximum-intensity projection using Metamorph Software
(Molecular Devices).

Western blots

For Western blots of iPSC-derived neurons, neurons were replated
after 3 wk of differentiation onto 24 well plates (2 x 10° live cells/
well). Replated neurons were cultured for 2 wk in 200 pl NPC base +
BDNF/GDNF/cAMP. After 2 wk, half of the media was removed and
fresh media (500 pl NPC base + BDNF/GDNF/cAMP) containing the
tested compounds was added. The cells were harvested for West-
ern blot at the indicated time points.

For Western blots of HEK cell lysates, HEK cells were plated on
12 well plates coated with poly-L-lysine (2 x 10° living cells/well) in
the indicated drug treatment. On the second day, media was re-
moved, the cells were washed once with PBS, media was replaced
with fresh dilutions of the indicated treatment, and cells were trans-
fected. Cells were harvested for Western blot at the indicated time
points (typically 16-24 h post-transfection).

Cells were lysed in RIPA lysis buffer (Millipore) with protease in-
hibitors (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. LDS sample buffer (4x) (Invitrogen NP0007) + B-
mercaptoethanol was added to the lysate to generate a final con-
centration of 1x sample buffer + 5% B-mercaptoethanol. Samples
were boiled at 100°C for 5 min.

Samples were run on NuPAGE 4%-12% bis-Tris gels (Invitro-
gen). Gels were transferred to PVDF (polyvinylidene difluoride)
membranes and then blocked for 1 h at room temperature in
Odyssey Blocking Buffer (LI-COR). Blots were probed overnight at
4°C using the indicated primary antibody. The next day, blots were
probed with IRDye secondary antibodies (LI-COR) at 1:5000.
Images were acquired using a LICOR Odyssey imager. Bands were
quantified using LICOR Image Studio Lite software.

Antibodies used were as follows: anti-actin (1:10,000; EMD Mil-
lipore), anti-BACE1 EPR3956 (1:1000; Abcam ab108394), anti-APP
C-terminal 751-770 (1:500; Millipore 171610), and anti-GFP (1:1000;
Abcam ab290).

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 x 10° living
cells/well) in the indicated drug treatment. On the second day,
media was removed, the cells were washed once with PBS, media
was replaced with fresh dilutions of the indicated treatment, and
cells were transfected. Cells were harvested for flow cytometry at
the indicated time points (typically 16-24 h posttransfection).

To harvest cells for flow cytometry analysis, HEK cells were
washed once in PBS and then incubated with trypsin to dissociate
cells. Trypsinized cells were washed and filtered through 100 pm
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filters. Cells were centrifuged to pellet cells. Cell pellets were resus-
pended and filtered through 70 pm filters.
Cells were analyzed on a BD FACSAria Il flow cytometer.

Plasmids

APPvn, BACE1vc, and APPStop40vn plasmids were reported in
Das et al. (2016). Human WT APP695 isoform was PCR amplified
and cloned at Hindlll and Sacll sites of pVC to generate the APPvc
plasmid. Acholesterol APP mutant plasmids were generated using
the QuikChange XL Site-Directed Mutagenesis kit. eaAPPvn
and eaAPPvc (APP E693A) were generated using the following
mutagenic primers:

E693A forward: 5-GGTGTTCTTTGCAGCCGATGTGGGTTC-
AAAC-3’

E693A
CACC-3

reverse: 5-GTTTGAACCCACATCGGCTGCAAAGAA-

eafaAPPvn and eafaAPPvc (APP E693A+F691A) were generated
using the following mutagenic primers:

EAFA forward: 5-GGTGTTCGCTGCAGCCGATGTGGGTTC-
AAAC-3’
EAFA reverse:
CACC-3’

5-GTTTGAACCCACATCGGCTGCAGCGAA-

All constructs were sequence verified.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software.
Statistical analyses comparing multiple groups were performed us-
ing a one-way analysis of variance with a Tukey’s multiple compari-
son 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 <
0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. n indicates measure-
ments from independent wells of cultured cells.
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