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Abstract

astrocytes.

Alzheimer's disease (AD), the leading cause of dementia, is a chronic neurodegenerative disease. Apolipoprotein E
(apok), which carries lipids in the brain in the form of lipoproteins, plays an undisputed role in AD pathophysiology.
A high-throughput phenotypic screen was conducted using a CCF-STTG1 human astrocytoma cell line to identify
small molecules that could upregulate apoE secretion. AZ7235, a previously discovered Axl kinase inhibitor, was
identified to have robust apoE activity in brain microglia, astrocytes and pericytes. AZ7235 also increased expression
of ATP-binding cassette protein A1 (ABCAT), which is involved in the lipidation and secretion of apoE. Moreover,
AZ7235 did not exhibit Liver-X-Receptor (LXR) activity and stimulated apoE and ABCAT expression in the absence of
LXR. Target validation studies using AXL—/— CCF-STTG1 cells showed that Axl is required to mediate AZ7235
upregulation of apoE and ABCAT. Intriguingly, apoE expression and secretion was significantly attenuated in AXL-
deficient CCF-STTG1 cells and reconstitution of Axl or kinase-dead Ax! significantly restored apoE baseline levels,
demonstrating that Axl also plays a role in maintaining apoE homeostasis in astrocytes independent of its kinase
activity. Lastly, these effects may require human apoE regulatory sequences, as AZ7235 exhibited little stimulatory
activity toward apoE and ABCAT1 in primary murine glia derived from neonatal human APOE3 targeted-replacement
mice. Collectively, we identified a small molecule that exhibits robust apoE and ABCAT1 activity independent of the
LXR pathway in human cells and elucidated a novel relationship between Axl and apoE homeostasis in human
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Background

Alzheimer’s Disease (AD) is the most common form of
dementia. Apolipoprotein E (ApoE), which is abundantly
secreted from astrocytes, microglia, and pericytes, is the
major lipid carrier in the brain [1-3] and the major gen-
etic risk factor for late-onset AD, which accounts for
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more than 99% of AD cases [4-6]. Humans express
three apoE isoforms: apoE2 (protective), apoE3 (neutral)
and apoE4 (detrimental), which differ at amino acid po-
sitions 112 and 158 and exhibit significant differences in
lipid binding, apoE receptor binding, tau-mediated neu-
rodegeneration and amyloid B (AB) binding, deposition
and clearance [7-10]. Of the three human APOE alleles,
APOE4 increases AD risk and reduces age of onset. At
least one copy of APOE4 is present in ~17% of the
population and ~ 60% of AD patients [5, 11, 12].

As apoE has pleiotropic activities, there is considerable
debate about whether raising or lowering apoE leve ls
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might be beneficial for AD. On one hand, reducing the
gene dose of murine Apoe, human APOE3 and human
APOE4 in apoE-targeted replacement mice decreases
amyloid burden and tau-mediated neurodegeneration in
several AD mouse models [13-16]. Further, intraperito-
neal administration of an anti-apoE antibody into AD
mice improves cognitive function and reduces brain A
load [17], and decreasing APOE expression by antisense
oligonucleotides significantly alleviates AP pathology in
amyloid mice homozygous for the APOE3 or APOE4 al-
lele [18]. Conversely, in both AD patients and AD ani-
mal models, apoE4 protein levels are lower in the central
nervous system (CNS) compared to the other apoE iso-
forms [19-23], and decreased cerebrospinal fluid (CSF)
apoE levels are associated with reduced CSF AB42 and
worse clinical outcome, whereas increased CSF apoE has
been suggested to be a protective response to injury in
AD [24, 25]. As apoE also plays important roles in lipid
transport, neuroinflammation, synaptic plasticity and
blood brain barrier (BBB) integrity [26—28], an overall
reduction of apoE levels throughout adulthood is not
without risk.

A more nuanced approach for apoE-directed therapies
for AD may be to modulate apoE functions, which are
coupled to apoE’s lipidation status. In the CNS, apoE is
directly lipidated by the ATP-binding cassette trans-
porter A1 (ABCA1) protein to form lipoprotein particles
that resemble circulating high-density lipoprotein (HDL)
in size and density. Both apoE and ABCA1 are transcrip-
tionally regulated by the Liver X Receptor (LXR) and
Retinoid X Receptor (RXR) nuclear receptors [29]. Previ-
ous studies have used genetic (ABCA1 overexpression)
and pharmacologic (LXR or RXR agonists) approaches
to show that increased lipidation of apoE lowers amyloid
deposition and improves cognitive function in various
AD mouse models, whereas decreased apoE lipidation in
the absence of ABCA1 exacerbates amyloid pathology
[30-33]. Furthermore, targeting unlipidated aggregated
apoE using selective antibodies significantly reduced
amyloid accumulation in AD mice [34].

To better understand the mechanisms of apoE regula-
tion, as well as the potential therapeutic utility of pro-
moting apoE lipidation, we performed a focused
phenotypic screen to identify small molecules that in-
crease apoE secretion from human CCF-STTG1 astrocy-
toma cells. The screening cascade was carefully designed
for facile target identification of novel targets beyond
direct LXR agonists. From a library of 14,000 highly an-
notated small molecules, we identified AZ7235, a previ-
ously annotated Axl kinase inhibitor [35], that has
robust apoE and ABCAL1 activity across several human
CNS cell types, independent of LXR activity. Intri-
guingly, reducing Axl expression significantly attenuated
baseline apoE expression in CCF-STTG1 cells, and
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reconstitution of either wild-type or kinase-dead AxI res-
cued baseline apoE expression. These effects may de-
pend on human APOE regulatory sequences, as AZ7235
had minimal apoE activity and no ABCA1 activity in pri-
mary murine glia derived from neonatal human APOE3
targeted-replacement mice. These novel observations
demonstrate that Axl plays an important role in apoE
homeostasis in multiple human CNS cell types that are
relevant to AD.

Methods

Cell models and reagents

Human astrocytoma cell line CCEF-STTG1 (cat#
90021502) acquired from European Collection of Au-
thenticated Cell Cultures (ECACC) were expanded at
AstraZeneca and used as the parental line to generate an
AXL-/- line by CRISPR-Cas9 gene editing and poly-
clonal AXL-reconstituted CCF-STTG1 lines (described
below). Human microglia clone 3 (HMC3, cat# CRL-
3304) was acquired from American Type Culture Collec-
tion (ATCC). Immortalized LXR double knockout
(LXRa—/LXRp-) and LXR expressing (LXRo+/LXRp-)
mouse embryonic fibroblasts (MEFs) were kindly pro-
vided by Dr. Peter Tontonoz (California, USA) [36]. Pri-
mary human astrocytes (cat# 1800) and brain vascular
pericytes (cat# 1200) were acquired from ScienCell. Hu-
man APOE3 targeted-replacement mice [37] were ob-
tained from the Cure Alzheimer Fund and primary
murine mixed glia were cultured from postnatal day 0-2
pups as described [38]. The LXR agonist T0901317 was
acquired from Sigma-Aldrich (cat# 575310). AZ7235
was synthesized as previously described [35]. Commer-
cial Axl inhibitor R428 (cat# 21523) and UNC2025 (cat#
16613) were purchased from Cayman Chemical. Axl in-
hibitor S49076 was purchased from Selleckchem (cat#
S8404). Stocks of all compounds were prepared in di-
methyl sulfoxide (DMSO).

Focused phenotypic screen for apoE secretion
CCF-STTG]1 cells were propagated at scale in 10 cham-
ber Cell STACKS (Corning Life Sciences) to generate an
assay ready cryobank of 1.6 x 10° cells. Cells were de-
tached using Accutase (Invitrogen/ThermoFisher Scien-
tific cat# 00—4555-56), neutralized with standard media,
centrifuged and resuspended in 90% FBS /10% DMSO at
a density of 2x10” cells/ml and aliquoted for cryo-
preservation using a controlled rate freezer (Kryo
Planer). For the focused screening of the phenotypic
compound library, each compound was tested in singli-
cate at 1 and 10 uM. For validation of primary actives,
compounds were tested in a 7-point serial dilution in
the 40nM - 30 uM range in singlicate on two separate
occasions.
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Cryopreserved CCF-STTG1 cells were carefully
thawed in 37°C water bath, diluted in culture media,
and dispensed at a density of 9000 cells/well into 384-
well microtitre plates (BD BioCoat Poly D-Lysine,
cat#354663) using a Multidrop™ Combi (Thermo Scien-
tific) and standard cassette. Plates were incubated 1h at
room temperature before transferring to standard cul-
ture conditions for 18-20h. Assay-ready compound
plates were prepared by dispensing 100 nL. compound in
DMSO to 384-well polypropylene plates (Greiner, cat#
781220) using an acoustic dispenser (Labcyte, Echo 550
Liquid handler). All plates contained 16 wells each with
100 nL. of DMSO (neutral control) or 1 mM of the LXR
agonist T0901317 (stimulatory control). The compound
plates were further diluted by adding 50 uL of pre-
warmed assay medium using a Multidrop™ Combi
(Thermo Scientific) and standard cassette. To start the
assay, 25 pL of medium was removed from the cell-plate
using a Vertical Pipetting Station (Agilent) equipped
with a 384-head and replaced by 25 uL from the com-
pound pre-dilution plate. This gave a final assay concen-
tration of stimulatory control T0901317 of 1M and a
total DMSO concentration of 0.1% in all wells. Cell-
plates were incubated at 37°C, 5% CO, for 65h, and
then 25pL of the cell-supernatant was removed from
the stimulated cell-plate to a new 384 PPV plate (Grei-
ner 781,220) and stored at —20°C until analysis by
ELISA.

Secreted apoE levels in the focused screen were quan-
tified in a 384-well immunoassay plate (Nunc Maxisorb,
cat# 460518) that was prepared by coating with 25 pL/
well of a primary anti-human apoE monoclonal anti-
body, mAb E276 (MabTech, cat# 3712-3-250), diluted
to 1.66 ug/mL in PBS. The plates were sealed and placed
at 4°C overnight, followed by washing with 2 x 50 pL
wash buffer (PBS with 0.05% Tween-20), and blocking
with wash buffer supplemented with 0.1% BSA for 1h at
RT. The blocking solution was removed and the plates
were washed with 2 x 50 uL. wash buffer before adding
5uL of the supernatants from stimulated cells together
with 20 uL PBST and incubating for 1h at RT. The
plates were then washed with 2 x 50 pL wash buffer and
incubated with 20 puL of a biotinylated anti-human apoE
monoclonal antibody E887 (MabTech, cat# 3712-6-
250), diluted to 0.5 pg/mL in blocking buffer for 1 h. The
plates were subsequently washed by 2 x 50 pL. wash buf-
fer and incubated with 20 pL streptavidin-HRP (Mab-
Tech, cat# 3310-9) diluted 1:1000 in wash buffer
supplemented with 0.1% BSA for 1h. The plates were
then washed with 4 x50 ul wash buffer and 40 pL
QuantaBlu Substrate (Thermo, cat# 15162) was added.
Fluorescence was measured on a BMG Pherastar plate
reader after 1 h. When required, a standard curve of re-
combinant ApoE3 (MabTech, cat# 3712-1H-6) was
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included in the ELISA in the range of 31-1000 ng/ml in
order to calculate the amount apoE present in cell su-
pernatants. The same apoE ELISA was used in a 96-well
plate format for subsequent follow up experiments.

U-2 OS Gal4 chimeric cell-based reporter assays were
performed to exclude hit compounds as a direct LXR ag-
onists as previously described [39]. Briefly, the LXR
agonist T0901317, used as positive control, and test
compounds were added to U-2 OS cells transfected with
vectors containing a ligand-binding domain of the LXRa
or LXRp receptor fused to the Gal4 DNA binding do-
main. Luciferase reporter gene activities were measured
after 40 h of treatment.

Generation of AXL—/— CCF-STTGT1 cells

Cells were transfected by Neon electroporation (two
pulses at 1200V, 20 ms; Life Technologies), with two
custom vectors harboring a CMV-dCas9-ELD-gRNA1
and CMV-dCas9-KKR-gRNA2 of AXL containing a
guide sequence to AXL at exon 1: gRNA1 5'- TCCCTG
GGTTGCCCACGAA -3’ and gRNA2: 5'- GGGACT
CACGGGCACCCITT - 3'. Following transfection, single
GFP-positive cells were isolated by FACS after 48 h.
Clones were screened for indels by PCR amplification of
genomic DNA using the following primers: 5'- AAGG
ACAGGGTGGAACTGAGGGC -3’ and 5'- TTCCAT
CACATGCTCAAAGCCGCA -3'. PCR products were
Sanger sequenced. Positive AXL KO clones was also
confirmed by next generation sequencing.

Knockdown of AXL in CCF-STTG1 cells

Two MISSION® siRNAs targeting human AXL mRNA
NM_001699.5 (Sigma-Aldrich, cat# SIHK0149: 5'-GGU-
CAUCUUACCUUUCAUGA-3’; SIHK0150: 5'-
CUCAGAUGCUAGUGAAGUU-3") and siRNA Univer-
sal Negative Control #1 (Sigma-Aldrich, cat# SIC001)
were transfected into CCF-STTGL cells using Lipofecta-
mine 2000 (ThermoFisher) according to the manufac-
turer’s instructions. Knockdown efficiency of Axl protein
was confirmed by immunoblotting after 72h of
transfection.

Reconstitution of WT and K567R Axl in AXL—/— CCF-STTG1
cells

Axl expression plasmids were generated by BlueSky BioSer-
vices (Worcester, MA, USA) who used a human codon-
optimized, gene synthesis approach to generate the 2685-bp
full-length wild-type human AXL c¢cDNA (transcript variant
1, NM_021913) or kinase dead AXL (K567R) [40] which was
subsequently cloned into the pcDNA3.1 expression vector
by GenScript. AXL-/- CCF-STTG] cells were stably trans-
fected with empty expression vector or the above AXL con-
structs using Lipofectamine 3000 (ThermoFisher) according
to the manufacturer’s protocol. Four days after transfection,
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cells were selected with 300 ug/mL G418 (Sigma-Aldrich),
and selection was continued for at least 3 weeks before pool-
ing reconstituted stably transfected cells into polyclonal
pools.

Cell culture and treatment

All cells were cultured under standard culture conditions
at 37 °C with 95% humidity and 5% v/v CO,. CCF-STTG1
cells were cultured in a mixed media consisting of three
parts of High-Glucose Dulbecco’s modified Eagle’s
medium (DMEM) with L-glutamine (Sigma-Aldrich, cat#
D6429) and one part of Ham’s F12 (Sigma-Aldrich, cat#
N6658), supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin/streptomycin (P/S, Gibco). AXL
-/- and AXL-reconstituted CCF-STTGI cells were cul-
tured in Roswell Park Memorial Institute medium (RPMI,
Gibco) 1640-GlutaMAX™ supplemented with 10% FBS
and 1% P/S. Primary murine mixed glia and mouse em-
bryonic fibroblasts were cultured in DMEM (Gibco) sup-
plemented with 10% FBS, 2 mM L-glutamine and 1% P/S.
Primary human astrocytes and pericytes were cultured in
their respective growth media (containing 2% FBS) pro-
vided by ScienCell. HMC3 cells were grown in Eagle’s
Minimum Essential Medium (EMEM, ATCC) supple-
mented with 10% FBS.

For immunoblotting, mRNA, and apoE ELISA assays
for follow up experiments, cells were seeded in either
12-well (CCF-STTG1: 200,000 cells/well; MEF: 100,000
cells/well; primary human astrocyte: 300,000 cells/well;
primary human pericytes: 100,000 cells/well; HMC3:
100,000 cells/well; primary murine mixed glia: 400,000
cells/well) or 24-well (CCF-STTG1: 100,000 cells/well)
plates in their respective standard growth media. After
24 h, cells were treated with fresh growth media contain-
ing test compounds at indicated concentration for indi-
cated time intervals.

Cell viability assay

CCF-STTGL1 cell viability was evaluated using CellTiter
Blue (resazurin assay; Promega). Cells were incubated
with CellTitre Blue as per the manufacturer’s protocol
for 1h and fluorescence was recorded (560g,/590¢y,)
using an Infinite 200PRO microplate reader (TECAN).
Percent viability is expressed as test compound relative
to DMSO control.

Quantitative RT-PCR

RNA was extracted using the PureLink™ RNA mini-kit
(ThermoFisher) according to the manufacturer’s proto-
col. Real-time quantitative PCR (qRT-PCR) was per-
formed with DNA Green reagents (Roche) on a
LightCycler® 96 system (Roche). The qRT-PCR primer
sequences used in this study were previously described
[39] with additional primers probing mouse Apoe
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(Forward: 5'- AACCGCTTCTGGGATTACCT-3'; Re-
verse: 5'-TGTGTGACTTGGGAGCTCTG-3’). Each
sample was assayed at least in duplicate and normalized
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(human) or B-actin (mouse).

Electrophoresis and Immunoblotting

For denaturing polyacrylamide gel electrophoresis
(PAGE), cells were washed with 1x phosphate buffered
saline (PBS) and lysed in radioimmunoprecipitation
assay (RIPA) lysis buffer (20 mM Tris, 1% NP40 Alterna-
tive, 5mM ethylenediaminetetraacetic acid (EDTA), 50
mM NaCl, 10 mM Na pyrophosphate, 50 mM NaF, and
complete protease inhibitor (Roche), pH 7.4). Protein
concentration was determined by BCA Protein Assay Kit
(Pierce). Cellular proteins (20—40 pg/well) were mixed
with loading dye with a final concentration of 2% so-
dium dodecyl sulfate (SDS) and 1% [B-mercaptoethanol,
incubated for 5min at 95°C and resolved on house-
made 10% Tris-HCl polyacrylamide gels or pre-casted
NuPAGE™ 4-12% Bis-Tris Protein Gels (Thermo
Fisher). Samples derived from the same experiment were
always run on the same gel. Proteins were transferred
onto polyvinylidene difluoride (PVDF, Millipore) mem-
branes at 24 V overnight at 4 °C. To minimize gel-to-gel
variation, blots were typically cut into strips to probe for
multiple proteins of distinct molecular weights that were
separated on the same gel and preserve a common load-
ing control for each protein of interest. After blocking
with 5% non-fat milk in PBS for 1h, membranes were
probed for 1 h at 4 °C with 1:1000 rabbit-anti-apoE (Cell
Signaling Technology, cat# 13366), 1:1000 monoclonal
rabbit-anti-ABCA1 [Clone 1276B] (Novus, cat# NBP2—
54792), 1:1000 rabbit-anti-Axl (Cell Signaling Technol-
ogy, cat# 8661). Blots of the same experiment were
stripped with 1x ReBlot Plus Mild Antibody Stripping
Solution (Millipore, cat# 2502), re-blocked and re-
probed for 30 min with 1:5000 anti-glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) or anti-pB-actin
(Millipore) as loading controls. Membranes were washed
with PBST (1x PBS with 0.05% Tween-20) and then in-
cubated for 1h with horseradish peroxidase (HRP)-la-
beled anti-mouse or anti-rabbit secondary antibodies
(Jackson Immuno-Research). For native PAGE, media
samples were mixed with non-denaturing loading dye to
a final concentration of 0.04% bromophenol blue, 4.0%
glycerol, and 100 mM Tris (pH 6.8) and resolved on 6%
non-denaturing Tris-HCl polyacrylamide gels. Native
gels were then transferred as described above and
probed with 1:1000 rabbit-anti-apoE antibody (Cell Sig-
naling Technology, cat# 13366) overnight. Results were
visualized using chemiluminescence (ECL, Amersham)
and blot images were captured on xfilm or with a Bio-
Rad ChemiDoc MP Imaging System (Bio-Rad). Band
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density was quantified using Image] software (version
1.47q, National Institutes of Health).

Cholesterol efflux assay

CCE-STTGL cells were seeded at 100,000 cells/well in
24-well plates and cultured for 24 h before labeling for
24h with 1 uCi/ml of *H-Cholesterol (PerkinElmer Life
Sciences) in growth media supplemented with DMSO,
1uM T0901317, or 1uM AZ7235. Labeled cells were
then washed and equilibrated in serum-free media for
60 min. Serum-free media containing the same com-
pound treatments were then added to the cells in the ab-
sence (NA, no acceptor) or presence of 10 ug/ml of
exogenous lipid-free apoA-I (a kind gift from CSL Beh-
ring, Switzerland). After 24 h at 37 °C, culture media was
collected and cells were lysed by addition of 0.2M
NaOH and 0.2% Triton-X, followed by incubation at
room temperature for a minimum of 1h. Radioactivity
in media and cell lysate samples was quantified by scin-
tillation counting (PerkinElmer). The percent cholesterol
efflux was calculated as the total counts per minute
(CPM) in the media divided by the sum of the CPM in
the media plus in the cell lysate.

LXR reporter luciferase assay

To interrogate LXR activation in CCE-STTGI cells, the
LXRa Cignal Reporter Assay kit (Qiagen) was used ac-
cording to the manufacturer’s instructions. The LXRa
reporter system is a mixture of a LXRa-responsive Fire-
fly luciferase construct and a constitutively expressing
Renilla luciferase construct (40:1) under the transcrip-
tional control of a minimal CMV promoter and tandem
repeats of LXR-response elements (LXRE). CCF-STTG1
cells were transfected with expression vectors containing
WT or mutant LXRa without LXRE, followed by treat-
ment with either 1 uM T0901317 or 3 uM AZ7235 24 h
post transfection. LXRa activity was monitored by a dual
luciferase assay (Promega) 24 h post treatment and lucif-
erase activities were read on Tecan Spark Multimode
Microplate Reader.

Statistical analysis

Statistical analyses were performed using randomized
block ANOVA with experimental runs as blocks to
minimize inter-experimental variation [41]. For immu-
noblot analysis, raw densitometry data (target protein
value over loading control protein value) were first log
transformed and then analyzed by a two-way (“Experi-
ment” and “Drug Treatment” as the two factors)
ANOVA model with “Experiment” being the blocking
factor and with a Dunnett’s multiple comparison post-
test (i.e. each drug treatment condition compared to ve-
hicle control). For qRT-PCR analysis, ACt values (target
gene Cr minus reference gene Cr) were used in the
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same two-way ANOVA model with “Experiment” being
the blocking factor. For cholesterol efflux and MEF LXR-
dependency experiments, a three-way (“Drug”, “Experiment”
and “ApoA-I treatment/genotype” as the three factors)
ANOVA was used, where “Experiment” was used as the
blocking factor and Sidak’s multiple-comparison tests were
used to compare either the test compounds’ effect over ve-
hicle control within each genotype/treatment condition, or
the effect of genotype/treatment themselves under each test
compound condition.

For assays using arbitrary units, such as immunoblot
and qRT-PCR, results are plotted as fold-change over ve-
hicle control (dotted lines) + 95% confidence interval (i.e.
the mean difference of treatment group versus control
group calculated from the aforementioned ANOVA ana-
lysis) of the indicated number of independent experi-
ments. For assays using standard units, such as ELISA,
cholesterol efflux and LXR luciferase assay, data are pre-
sented as mean measurement + standard deviation from
the indicated number of experiments. All statistical ana-
lyses were performed using Statistical Package for the
Social Sciences (SPSS) (version 23) and P-values < 0.05
were considered significant. Prism 6 (GraphPad Soft-
ware) was used to graph all data.

Results

Phenotypic screening of apoE upregulation in CCF-STTG1
cells identifies AZ7235

We tested ~ 14,000 structurally diverse compounds for
their ability to increase apoE levels in the media overlay-
ing CCE-STTGL cells. As previously described [42], the
compound collection included marketed drugs, internal
AstraZeneca compounds, and literature compounds with
a high degree of compound annotation and activity
values of less than 100 nM against more than 1500 bio-
logical targets including GPCRs, nuclear hormone recep-
tors, ion channels, and enzymes. A focused screen at 1
and 10 pM identified 419 compounds that were active at
both concentrations (2.8% hit-rate) whereas 225 were ac-
tive only at 1 pM and 561 only at 10 uM. A total of 1000
compounds were selected for confirmation in concentra-
tion response screening and 717 compounds were in-
deed confirmed as active. For the 585 of these
compounds with no prior data on activity versus LXR,
counter screening was performed in an LXR reporter
gene assay. After filtering out all compounds that were
known to be, or identified as, active on unwanted or in-
tractable targets such as the LXR receptors, the
remaining 235 compounds were further analyzed based
on their annotated molecular targets. We selected
AZ7235, a previously described Axl receptor tyrosine
kinase (RTK) inhibitor [35], for follow up studies based
on the potency of the initial hit, and the potential bio-
logical interest of the annotated target.
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AZ7235 upregulates apoE and ABCA1 expression in
multiple apoE-secreting human CNS cell types

We first confirmed that AZ7235 dose-dependently in-
creased ApoE secretion up to concentrations of 10 uM
(Fig. la), above which the compound was cytotoxic
resulting in a non-specific decline in ApoE secretion
(Fig. 1b). To determine whether other Axl kinase inhibi-
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we evaluated R428 [43], S49076 [44], and UNC2025 [45]
in a concentration response assay. Compared to
AZ7235, R428 and S49076 exhibited modest apoE activ-
ity whereas UNC2025 had minimal effect on the apoE
response. (Fig. 1c). We also tested whether CCF-STTG1
cells respond to up to 1000 ng/ml of Gas-6, a well-
established Axl ligand [40] and found no response (data

tors also regulate apoE secretion from CCF-STTGL1 cells, not shown), suggesting that AZ7235 may use a non-
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Fig. 1 AZ7235 increases apoE expression in various CNS cell types. (a-b) CCF-STTG1 cells were treated with AZ7235 using a 7-point concentration
response curve at the indicated concentration (0.041-30 uM) for 72 h. (a) ApoE secretion was measured by ELISA and data are expressed as %
apoE secretion relative to DMSO (0%) and 1 uM of the positive control LXR agonist T0901317 (100%). (b) Cell viability was measured by CellTiter-
Blue assay and data are expressed as percentage change relative to DMSO treatment (100%, dashed line). (c) Log dose response curves for other
Axl inhibitors R428, S49076 and UNC2025 (0.1 uM — 3 uM) on apoE secretion in CCF-STTG1 after 72 h treatment. Data are expressed as fold-
change relative to DMSO treatment (dashed line). Error bars represent range of duplicate wells in one representative assay. (d) APOE mRNA levels
were measured by gRT-PCR and (e) cellular apoE protein levels were measured by immunoblot in CCF-STTG1 cells after 72 h treatment with
vehicle control DMSO, 1 uM T0901317, 3 uM AZ7235. (f) Representative immunoblot of cellular apoE. Images were cropped to show relevant
lanes. Graphs of (d) and (e) represent fold-change over DMSO control (dashed line) and +/— 95% confidence intervals from N independent
experiments indicated in brackets. (g-i) Secreted apokE levels were measured in primary human astrocytes (g), HMC3 (h) and primary human brain
vascular pericytes (i) after 72 h drug treatment. Graph represents mean concentration and standard deviation from N independent experiments
indicated in brackets. ** P < 0.01, *** P < 0.001 compared to vehicle control using blocked two-way analysis of variance (ANOVA) post-hoc tests
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canonical mechanism to regulate apoE in human CCEF-
STTG1 cells, potentially explaining the differential activ-
ities of these Axl inhibitors on apoE secretion.

In CCF-STTG1 cells, AZ7235 significantly induced
apoE expression at both mRNA (Fig. 1d) and cellular
protein levels (Fig. le-f) after 72h at 3 uM, the max-
imum effective concentration. AZ7235 also exhibited ro-
bust apoE activity in other apoE-secreting CNS cell
types including primary human astrocytes, HMC3
microglia cells, and primary human brain vascular peri-
cytes (Fig. 1g-i). Intriguingly, primary human astrocytes
and HMC3 cells were unresponsive to T0901317, dem-
onstrating cell type differences in the regulation of apoE
expression.

As both apoE levels and function are related to its lipi-
dation by ABCA1, we examined the effect of AZ7235 on
ABCAL1 in CCF-STTG]1 cells. We found that AZ7235 sig-
nificantly increased both ABCA1 protein levels (Fig. 2a)
and ABCA1 activity as measured by a cholesterol efflux
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assay to exogenous apoA-I (Fig. 2b). To examine whether
the particle size distribution of the apoE-containing lipo-
proteins secreted by CCF-STTGI1 cells was affected by
compound treatment, conditioned media was resolved by
non-denaturing gel electrophoresis, revealing that, similar
to T0901317, AZ7235 increased the amount of HDL-like
sized apoE particles ranging from ~ 8 to 17 nm in diam-
eter (Fig. 2c). These results demonstrate that AZ7235 not
only upregulates apoE expression but also increases
ABCAL1 protein levels and activity, resulting in enhanced
production of native lipidated apoE particles that are se-
creted from CCF-STTG1 cells. We also confirmed that
AZ7235 increased ABCA1 protein levels in primary hu-
man astrocytes, HMC3, and primary brain vascular peri-
cytes (Fig. 2d-f).

Opverall, these data demonstrate that AZ7235 robustly
stimulates apoE and ABCA1 expression and activity
across multiple apoE-secreting CNS cell types from hu-
man origins.
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absence (NA) or presence of 10 ug/ml of lipid-free apoA-l along with the above drug treatment was evaluated. Graphs represent mean % efflux
and standard deviation of three independent experiments. * P < 0.05, ** P <0.01, *** P <0.001 comparing drug effect over respective DMSO
control; ### P <0.001 comparing between NA vs. apoA-l within each drug condition by blocked three-way ANOVA post-hoc tests. (c) Particle size
distribution of apoE-containing lipoproteins in the unconcentrated 72-h-conditioned media from drug-treated CCF-STTG1 were assessed by 6%
native PAGE followed by immunoblotting for apoE. The ladder on the left represents Stokes diameter. (d-f) Cellular ABCAT protein levels were
measured by immunoblot in primary human astrocytes, HMC3 and primary human brain vascular pericytes after 72 h treatment with vehicle
control DMSO, 1 uM T0901317, 3 uM AZ7235. Graphs represent fold-change over DMSO control (dashed line) and +/— 95% confidence intervals
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Immunoblot images were cropped to show relevant lanes
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AZ7235 shows no direct or indirect activation of the LXR
pathway

Several approaches were used to test whether AZ7235
has direct or indirect LXR agonist activity. First, a GAL4
chimeric reporter-based assay in U-2 OS cells showed
that while T0901317 exhibited strong agonist activity for
both the LXRa and LXR[} receptors in a concentration-
dependent manner as expected, AZ7235 showed no ac-
tivity at either LXR receptor (Fig. 3a-b), indicating that
AZ7235 does not directly bind to LXR receptors. Using
the same chimeric reporter constructs, lack of direct nu-
clear receptor activity was confirmed using a receptor
binding assay at 0.3 and 3 uM AZ7235 for several add-
itional orphan nuclear receptors including RXRa, RXRp,
RXRy, peroxisome proliferator-activated receptor vy
(PPARY), and farnesoid-X-receptor (FXR), all of which
were below the threshold of >2-fold activation (data not
shown). LXR reporter luciferase assays were then used
to test whether AZ7235 indirectly activates the LXR
pathway. While T0901317 exhibited strong LXR activity
at 1 M, AZ7235 showed no activity at 3 uM, demon-
strating that this compound also does not indirectly
stimulate the LXR pathway (Fig. 3c). Finally, immortal-
ized mouse embryonic fibroblasts (MEFs) deficient for
both LXRa and LXRp and isogenic MEFs reconstituted
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with LXRa were used to evaluate AZ7235 activity on
Apoe and Abcal expression. As expected, Apoe and
Abcal upregulation induced by T0901317 was com-
pletely abolished in LXRa and LXRp double knockout
MEFs. However, the activity of AZ7235 on Apoe and
Abcal induction was unchanged in the absence of LXR
(Fig. 3d-e). Taken together, these studies demonstrate
that the mechanism of action by which AZ7235 in-
creases apoE and ABCA1 expression is independent of
LXR signaling.

Axl is required for AZ7235 activity

AZ7235 is a type-I inhibitor of the Axl RTK with a previ-
ously reported IC50 of 5nM [35]. As type I kinase inhibi-
tors often have multiple targets, we determined whether
the apoE activity of AZ7235 requires Axl. We used
CRISPR (clustered regularly interspaced short palindromic
repeats) to knock out AXL from CCF-STTGI cells. We
found that without AXL, AZ7235 had no effect on apoE
secreted protein or mRNA expression, whereas T0901317
retained its ability to upregulate apoE (Fig. 4a-b).

Axl regulates apoE homeostasis in CCF-STTG1 cells
Intriguingly, we observed that baseline levels of apoE
mRNA and secreted protein were significantly reduced
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in AXL-/- CCF-STTG1 cells when comparing DMSO
treated wild-type and AXL knock-out CCF-STTGI cells
(Fig. 4a-b), raising the hypothesis that Axl is associated
with regulation of apoE homeostasis. To determine
whether this effect was specific to AXL, or an off-target
result of the CRISPR editing, we used siRNA to knock-
down AXL in CCF-STTG1 cells. Experiments using two
distinct siRNAs showed that reduced AXL expression
also significantly lowered baseline apoE levels (Fig. 4c-e),
mimicking the phenotype of AXL-/- CCE-STTGLI cells.
We then reconstituted AXL-/- CCF-STTG1 cells
with plasmids expressing either wild-type (WT) Axl
or a kinase-dead version of Axl carrying the K567R
mutation that abrogates tyrosine kinase activity and
generated stable polyclonal cell lines for each con-
struct (Fig. 4f). Compared to the negative control
transfected with empty vector (EV), baseline apoE
levels were elevated in both reconstituted AXL-/-
CCF-STTGL1 lines (Fig. 4g), demonstrating that Axl
affects astrocyte apoE homeostasis independent of its
kinase activity.

Page 9 of 13

AZ7235 has little activity on apoE and ABCA1 in primary
murine glia from targeted-replacement APOE3 mice

To investigate the activity of AZ7235 in mouse cells, we
cultivated primary murine glia derived from neonatal
human APOE3 targeted-replacement mice as previously
described [38]. Cells were re-plated at 18-20days
in vitro followed by treatment with DMSO, 1uM
T0901317, 1 uM and 3 uM AZ7235 for 72 h. Unlike in
human cells, AZ7235 had greatly reduced activity on
apoE and ABCA1l modulation in murine glia that ex-
press the human apoE3 protein. Specifically, 3 uM of
AZ7235 led to a 1.5-fold, statistically significant increase
in secreted apoE from murine mixed glia (Fig. 5a), which
is far less than the 4—6 fold increase in secreted apoE in
CCE-STTG1, human primary astrocytes and primary hu-
man pericytes at the same concentration of AZ7235.
Again contrasting with human cells, neither the cellular
protein levels of apoE nor ABCA1l were increased by
AZ7235 in murine glia (Fig. 5b-d). Although the LXR
agonist T0901317 significantly increased cellular apoE
and ABCA1 protein levels by 72 h in primary mixed glia,

8 CCF-STTG1: 72 h Secreted apoE (N=3) b CCF-STTG1: 24 h APOE mRNA (N=3) c CCF-STTG1:
xxk ok Secreted apoE (N=3)
xax l 0,06 ok | £ 10— siCtri
KKk kK ‘» T
10000 4 ns. = wr [ s = wr © 0.8 T
| i ml = AXL~ 9 0,061 | it | = A~ g2 T e
= 1000 5 g 2 0.6 T
e <
E Hittt p it o3 T
= 5 0.047 - = 0.4
= 100 @ 358
L 3 Lo
8 Soozd{  # 2 0.21
T 104 It ©
Q
rﬁ I‘T] @ 0.0
1 0.00 siAXL1  siAXL2
DMSO  T0901317  AZ7235 DMSO 10801317 AZ7235
d CCF-STTG1: e 5 \9@ N g AXL-/- CCF-STTG1:
APOE mRNA (N=3) oy = & Secreted apoE (N=3)
= X Fkk
L R — siCtrl (140kDa) c 57 o
Q go) ==
o2 (37kDa) 5 4 T
237 T S53
[} g 9 i
221 1 i L
[0] ituti D
2 £ 04] J_ f Reconstitution %5 2
o = WT AXL-/- EV.  WT K567R B
“ 202 Axl ——— gz ]
2 (140kDa) | 2 |—I—| .
& 0.0 GAPDH ‘— — — --‘ ° 0
= SIAXL1  SIAXL2 (37kDa) axi. EV_ WT KS567R
Reconstitution
Fig. 4 Axl is the target of AZ7235 and plays a role in regulating apoE homeostasis. (a) Secreted apoE and (b) APOE mRNA levels were measured
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T0901317 treatment did not increase secreted apoE
levels in these cells. Further, although AZ7235 robustly
upregulates both apoE and ABCA1 mRNA in multiple
human cell types (Fig. 1), AZ7235 led to modest, less
than 1.5-fold, increase in APOE mRNA (Fig. 5e) and no
effect on Abcal mRNA levels in primary murine glia
(Fig. 5f). These data suggest that apoE is differentially
regulated in murine compared to human cells, as the
targeted replacement mice used in this study have hu-
manized APOE introns between exons 2-3 and exons
3—4 but retain the murine Apoe 5 and 3’ untranslated
regions.

Discussion

ApoE plays an undeniably important yet enigmatic role
in AD pathogenesis and remains a challenging drug tar-
get. The present study was designed to provide new in-
sights into apoE regulation that may lead to novel
therapeutic approaches targeting apoE levels and lipida-
tion. We identified compound AZ7235 as a modulator
of apoE expression in CCF-STTG1 cells. AZ7235 also

stimulated apoE secretion in multiple other CNS cell
types including HMC3 microglial cells, primary human
astrocytes and brain vascular pericytes. As AZ7235 also
induced ABCAL activity, the resultant apoE particles are
lipidated and resemble native apoE particles in size.

Importantly, AZ7235 is neither a direct LXR agonist nor
indirectly stimulates LXR activity, distinguishing AZ7235
from other compounds returned from our previous efforts
that identified several compound classes that robustly stimu-
late both apoE and ABCAL1 expression in astrocytes via the
LXR-mediated pathway [39, 46, 47]. A recent study identified
Ondansetron, an FDA-approved 5-HT3 antagonist, as an
apoE modulator that also involves the LXR pathway [48]. As
LXR activation is undesirable due to hepatotoxic side effects,
several studies have aimed to identify LXR-independent
pathways that stimulate apoE expression and these have
returned inhibitors of 3p-hydroxysterol A(24)-reductase, 7-
dehydrocholesterol reductase, and pan class I histone deace-
tylases [49, 50], lending support that apoE production and
lipidation can be regulated though LXR-independent path-
ways in the CNS.
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AZ7235 is from a distinct class of apoE modulators
that targets Axl, an RTK that belongs to the TAM
(TYRO3, Axl, and MERTK) family. Axl is ubiquitously
expressed in a wide range of tissues and plays important
roles in apoptosis, immune response, cytokine secretion,
cell proliferation and survival. It is overexpressed in vari-
ous cancers including breast, pancreatic and lung and is
associated with low survival rates [51, 52]. The role of
Axl in the CNS has gained recent attention as Axl levels
may be a potential biomarker for brain damage [53-55].
In addition to the identification of AZ7235 as a novel
apoE modulator, our study demonstrates that Axl also
plays a pivotal role in apoE homeostasis in CCF-STTG1
cells. Specifically, knock-out and knock-down experi-
ments show that reducing Axl levels significantly re-
duces baseline levels of apoE mRNA and secreted
protein, whereas reconstitution of Axl in AXL-deficient
cells significantly elevates baseline apoE expression. Fur-
thermore, Axl kinase activity is not required to regulate
baseline apoE levels, as reconstitution of kinase-dead
K567R Axl [40, 56, 57] also significantly elevates baseline
apoE levels in Axl-deficient CCF-STTGI cells. To our
knowledge, this is the first study to link Axl to apoE
regulation in astrocyte cells.

This new insight may be highly relevant to the role of
apoE in inflammation, where several recent studies dem-
onstrate a role for Axl in brain inflammatory cells. For ex-
ample, microglia isolated from aged mouse brain display
significantly elevated Axl expression [58]. AP plaque-
associated microglia from transgenic AD mice challenged
with LPS have a proinflammatory phenotype with signifi-
cantly increased Axl expression [59]. Importantly, Axl
plays a major role in microglial phagocytosis [60] and has
been demonstrated to be expressed on plaque-associated
microglia, promoting plaque clearance [61]. In addition,
Axl and apoE are members of a cluster of genes believed
to mediate a phenotypic switch from homeostatic micro-
glia to neurodegenerative, disease-associated microglia
[62]. Our present study is the first to describe a novel rela-
tionship between Axl and apoE homeostasis in astrocytes.
Additionally, we also show that AZ7235 also stimulates
apoE expression and secretion in microglia and pericytes.
Further studies will be needed to interrogate the mecha-
nisms and functional significance of the Axl-apoE signal-
ing axis in CNS cells types that produce apoE.

Further support for a non-canonical mechanism link-
ing Axl to apoE secretion stems from two observations.
First, we found a disconnect between the in vitro inhib-
ition of Axl kinase activity and apoE expression or secre-
tion across the Axl inhibitors we tested. Second, we
observed a lack of apoE response after Gas6 stimulation
in these cells. Further studies will be needed to elucidate
the non-canonical mechanism by which AZ2735 acts to
stimulate apoE.
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Importantly, we also observed that AZ7235 has little
to no effect on apoE and ABCA1 in murine glial cells,
even when these cells express human apoE protein. The
human APOE targeted-replacement mice we used to
cultivate primary glial cells were generated using a
knock-in strategy that retains human introns between
exons 2-3 and 3—-4 but retains the murine 5UTR and
3'UTR sequences [37]. Murine apoE is known to be
much less responsive to known apoE regulators such as
GW3965 [32] and Bexarotene [63], thus we expected a
reduced signal in primary murine glia. As expected,
AZ7235 only mildly upregulates apoE in murine glia at
both the transcriptional and secretion levels, whereas the
compound has no effect on murine ABCA1 expression.
Although these observations raise questions about the
suitability of existing mouse models for further research
using AZ7235, they also establish a rationale to develop
new humanized apoE mouse models that express human
apoE isoforms from human regulatory sequences.

Abbreviations

AD: Alzheimer’s disease; ATCC: American type culture collection;

ANOVA: Analysis of variance; apoE: Apolipoprotein E; ABCA1: ATP binding
cassette transporter A1; BBB: Blood brain barrier; CSF: Cerebrospinal fluid;
CNS: Central nervous system; CPM: Counts per minute; DMSO: Dimethyl
sulfoxide; DMEM: Dulbecco’s modified Eagle’s medium; EV: Empty vector;
ELISA: Enzyme linked immunosorbent assay;

EDTA: Ethylenediaminetetraacetic acid; FXR: Farnesoid-X-receptor; FBS: Fetal
bovine serum; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase;

HDL: High density lipoprotein; HTS: High throughput screen;

HRP: Horseradish peroxidase; HMC3: Human microglia clone 3; LXR: Liver X
receptor; LXRE: LXR-response elements; MEF: Mouse embryonic fibroblasts;
PPARY: Peroxisome proliferator-activated receptor y; P/S: Penicillin/
streptomycin; PAGE: Polyacrylamide gel electrophoresis; PVDF: Polyvinylidene
difluoride; PBS: Phosphate buffered saline; gRT-PCR: Real-time quantitative
PCR; RTK: Receptor tyrosine kinase; RXR: Retinoid X receptor;

RIPA: Radioimmunoprecipitation assay; RPMI: Roswell Park Memorial Institute;
SDS: Sodium dodecyl sulfate; SPSS: Statistical Package for the Social Sciences

Acknowledgements
We are indebted to Drs. David Holtzman, Steven Paul, and Peter Davies for
their early collaborative insights on this project.

Authors’ contributions

MW, IK and CLW conceived the study. Phenotypic screening was designed,
performed, and analyzed by JM, OE, DB and MW. CK, SB, CR, RH and MM
designed, generated, and validated CRISPR AxI-knockout and AxI-
reconstituted CCF-STTG1 lines. Studies for hit compound verification, target
validation and mechanism of action were performed and analyzed by WZ,
JF, IK, and CK with assistance from AC, CP, AL, JR and HC. These experiments
were designed and interpreted by Wz, JF, IK, CK, QW, AZ, MW, NB and CLW.
WZ, JF and CLW wrote the manuscript. All authors read and approved the
final manuscript.

Funding

Studies were supported by operating funding provided by AstraZeneca
through the AstraZeneca ApoE Alzheimer Disease Academic Alliance to Dr.
Cheryl Wellington, Dr. David Holtzman, Dr. Peter Davies, Dr. Oleg Butovsky
and Dr. Paul Greengard. As this was a collaborative effort, AZ scientists and
consortium scientists were involved in study design, data analysis and
interpretation. Additional funding was provided by a grant from the Weston
Brain Institute (Rapid Response Program RR182016) to Dr. Jianjia Fan and Dr.
Cheryl Wellington; the WBI had no role in the study design, data collection,
analysis or interpretation.



Zhao et al. Molecular Brain (2020) 13:66

Availability of data and materials
All data generated or analyzed in this study are included in this published
article.

Ethics approval and consent to participate

No human participants or animals were used in this study. Work with
primary human cells was conducted under an approved protocol H13—
02719.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Pathology and Laboratory Medicine, Djavad Mowafaghian
Centre for Brain Health, University of British Columbia, 2215 Wesbrook Mall,
Vancouver, British Columbia V6T 173, Canada. “Mechanistic Biology &
Profiling, Discovery Sciences, R&D, AstraZeneca, Boston, USA. *Mechanistic
Biology & Profiling, Discovery Sciences, R&D, AstraZeneca, Gothenburg,
Sweden. *Discovery Biology, Discovery Sciences, R&D, AstraZeneca,
Gothenburg, Sweden. *Discovery Biology, Discovery Sciences, R&D,
AstraZeneca, Boston, USA. ®Neuroscience, BioPharmaceuticals R&D,
AstraZeneca, Boston, USA. “Hit Discovery, Discovery Sciences, R&D,
AstraZeneca, Gothenburg, Sweden. BHit Discovery, Discovery Sciences, R&D,
AstraZeneca, Boston, USA.

Received: 26 December 2019 Accepted: 24 April 2020
Published online: 04 May 2020

References

1. DeMattos RB, Brendza RP, Heuser JE, Kierson M, Cirrito JR, Fryer J, et al.
Purification and characterization of astrocyte-secreted apolipoprotein E and
J-containing lipoproteins from wild-type and human apoE transgenic mice.
Neurochem Int. 2001;39(5-6):415-25.

2. Gong JS, Kobayashi M, Hayashi H, Zou K, Sawamura N, Fujita SC, et al.
Apolipoprotein E (ApoE) isoform-dependent lipid release from astrocytes
prepared from human ApoE3 and ApoE4 knock-in mice. J Biol Chem. 2002;
277(33):29919-26.

3. Casey CS, Atagi Y, Yamazaki Y, Shinohara M, Tachibana M, Fu Y, et al.
Apolipoprotein E inhibits cerebrovascular pericyte mobility through a RhoA
protein-mediated pathway. J Biol Chem. 2015;290(22):14208-17.

4. Poirier J, Bertrand P, Poirier J, Kogan S, Gauthier S, Poirier J, et al.
Apolipoprotein E polymorphism and Alzheimer's disease. Lancet. 1993;
342(8873):697-9.

5. Saunders AM, Strittmatter WJ, Schmechel D, St. George-Hyslop PH, Pericak-
Vance MA, Joo SH, et al. Association of apolipoprotein E allele 4 with
late-onset familial and sporadic alzheimer's disease. Neurology. 1993;43(8):
1467-72.

6. Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small
GW, et al. Gene dose of apolipoprotein E type 4 allele and the risk of
Alzheimer's disease in late onset families. Science. 1993;261(5123):921-3.

7. Huang Y, Weisgraber KH, Mucke L, Mahley RW. Apolipoprotein E: Diversity
of cellular origins, structural and biophysical properties, and effects in
Alzheimer's disease. J Mol Neurosci. 2004;23(3):189-204.

8. Weisgraber KH, Mahley RW. Human apolipoprotein E: the Alzheimer's
disease connection. FASEB J. 1996;10(13):1485-94.

9. Hatters DM, Peters-Libeu CA, Weisgraber KH. Apolipoprotein E structure:
insights into function. Trends Biochem Sci. 2006;31:445-54.

10. Shi'Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W, et al. ApoE4
markedly exacerbates tau-mediated neurodegeneration in a mouse model
of tauopathy. Nature. 2017,549(7673):523-7.

11. Belbin O, Dunn JL, Ling Y, Morgan L, Chappell S, Beaumont H, et al.
Regulatory region single nucleotide polymorphisms of the apolipoprotein E
gene and the rate of cognitive decline in Alzheimer's disease. Hum Mol
Genet. 2007;16(18):2199-208.

12. Sando SB, Melquist S, Cannon A, Hutton ML, Sletvold O, Saltvedt |, et al.
APOE €4 lowers age at onset and is a high risk factor for Alzheimer's
disease; A case control study from central Norway. BMC Neurol. 2008,8:9.

18.

19.

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

Page 12 of 13

Bien-Ly N, Gillespie AK, Walker D, Yoon SY, Huang Y. Reducing human
Apolipoprotein E levels attenuates age-dependent AR accumulation in
mutant human amyloid precursor protein transgenic mice. J Neurosci. 2012;
32(14):4803-11.

Kim J, Jiang H, Park S, Eltorai AEM, Stewart FR, Yoon H, et al.
Haploinsufficiency of human APOE reduces amyloid deposition in a mouse
model of amyloid-f amyloidosis. J Neurosci. 2011;31(49):18007-12.

Bales KR, Verina T, Cummins DJ, Du Y, Dodel RC, Saura J, et al.
Apolipoprotein E is essential for amyloid deposition in the APP(V717F)
transgenic mouse model of Alzheimer's disease. Proc Natl Acad Sci U S A.
1999,96(26):15233-8.

Holtzman DM, Fagan AM, Mackey B, Tenkova T, Sartorius L, Paul SM, et al.
Apolipoprotein E facilitates neuritic and cerebrovascular plaque formation in
an Alzheimer's disease model. Ann Neurol. 2000;47(6):739-47.

Liao F, Hori Y, Hudry E, Bauer AQ, Jiang H, Mahan TE, et al. Anti-ApoE
antibody given after plaque onset decreases AB accumulation and
improves brain function in a mouse model of AB amyloidosis. J Neurosci.
2014;34(21):7281-92.

Huynh TPV, Liao F, Francis CM, Robinson GO, Serrano JR, Jiang H, et al. Age-
Dependent Effects of apoE Reduction Using Antisense Oligonucleotides in a
Model of B-amyloidosis. Neuron. 2017,96(5):1013-1023.e4.

Fryer JD, DeMattos RB, McCormick LM, O'Dell MA, Spinner ML, Bales KR,

et al. The low density lipoprotein receptor regulates the level of central
nervous system human and murine apolipoprotein E but does not modify
amyloid plague pathology in PDAPP mice. J Biol Chem. 2005;280(27):25754-
9

Vitek MP, Brown CM, Colton CA. APOE genotype-specific differences in the
innate immune response. Neurobiol Aging. 2009;30(9):1350-60.
Ramaswamy G, Xu Q, Huang Y, Weisgraber KH. Effect of domain interaction
on apolipoprotein E levels in mouse brain. J Neurosci. 2005;25(46):10658-63.
Mann KM, Thorngate FE, Katoh-Fukui Y, Hamanaka H, Williams DL, Fujita S,
et al. Independent effects of APOE on cholesterol metabolism and brain
Abeta levels in an Alzheimer disease mouse model. Hum Mol Genet. 2004;
13(17):1959-68.

Riddell DR, Zhou H, Atchison K, Warwick HK, Atkinson PJ, Jefferson J, et al.
Impact of Apolipoprotein E (ApoE) polymorphism on brain ApoE levels. J
Neurosci. 2008;28(45):11445-53.

Cruchaga C, Kauwe JSK, Nowotny P, Bales K, Pickering EH, Mayo K, et al.
Cerebrospinal fluid APOE levels: an endophenotype for genetic studies for
Alzheimer's disease. Hum Mol Genet. 2012;21(20):4558-71.

Toledo JB, Da X, Weiner MW, Wolk DA, Xie SX, Arnold SE, et al. CSF Apo-E
levels associate with cognitive decline and MRI changes. Acta Neuropathol.
2014;127(5):621-32.

Wolf AB, Valla J, Bu G, Kim J, Ladu MJ, Reiman EM, et al. Apolipoprotein E as
a B-amyloid-independent factor in Alzheimer’s disease. Alzheimer's Res Ther.
2013,5:38.

Holtzman DM, Herz J, Bu G. Apolipoprotein E and apolipoprotein E
receptors: Normal biology and roles in Alzheimer disease. Cold Spring Harb
Perspect Med. 2012,2(3):a006312.

Yamazaki Y, Zhao N, Caulfield TR, Liu CC, Bu G. Apolipoprotein E and Alzheimer
disease: pathobiology and targeting strategies. Nat Rev Neurol. 2019;15:501-18.
Hong C, Tontonoz P. Liver X receptors in lipid metabolism: Opportunities
for drug discovery. Nat Rev Drug Discov. 2014;13:433-44.

Wahrle SE, Jiang H, Parsadanian M, Kim J, Li A, Knoten A, et al.
Overexpression of ABCA1 reduces amyloid deposition in the PDAPP mouse
model of Alzheimer disease. J Clin Invest. 2008:118(2):671-82.
Hirsch-Reinshagen V, Maia LF, Burgess BL, Blain JF, Naus KE, Mclsaac SA,

et al. The absence of ABCA1 decreases soluble ApoE levels but does not
diminish amyloid deposition in two murine models of Alzheimer disease. J
Biol Chem. 2005;280(52):43243-56.

Donkin JJ, Stukas S, Hirsch-Reinshagen V, Namjoshi D, Wilkinson A, May S,
et al. ATP-binding cassette transporter A1 mediates the beneficial effects of
the liver X receptor agonist GW3965 on object recognition memory and
amyloid burden in amyloid precursor protein/presenilin 1 mice. J Biol
Chem. 2010,285(44):34144-54.

Koldamova R, Staufenbiel M, Lefterov I. Lack of ABCAT considerably
decreases brain ApoE level and increases amyloid deposition in APP23
mice. J Biol Chem. 2005,280(52):43224-35.

Liao F, Li A, Xiong M, Bien-Ly N, Jiang H, Zhang VY, et al. Targeting of
nonlipidated, aggregated apoE with antibodies inhibits amyloid
accumulation. J Clin Invest. 2018;128(5):2144-55.



Zhao et al. Molecular Brain

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

(2020) 13:66

Barlaam B, Bower J, Delouvrie B, Fairley G, Harris C, Lambert C, et al. Pyridine
and pyrazine derivatives useful in the treatment of cell proliferative
disorders. Global Intellectual Property. WO2009/053737A3. 2009.

Zelcer N, Hong C, Boyadjian R, Tontonoz P. LXR regulates cholesterol uptake
through idol-dependent ubiquitination of the LDL receptor. Science. 2009;
325(5936):100-4.

Huynh TPV, Wang C, Tran AC, Tabor GT, Mahan TE, Francis CM, et al. Lack of
hepatic apoE does not influence early AB deposition: Observations from a
new APOE knock-in model. Mol Neurodegener. 2019;14(1):37.

Fan J, Stukas S, Wong C, Chan J, May S, DeValle N, et al. An ABCAT1-
independent pathway for recycling a poorly lipidated 8.1 nm
apolipoprotein E particle from glia. J Lipid Res. 2011;52:1605-16.

Fan J, Zhao RQ, Parro C, Zhao W, Chou H, Robert J, et al. Small molecule
inducers of ABCAT and apoE that act through indirect activation of the LXR
pathway. J Lipid Res. 2018;59:1-39.

McCloskey P, Fridell YW, Attar E, Villa J, Jin Y, Varnum B, et al. GAS6
mediates adhesion of cells expressing the receptor tyrosine kinase Axl. J Biol
Chem. 1997;272(37):23285-91.

Lew M. Good statistical practice in pharmacology Problem 1. Br J
Pharmacol. 2007;152:295-8.

Paunovic Al, Drowley L, Nordqvist A, Ericson E, Mouchet E, Jonebring A,

et al. Phenotypic screen for cardiac regeneration identifies molecules with
differential activity in human epicardium-derived cells versus cardiac
fibroblasts. ACS Chem Biol. 2017;12:132-41.

Holland SJ, Pan A, Franci C, Hu Y, Chang B, Li W, et al. R428, a selective
small molecule inhibitor of Axl kinase, blocks tumor spread and prolongs
survival in models of metastatic breast cancer. Cancer Res. 2010;70(4):1544—
54.

Burbridge MF, Bossard CJ, Saunier C, Fejes |, Bruno A, Léonce S, et al.
S49076 is a novel kinase inhibitor of MET, AXL, and FGFR with strong
preclinical activity alone and in association with bevacizumab. Mol Cancer
Ther. 2013;12(9):1749-62.

Zhang W, Deryckere D, Hunter D, Liu J, Stashko MA, Minson KA, et al.
UNC2025, a potent and orally bioavailable MER/FLT3 dual inhibitor. J Med
Chem. 2014;57(16):7031-41.

Fan J, Zareyan S, Zhao W, Shimizu Y, Pfeifer TA, Tak JH, et al. Identification
of a chrysanthemic ester as an apolipoprotein e inducer in astrocytes. PLoS
One. 2016;11(9):1-27.

Fan J, Shimizu Y, Chan J, Wilkinson A, Ito A, Tontonoz P, et al. Hormonal
modulators of glial ABCA1 and apoE levels. J Lipid Res. 2013;54(11):3139-50.
Shinohara M, Shinohara M, Zhao J, Fu Y, Liu C, Kanekiyo T, et al. 5-HT3
antagonist Ondansetron increases apoE secretion by modulating the LXR-
ABCAT1 pathway. Int J Mol Sci. 2019;20(6):1488.

Finan GM, Realubit R, Chung S, Lutjiohann D, Wang N, Cirrito JR, et al.
Bioactive compound screen for pharmacological enhancers of
Apolipoprotein E in primary human astrocytes. Cell Chem Biol. 2016;23(12):
1526-38.

Dresselhaus E, Duerr JM, Vincent F, Sylvain EK, Beyna M, Lanyon LF, et al.
Class i HDAC inhibition is a novel pathway for regulating astrocytic apokE
secretion. PLoS One. 2018;13(3):1-20.

Vajkoczy P, Knyazev P, Kunkel A, Capelle HH, Behrndt S, Von Tengg-Kobligk
H, et al. Dominant-negative inhibition of the Axl receptor tyrosine kinase
suppresses brain tumor cell growth and invasion and prolongs survival.
Proc Natl Acad Sci U S A. 2006;103(15):5799-804.

Chen PX, Li QY, Yang Z. Axl and prostasin are biomarkers for prognosis of
ovarian adenocarcinoma. Ann Diagn Pathol. 2013;17(5):425-9.

Kiddle SJ, Thambisetty M, Simmons A, Riddoch-Contreras J, Hye A, Westman
E, et al. Plasma based markers of [11C] PiB-PET brain amyloid burden. PLoS
One. 2012,7(9):e44260.

Ringman JM, Elashoff D, Geschwind DH, Welsh BT, Gylys KH, Lee C, et al.
Plasma signaling proteins in persons at genetic risk for Alzheimer disease.
Arch Neurol. 2012,69(6):757-64.

Xu J,MaF, Yan W, Qiao S, Xu S, Li Y, et al. Identification of the soluble form
of tyrosine kinase receptor Axl as a potential biomarker for intracranial
aneurysm rupture. BMC Neurol. 2015;15(1):23.

Melaragno MG, Cavet ME, Yan C, Tai LK, Jin ZG, Haendeler J, et al. Gas6
inhibits apoptosis in vascular smooth muscle: role of Axl kinase and Akt. J
Mol Cell Cardiol. 2004;37(4):881-7.

Antony J, Tan TZ, Kelly Z, Low J, Choolani M, Recchi C, et al. The GAS6-AXL
signaling network is a mesenchymal (Mes) molecular subtype-specific
therapeutic target for ovarian cancer. Sci Signal. 2016;9(448):ra97.

58.

61.

62.

63.

Page 13 of 13

Raj D, Yin Z, Breur M, Doorduin J, Holtman IR, Olah M, et al. Increased white
matter inflammation in aging- and alzheimer’s disease brain. Front Mol
Neurosci. 2017,30:10.

Yin Z, Raj D, Saiepour N, Van Dam D, Brouwer N, Holtman IR, et al. Immune
hyperreactivity of AB plaque-associated microglia in Alzheimer's disease.
Neurobiol Aging. 2017;55:115-22.

Grommes C, Lee CYD, Wilkinson BL, Jiang Q, Koenigsknecht-Talboo JL,
Varnum B, et al. Regulation of microglial phagocytosis and inflammatory
gene expression by Gas6 acting on the Axl/Mer family of tyrosine kinases. J
Neurolmmune Pharmacol. 2008:3(2):130-40.

Savage JC, Jay T, Goduni E, Quigley C, Mariani MM, Malm T, et al. Nuclear
receptors license phagocytosis by trem2+ myeloid cells in mouse models of
Alzheimer’s disease. J Neurosci. 2015;35(16):6532-43.

Krasemann S, Madore C, Cialic R, Baufeld C, Calcagno N, El Fatimy R, et al.
The TREM2-APOE Pathway Drives the Transcriptional Phenotype of
Dysfunctional Microglia in Neurodegenerative Diseases. Immunity. 2017;
47(3):566-581.9.

Kuntz M, Candela P, Saint-Pol J, Lamartiniére Y, Boucau MC, Sevin E, et al.
Bexarotene promotes cholesterol efflux and restricts apical-to-Basolateral
transport of amyloid-B peptides in an in vitro model of the human blood-
brain barrier. J Alzheimers Dis. 2015;48(3):8349-62.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Cell models and reagents
	Focused phenotypic screen for apoE secretion
	Generation of AXL−/− CCF-STTG1 cells
	Knockdown of AXL in CCF-STTG1 cells
	Reconstitution of WT and K567R Axl in AXL−/− CCF-STTG1 cells
	Cell culture and treatment
	Cell viability assay
	Quantitative RT-PCR
	Electrophoresis and Immunoblotting
	Cholesterol efflux assay
	LXR reporter luciferase assay
	Statistical analysis

	Results
	Phenotypic screening of apoE upregulation in CCF-STTG1 cells identifies AZ7235
	AZ7235 upregulates apoE and ABCA1 expression in multiple apoE-secreting human CNS cell types
	AZ7235 shows no direct or indirect activation of the LXR pathway
	Axl is required for AZ7235 activity
	Axl regulates apoE homeostasis in CCF-STTG1 cells
	AZ7235 has little activity on apoE and ABCA1 in primary murine glia from targeted-replacement APOE3 mice

	Discussion
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

