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The APOE �4 allele is the strongest genetic risk factor for late-onset Alzheimer’s disease (AD). ApoE protein aggregation plays a central
role in AD pathology, including the accumulation of �-amyloid (A�). Lipid-poor ApoE4 protein is prone to aggregate and lipidating
ApoE4 protects it from aggregation. The mechanisms regulating ApoE4 aggregation in vivo are surprisingly not known. ApoE lipidation
is controlled by the activity of the ATP binding cassette A1 (ABCA1). ABCA1 recycling and degradation is regulated by ADP-ribosylation
factor 6 (ARF6). We found that ApoE4 promoted greater expression of ARF6 compared with ApoE3, trapping ABCA1 in late-endosomes
and impairing its recycling to the cell membrane. This was associated with lower ABCA1-mediated cholesterol efflux activity, a greater
percentage of lipid-free ApoE particles, and lower A� degradation capacity. Human CSF from APOE �4/�4 carriers showed a lower ability
to induce ABCA1-mediated cholesterol efflux activity and greater percentage of aggregated ApoE protein compared with CSF from APOE
�3/�3 carriers. Enhancing ABCA1 activity rescued impaired A� degradation in ApoE4-treated cells and reduced both ApoE and ABCA1
aggregation in the hippocampus of male ApoE4-targeted replacement mice. Together, our data demonstrate that aggregated and lipid-
poor ApoE4 increases ABCA1 aggregation and decreases ABCA1 cell membrane recycling. Enhancing ABCA1 activity to reduce ApoE and
ABCA1 aggregation is a potential therapeutic strategy for the prevention of ApoE4 aggregation-driven pathology.
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Introduction
ApoE protein aggregation plays a central role in pathogenesis of
late-onset Alzheimer’s Disease (AD) by affecting ApoE’s pleio-

tropic functions, including the accumulation of �-amyloid in the
brain. Nonlipidated ApoE protein is prone to aggregation, with
ApoE4 greater than ApoE3 (Hatters et al., 2006; Raulin et al.,
2019), and lipidating ApoE ex vivo reduces ApoE aggregation
(Hubin et al., 2019). Treatment with the nonlipidated ApoE an-
tibody HAE-4 reduced amyloid-beta (A�) plaques in APPPS1–
21/ApoE4 mice (Liao et al., 2018). Intracellular ApoE4 aggregates
are more readily formed in the acidic endosome compartments
than ApoE3 (Morrow et al., 2002). Decades before the appear-
ance of A� fibrilization, APOE �4 carriers have shown enlarged
endosomes in the brain (Cataldo et al., 2000) containing ApoE
receptors (such as ApoER2, LRP1) and the insulin receptor (Zhao
et al., 2017; Prasad and Rao, 2018; Xian et al., 2018). Despite the
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Significance Statement

ApoE protein plays a key role in the formation of amyloid plaques, a hallmark of Alzheimer’s disease (AD). ApoE4 is more
aggregated and hypolipidated compared with ApoE3, but whether enhancing ApoE lipidation in vivo can reverse ApoE aggrega-
tion is not known. ApoE lipidation is controlled by the activity of the ATP binding cassette A1 (ABCA1). In this study, we
demonstrated that the greater propensity of lipid-poor ApoE4 to aggregate decreased ABCA1 membrane recycling and its ability
to lipidate ApoE. Importantly, enhancing ABCA1 activity to lipidate ApoE reduced ApoE and ABCA1 aggregation. This work
provides critical insights into the interactions among ABCA1, ApoE lipidation and aggregation, and underscores the promise of
stabilizing ABCA1 activity to prevent ApoE-driven aggregation pathology.
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broad importance of ApoE protein aggregation, mechanisms that
regulate ApoE aggregation in vivo are poorly understood.

The activity of the ATP binding cassette A1 (ABCA1) is critical
for ApoE lipidation and has an important role in brain amyloid
plaque formation. Activating ABCA1 facilitates the transport of
intracellular cholesterol from endosomes into nascent ApoE to
form ApoE HDL (Vance and Hayashi, 2010). This process is
dependent on ABCA1 recycling between the plasma membrane
and endosomal compartments. ABCA1 recycling is controlled by
the ADP-ribosylation factor 6 (ARF6). Greater expression of
ARF6 traps ABCA1 in endosomes, resulting in decreased ABCA1
membrane expression and increased lysosomal degradation
(Mukhamedova et al., 2016). Loss of ABCA1 activity not only
increases the percentage of lipid-poor ApoE particles (Wahrle et
al., 2004), but also promotes brain A� deposition (Hirsch-
Reinshagen et al., 2004; Wahrle et al., 2004; Koldamova et al.,
2005). Furthermore, overexpressing ABCA1 increases the per-
centage of lipidated ApoE fractions and reduces A� accumula-
tion (Wahrle et al., 2008). In humans, genetic loss-of-function
mutations in ABCA1 are associated with increased AD risk (Nor-
destgaard et al., 2015). CSF from participants with cognitive im-
pairment has a lower capacity to induce cholesterol efflux via
ABCA1 ex vivo (Yassine et al., 2016; Marchi et al., 2019). There-
fore, understanding the factors that regulate ABCA1 activity is
highly relevant to ApoE lipidation and to AD pathogenesis.

ApoE4 lipoproteins in the brain and in CSF are hypolipidated
(Hu et al., 2015; Heinsinger et al., 2016; Chernick et al., 2018). In
mouse brain, overexpressing ApoE4 increases the amount of
smaller ApoE particles and reduces the amount of larger ApoE
particles (Hu et al., 2015). In addition, ApoE4 AD mouse models
have a greater percentage of lipid-poor and aggregated ApoE than
their ApoE3 counterparts (Youmans et al., 2012). It is not known
whether ApoE4 decreases ABCA1 activity and what the mecha-
nisms that regulate ApoE and ABCA1 interactions are. We hy-
pothesized that ApoE4 coaggregates with ABCA1 and decreases
ABCA1 recycling. Herein, we found that ApoE4 increases ARF6
protein expression in astrocytes, resulting in the retention of
ABCA1 in late endosomes as opposed to recycling endosomes.
This was associated with lower ABCA1 activity, reduced ApoE
lipidation, reduced A� degradation, and greater proportions of
aggregated ABCA1 and ApoE. In contrast, enhancing ABCA1
recycling to the membrane restored ABCA1 activity, enhanced
A� degradation, and decreased the relative amount of both ag-
gregated ApoE4 and ABCA1. These ApoE-ABCA1 interactions
are corroborated in human CSF where we found lower ABCA1-
mediated cholesterol efflux activity and greater aggregation of
ApoE4 proteins from CSF of APOE �4/�4 carriers compared with
APOE �3/�3 carriers.

Materials and Methods
Clinical samples. The institutional review boards of University of South-
ern California (HS-16-00888) and Huntington Memorial Hospital
(HMH-99-09) approved the study and all study participants gave writ-
ten, informed consent. Participants were classified as non-demented
based on Clinical Dementia Rating (CDR) score � 0 as described previ-
ously (Yassine et al., 2016).

Animals. ApoE3-TR and ApoE4-TR mice were purchased from Tac-
onic, in which the endogenous mouse ApoE was replaced by either hu-
man APOE3 or APOE4, were created by gene targeting as described
previously (Sullivan et al., 1997). The mice were back-crossed to wild-
type C57BL/6J mice (2BL/ 610; Harlan Laboratories) for 10 generations
and were homozygous for the ApoE3 (3/3) or ApoE4 (4/4) alleles. The
ApoE genotype of the mice was confirmed by PCR analysis, as described
previously (Boehm-Cagan et al., 2016). All experiments were performed

on age-matched male animals (4 months of age) and were approved by
the Tel Aviv University Animal Care Committee. Every effort was made
to reduce animal stress and to minimize animal usage. CS-6253 was
kindly provided by Artery Therapeutics and was administered intraperi-
toneally to 2.5 months old mice for 6 weeks (20 mg/kg/48 h). After
treatment, the mice were anesthetized with ketamine and xylazine, after
which they were perfused transcardially with PBS. The brains were
halved for further analysis.

Cell cultures. Primary astrocytes were obtained from ApoE3 and
ApoE4-TR mice pups and cultured as described previously (Simonovitch
et al., 2016). Briefly, cerebral cortices from each 1–3 d-old neonatal
mouse were dissected in ice-cold Hanks’ Balanced Salt Solution (HBSS)
(Corning, catalog #21-021-CV), and digested with 0.25% trypsin for 20
min at 37C. Trypsinization was stopped by addition of twofold volume of
DMEM (Corning, catalog #10-013) with 10% fetal bovine serum (FBS,
Omega Scientific Inc, catalog #FB-12) and 1% antibiotic-antimycotic
(Anti-Anti, Thermo Fisher Scientific, catalog #15240062). The cells were
dispersed into a single-cell level by repeated pipetting and filtered
through 100 �m cell strainers (VWR, catalog #10199-658). After filter-
ing, cells were centrifuged for 5 min at 1000 rpm and resuspended in
culture medium supplemented with 10% FBS and antibiotics. Then, cells
were seeded in a 75 cm 2 flask and cultured at 37°C in 5% CO2. Change
the medium on next day and then replace medium every 3 d. These
mixed-glia cultures reached confluence after 7–10 d. Then, cells were
placed on a shaker at 250rpm for 16 h at 37°C to remove microglia and
oligodendrocyte progenitor cells. The remaining cells were harvested by
digestion with trypsin. At this stage, the culture contained 95% astrocytes
and was used for further experiments.

Immortalized mouse astrocytes derived from human ApoE3 and
ApoE4 knock-in mice (Morikawa et al., 2005) were a gift from Dr. David
Holtzman and grown in DMEM/F12 (Corning, catalog #MT10090CV)
containing 10% FBS, 1 mM sodium pyruvate (Thermo Fisher Scientific,
catalog #11360070), 1 mM geneticin (Thermo Fisher Scientific, catalog
#10131-035) and 1% Anti-Anti. BHK cells (Baby Hamster Kidney Fibro-
blast) were a gift from Dr. Chongren Tang, HeLa cells were a gift from Dr.
Alan Remaly, and C8 astrocyte cells were a gift from Dr. Jian Sima. BHK,
HeLa and C8 cells were grown in DMEM containing 10% FBS and 1%
Anti-Anti.

qRT-PCR. Immortalized and primary astrocytes expressing different
ApoE isoforms were used to study ABCA1 expression at transcriptional
level as described previously (Jiang et al., 2006). Cells were harvested and
RNA was extracted using RNA extraction kit (Thermo Fisher Scientific,
catalog #12183018A). cDNA synthesis was done using High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, catalog
#4368814). ABCA1 expression was analyzed using primers of ABCA1
sense (5�-GCAAGGCTACCAATTACATTT G-3�) and antisense (5�-
GGTCAGAAACATCACCTC CTG-3�) as described previously (Jiang et
al., 2006).

Cell surface protein preparation. To study cell surface proteins, bioti-
nylation of cell surface proteins was performed as described earlier (Zhao
et al., 2017). Briefly, cells were washed twice with cold PBS followed by
incubation with 0.5 mg/ml sulfo-NHS-SS-biotin (Thermo Fisher Scien-
tific, catalog #PG82077) in PBS for 30 min at 4°C with shaking. Reaction
was quenched by rinsing cells with 50 mM glycine in PBS. Then, cells were
lysed with RIPA buffer (CST, catalog #9806) containing protease inhib-
itor mixture, followed by centrifugation at 12,000 g for 10 min. The
supernatant was collected and protein concentrations were measured by
BCA kit (Thermo Fisher Scientific, catalog #23225). The RIPA fraction
represents the total protein fraction. Then, 100 �g of RIPA fraction from
each sample was incubated with 100 �l of Pierce NeutrAvidin agarose
beads (Thermo Fisher Scientific, catalog #29200) at 4°C for 2 h. The
beads were then washed 3 times with PBS containing protease inhibitor
mixture followed by boiling samples with 2� SDS sample loading buffer.
This fraction represents membrane protein. Analysis of membrane and
total proteins were performed by Western blot.

ABCA1 protein expression. Cell or tissue lysate were separated by
4 –15% mini-precast protein gels (Bio-Rad, catalog #4561086) under
reducing conditions and then transferred onto nitrocellulose mem-
branes (Bio-Rad, catalog #1704270). After transfer, membrane was
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blocked with 5% fat-free milk (Bio-Rad, catalog #1706404) in TBST for
1 h at room temperature, followed by overnight incubation with primary
antibody (1:1000) in 5% BSA at 4°C. Then, the membrane was incubated
with HRP conjugated secondary antibody (1:2000) for 1 h at room tem-
perature. Chemiluminescent HRP substrate (Millipore, catalog #WB-
KLS0500) was used for detection. Fujifilm LAS-4000 Imager system was
used to capture images and densitometric quantification was done using
GelQuantNET software.

The following antibodies were used: anti-human ApoE antibody
(Academy Bio-Medical, catalog #A14 50A-G1b), anti-ABCA1 antibody
(Abcam, catalog #ab18180), anti-�-actin antibody (CST, catalog #3700),
anti-ARF6 antibody (CST, catalog #5740), anti-�-Amyloid (6E10,
BioLegend, catalog #803001), HRP-linked anti-mouse IgG (CST,
catalog #7076), HRP-linked anti-rabbit IgG (CST, catalog #7074), HRP-
linked anti-goat IgG (Santa Cruz Biotechnology, catalog #sc-2020).

Cholesterol efflux. ABCA1-mediated cholesterol efflux was measured
using a previously published protocol (Yassine et al., 2016). Briefly, BHK
cell lines transfected with a mifepristone switch to express ABCA1 were
used. On day 1, cells were seeded at 5000 cells/well in 96-well plates. On
day 2, cells were labeled with 1 �Ci/ml ( 3H) cholesterol (Moravek, cat-
alog #MT9112) using serum-free DMEM, 2 mg/ml fatty acid-free BSA
(Sigma-Aldrich, catalog #A9647), and 2 �g/ml acyl-coenzyme A: choles-
terol acyltransferase inhibitor SANDOZ (Sigma-Aldrich, catalog #S9318)
for 24 h. On day 3, ABCA1 was induced with 20 nmol/L mifepristone
(Sigma-Aldrich, catalog #M8046) for 18 h. On day 4, cells were treated
with different reagents for 4 h. After treatment, cell culture medium was
collected and transferred to scintillation vials filled with 3 ml of scintil-
lation mixture. The cells were solubilized in 0.5 N NaOH and neutralized
with PBS, and then transferred to scintillation vials filled with 3 ml of
scintillation mixture. After rigorously mixed, the vials were counted in a
Beckman LS6500 liquid scintillation counter (Beckman Coulter). The
efflux of cholesterol was assessed by the ratio of cholesterol in the me-
dium to total cholesterol (medium and cell lysate).

For studying cholesterol efflux in astrocytes, ApoE3 and ApoE4 pri-
mary astrocyte were plated and labeled with ( 3H) cholesterol. Then, cells
were treated with 2 �M GW3965 (liver X receptor agonist) (Sigma-
Aldrich, catalog #G6295) for 24 h. On the next day, cells were treated with
media or CS-6253 peptide for 4 h. Cholesterol efflux was measured as
described above.

Transfections. Scrambled siRNA and ARF6 siRNA (CAAACGGGGUG
GGGUAAUA) were obtained from Dharmacon. ApoE4 primary astro-
cytes were seeded in DMEM with 10% FBS. Transfections were
performed 18 h later when cells were 70 – 80% confluent. Transfection of
cells with scrambled and ARF6 siRNAs was done using jetPRIME reagent
(Polyplus Transfection, catalog #114). The final siRNA concentration
was 200 nM. ARF6 protein expression was detected by Western blot 72 h
after transfection. For cholesterol efflux experiments, primary ApoE4
astrocytes were plated at 6000 cells/well with DMEM in 96-well plates.
On the following day, cells were transfected with scrambled or ARF6
siRNA and cholesterol efflux was performed as described above.

Immunofluorescence and colocalization. HeLa cells, stably transfected
with ABCA1-GFP, were grown on poly-D-lysine-coated 12 mm glass
coverslips in a 24-well culture plate. After fixing with 4% paraformalde-
hyde, cells were permeabilized with 0.25% Triton X-100. Cells were then
blocked with 5% goat serum and incubated with Alexa-594 anti-human
LAMP-2 antibody (BioLegend, catalog #354309) or Rab11 polyclonal
antibody (Thermo Fisher Scientific, catalog #71–5300) overnight. On the
day of imaging, cells were treated with 200 nM recombinant ApoE3
(rApoE3) or rApoE4 and/or 1 �M CS-6253 peptide for 30 min. Nuclei
were stained with Hoechst 33258 blue (Thermo Fisher Scientific, catalog
#H3569). Images were taken using LSM 800 Zeiss and SP8 Leica confocal
microscopes. Fluorescent image acquisition was done by a technical ex-
pert blinded to sample identities. Colocalization rate was quantified
using Leica software application suite X (LAS-X). Difference between
colocalization was calculated by subtracting the colocalization rate for
different treatment conditions.

ABCA1 and ApoE aggregation. To study aggregation of proteins,
guanidine-HCl (GnHCl) soluble fractions were collected from rApoE
isoforms, BHK cells, primary astrocytes, hippocampal homogenates or

CSF as described previously (Zhao et al., 2017). Briefly, 10 �g of rApoE3
or rApoE4 were solubilized in 50 �l of RIPA buffer containing protease
inhibitor and incubated in a water bath at 37°C for 4 h. The tubes were
then centrifuged at 40,000 rpm for 1 h at 4°C. The supernatant collected
represents the RIPA-soluble fraction. The pellets were then dissolved in
50 �l of 5 M GnHCl and incubated for 4 h. Then, samples were dialyzed
overnight with PBS and concentrated down to 40 �l. This was designated
as the GnHCl-soluble fraction. For BHK cells and primary astrocytes,
cells were lysed with RIPA after treatment. Then, 20 �l of the RIPA
fraction was centrifuged at 40,000 rpm for 1 h at 4°C. The supernatant
was collected as the RIPA-soluble fraction. The pellets were then dis-
solved in GnHCl, dialyzed and concentrated, and designated as the
GnHCL-soluble fraction. For mouse hippocampus, 100 �g of sample
was used to collect RIPA and GnHCl fraction as described above. For
human CSF, 200 �l of CSF from 6 APOE �3/�3 and 5 APOE �4/�4
carriers was used for total protein extraction with 200 �l of RIPA and
followed by GnHCl fraction extraction. ABCA1 and ApoE in RIPA and
GnHCl fractions were detected by Western blot.

Immunoprecipitation. BHK cells induced by mifepristone to express
ABCA1 were incubated with 200 nM rApoE4 for 4 h. Then, cells were
lysed with RIPA and lysates were used for immunoprecipitation with an
anti-human ApoE antibody. After elution, ApoE and ABCA1 were de-
tected by Western blot.

Preparation of astrocyte conditioned medium (ACM). Immortalized
ApoE3 or ApoE4 astrocytes were cultured. When cells were reached 80%
confluency, the medium was removed, and cells were washed twice with
PBS. New medium without FBS was added and cultured for 3 d. Then,
the medium was collected and centrifuged at 800 rpm for 5 min to re-
move debris. The supernatant (ACM) was then concentrated 10 times
using Protein Concentrator PES 10K MWCO (Thermo Fisher Scientific,
catalog #88527). Total protein concentration of ACM was measured by
BCA kit. Then, equal amount of protein from ACM were loading into
Native-PAGE and detected by anti-human ApoE antibody. The size of
ApoE particles were measured using native gel standards (Thermo Fisher
Scientific, catalog #LC0725).

A�42 degradation assay. BHK cells were plated in 24-well plates at a
density of 4 � 10 4/well in DMEM containing 10% FBS. Cells were
treated with or without mifepristone (25 nM) for 12 h to induce ABCA1
expression. After washing once with PBS, A�42 degradation was assessed
after treating cells with soluble A�42 (2 �g/ml) plus rApoE3 (0.2 �M),
rApoE4 (0.2 �M) with or without CS-6253 peptide (1 �M) for 24 h in
DMEM containing 5 mg/ml BSA as described previously (Jiang et al.,
2008). On the following day, cells were washed extensively with PBS for
3 times and lysed in ice-cold RIPA buffer, then collected by centrifuga-
tion at 12000 rpm at 4°C for 10 min. Cell lysates were resolved in 4 –15%
Tris-glycine SDS-PAGE. A�42 levels in the cell lysate were measured by
Western blot using purified anti-�-Amyloid, 1–16 antibody (BioLegend,
6E10).

C8 astrocyte cells were plated overnight in 24-well plates at a density of
6 � 10 4/well in DMEM containing 10% FBS. Cells were then treated with
rApoE3 (0.2 �M), rApoE4 (0.2 �M) with or without CS-6253 peptide
(1 �M) together with soluble A�42 (2 �g/ml) for 24 h in DMEM con-
taining 5 mg/ml BSA. On the following day, cell lysates were collected and
immunoblotted for A�42 levels as described above.

Statistical analysis. Results are presented as the mean � SD. All data
were analyzed using Student’s t test or ANOVA for group comparisons.
Data from independent means were analyzed using unpaired t tests or
linear regression models. Nonparametric tests were used when the data
were not normally distributed. We defined p � 0.05 as statistically
significant.

Results
ApoE4 associates with lower plasma membrane ABCA1
expression and recycling together with greater ARF6 protein
expression
To investigate the effect of ApoE4 on ABCA1 expression, we first
measured ABCA1 mRNA and protein levels in ApoE3 and ApoE4
immortalized astrocyte. The results showed ABCA1 mRNA and
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protein were significantly decreased in ApoE4 immortalized as-
trocytes compared with ApoE3 (Fig. 1A–C). We then cultured
primary astrocytes from ApoE3 and ApoE4-TR mice and mea-
sured ABCA1 expression in these cells. ABCA1 mRNA and total
protein levels did not differ between ApoE3 and ApoE4 primary
astrocytes (Fig. 1D, bottom, and G). However, membrane ABCA1
levels were significantly lower in ApoE4 primary astrocytes com-
pared with ApoE3 (Fig. 1D, top, and F). The observed difference
in ABCA1 expression between primary and immortalized astro-
cytes could have resulted from the age of cells, as primary astro-
cytes are very young when cultured compared with the overall age
of immortalized astrocytes.

To understand the lower membrane ABCA1 expression with
ApoE4, we examined mechanisms of ABCA1 intracellular traf-
ficking. Increased activation of the GTPase ARF6 has been impli-
cated in diverting ABCA1 away from the plasma membrane and
toward late endosomes (Mukhamedova et al., 2016). We found
greater protein levels of ARF6 in ApoE4 primary astrocytes com-
pared with ApoE3 primary astrocytes (Fig. 1H, I). To visualize
the effect of ApoE isoforms on ABCA1 localization and recycling,
HeLa cells transfected with GFP-tagged ABCA1 were treated with
0.2 �M recombinant ApoE3 or ApoE4 for 30 min. Greater colo-
calization of ABCA1 with the late endosome marker LAMP2 and
lower colocalization with the recycling endosome marker Rab11
were observed in cells treated with rApoE4 compared with
rApoE3 (Fig. 2). Together, these results indicated that ApoE4
induces greater ARF6 protein expression, a mechanism that fa-
vored trapping of ABCA1 in late-endosomes and decreased its
recycling to the plasma membrane.

ApoE4 associates with lower ABCA1-mediated cholesterol
efflux and ApoE lipidation
A primary function of ABCA1 is to transport cholesterol and
phospholipids to apolipoprotein acceptor particles. We studied
the effect of diminished ABCA1 membrane recycling on choles-
terol efflux function. As expected, lower plasma membrane
ABCA1 expression and recycling observed in ApoE4 primary as-
trocytes were associated with lower cholesterol efflux at 4 h (Fig.

3A) and 24 h (Fig. 3B) compared with that of ApoE3. Knockdown
of ARF6 by siRNA resulted in significant increase in cholesterol
efflux in ApoE4 primary astrocytes after 4 and 24 h (Fig. 3C–E).
To confirm the effect of ApoE4 on ABCA1-mediated cholesterol
efflux, BHK cells induced by mifepristone to express ABCA1,
were treated with 0.2 �M rApoE4 or rApoE3 for 4 h. rApoE4-
treated cells exhibited significantly lower cholesterol efflux com-
pared with cells treated with rApoE3 (Fig. 3F).

We previously identified that ABCA1-mediated cholesterol
efflux capacity of CSF was lower in persons with AD compared
with cognitively normal individuals (Yassine et al., 2016) but we
did not examine the effect of APOE4 allele on cholesterol efflux in
non-demented individuals. Here, we assessed whether CSF from
non-demented APOE4 carriers was less efficient in inducing cho-
lesterol efflux by ABCA1 than APOE4 noncarriers. Description of
the participant characteristics is presented in Table 1. Mifepris-
tone induced ABCA1 expressing BHK cells incubated with CSF
from non-demented APOE �4/�4 carriers (n � 3) showed signif-
icantly lower cholesterol efflux capacity compared with cells in-
cubated with CSF from �3/�3 carriers (n � 9) (Fig. 3G). Notably
a relatively large variability in cholesterol efflux capacity was ob-
served from CSF of non-demented �3/�4 carriers (n � 8).

To address whether lower ABCA1 activity had an effect on
ApoE particle size, astrocyte conditioned media (ACM) from
ApoE3 and ApoE4 immortalized astrocytes with equal amounts
of ApoE were loaded onto Native PAGE to assess ApoE particle
size. By native gel, ACM ApoE particles were separated into five
distinct sizes: very large (�0 � 1000 KDa), large (�1�720 KDa),
medium (�2 � 480 KDa), small (�3 � 242 KDa) and very small
(�

4
� 35 KDa) (Fig. 3H). Between ACM from ApoE3 and ApoE4

astrocytes, there was no significant differences in percentage of
total ApoE present as �0 and �1 (Fig. 3 I, J). However, ACM from
ApoE4 astrocytes had significantly lower percentage of ApoE as
�2 (Fig. 3K) and �3 (Fig. 3L) and a greater percentage as �4 (Fig.
3M) compared with ApoE3 astrocytes. Together, these findings
indicated that ApoE4 astrocytes had lower ABCA1 cholesterol
efflux capacity and a greater percentage of lipid-poor ApoE.

Figure 1. Membrane ABCA1 level decreased in ApoE4 primary astrocytes compared with ApoE3. A, ABCA1 mRNA level in ApoE3 and ApoE4 immortalized astrocytes was assessed by qRT-PCR.
B, Total ABCA1 protein in ApoE3 and ApoE4 immortalized astrocytes were detected by Western blot. C, Densitometric quantification total ABCA1 protein of blotting shown in B from three
independent experiments. D, ABCA1 mRNA level in ApoE3 and ApoE4 primary astrocytes was assessed by qRT-PCR. E, Membrane (MEM) and total ABCA1 and ApoE protein in ApoE3 and ApoE4
primary astrocytes were detected by Western blot. Na/K 	 ATPase was used as the membrane protein loading control. In this immunoblot, the membrane fraction loaded was prepared from 3/8 of
total cell volume. The loaded total fraction was 1/10 of total cell lysate volume. Actin was used as the total protein loading control. F, G, Densitometric quantification of membrane (F ) and total (G)
ABCA1 and ApoE protein of blotting shown in (E) from three independent experiments. H, ARF6 protein in ApoE3 and ApoE4 primary astrocytes was detected by Western blot. I, Densitometric
quantification of blotting shown in (H ) from three independent experiments. ***p � 0.001.
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ApoE4 associates with increased aggregation of ApoE
and ABCA1
To test whether ApoE directly interacted with ABCA1 to promote
its aggregation, immunoprecipitation of ApoE and ABCA1 was

performed. ABCA1 expressing BHK cells were treated with 0.2
�M recombinant human ApoE4 for 4 h, and ApoE4 protein from
cell lysates were pulled down using an anti-human ApoE anti-
body. ApoE and ABCA1 were detected in the elute complex. The

Figure 2. Recombinant ApoE4 trapped more ABCA1 in lysosome than ApoE3. HeLa cells expressing GFP-tagged ABCA1 were treated with 0.2 �M rApoE3 or rApoE4 for 30 min. The colocalization
of ABCA1 with LAMP2 (lysosomal marker) (A,B) or Rab11 (recycling vesicle marker) (C,D) was calculated using confocal microscopy. ***p � 0.001.

Figure 3. Effect of ApoE isoforms on ABCA1-mediated cholesterol efflux and ApoE lipidation. A, B, ApoE3 or ApoE4 primary astrocyte were seeded overnight in 96-well plates and then incubated
with 3H-labeled cholesterol for 24 h. After washing with PBS, DMEM containing 2 mg/ml BSA were added to the wells and cholesterol efflux was measured at 4 h (A) and 24 h (B). Values showed
are normalized to the ApoE3 group. C, ApoE4 mouse primary astrocytes were treated with ARF6 siRNA for 48 h and ARF6 expression was measured by Western blot. D, E, ApoE4 primary astrocyte were
treated with ARF6 siRNA followed by cholesterol efflux measurement at 4 h (D) and 24 h (E). (F, G) BHK cells were labeled with 3H-cholesterol followed by induction of ABCA1 expression, and then
cholesterol efflux was determined after treatment with 0.2 �M recombinant ApoE3 or ApoE4 (F ) or with 15 �l of CSF from non-�4 (n � 9), �3/�4 (n � 8), and �4/�4 carriers (n � 3) (G) for 4 h.
H, ApoE HDL particles in astrocyte conditioned medium (ACM) from ApoE3 or ApoE4 immortalized astrocytes were analyzed by native-PAGE followed by anti ApoE Western blot. ApoE particles were
separated into five distinct sizes, very large (�0�1000KDa), large (�1�720 KDa), medium (�2�480 KDa), small (�3�242 KDa) and very small (�4�35 KDa). I–M, Densitometric quantification
of different size of ApoE particles of blotting shown in H from three independent experiments. **p � 0.01; ***p � 0.001.
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results revealed ApoE binding to ABCA1 (Fig. 4A). We then
treated ABCA1 expressing BHK cells with rApoE3 or rApoE4 for
4 h, and the RIPA and GnHCl fraction of the cell lysates were
collected. ABCA1 level in RIPA fraction did not differ between
rApoE3 and rApoE4 treatment. The ratio of ABCA1 in the Gn-
HCl to RIPA fractions was greater in cells treated with rApoE4
compared with rApoE3 (Fig. 4B,C). We then examined whether
these observations are present in primary astrocytes and mouse
brain homogenates. The relative amount of aggregated ABCA1
and ApoE were significantly increased in ApoE4 primary astro-
cytes compared with ApoE3 primary astrocytes (Fig. 4D,E). In
agreement, the relative amounts of aggregated ABCA1 and ApoE
were greater in hippocampal homogenates of male ApoE4-TR
mice (n � 8) compared with ApoE3-TR mice (n � 6) (Fig. 4F,G).

ApoE4 has an unstable hydrophobic core segment at the N
terminus that is more prone to forming protein aggregates than
ApoE3 (Hatters et al., 2006). This propensity of apoE4 to aggre-
gate is amplified in the acidic compartment of endosomes (Mor-
row et al., 2002). rApoE4 protein formed more aggregates than
rApoE3 protein when incubated ex vivo for 4 h at 37°C, although
the observed increase in ApoE4 aggregation were not statistically
significant (p � 0.2; Fig. 4H, I). We then examined ApoE protein
aggregation in human CSF from age and sex matched APOE
�3/�3 (n � 6) and �4/�4 (n � 5) carriers. The results revealed
greater percentage of aggregated ApoE protein in CSF of �4/�4
carriers (2.5-fold increased) compared with �3/�3 carriers (Fig.
4 J,K). In summary, ApoE4 was present in more aggregated form
than ApoE3 in primary astrocytes, mouse brain homogenates
and in human CSF. ApoE4 aggregates complexed with ABCA1,
providing a potential mechanism by which ApoE4 trapped
ABCA1 intracellularly and decreased its ability to recycle to the
plasma membrane and efflux cholesterol.

Treatment of ApoE4 cells with CS-6253 preserves membrane
ABCA1 expression and enhances ABCA1 recycling
We previously identified that treatment of ApoE4-TR mice with
the ABCA1 agonist CS-6253 had neuroprotective effects without
affecting total ApoE or ABCA1 expression (Boehm-Cagan et al.,
2016). Here, we examined the effect of the ABCA1 agonist CS-
6253 on ABCA1 membrane expression, recycling and cholesterol
efflux function in ApoE4 cells. ApoE4 primary astrocytes were
treated with CS-6253 for 4 h followed by labeling with biotin and
incubating with NeutrAvidin agarose beads. The cell membrane
protein was collected and detected with anti-ApoE and ABCA1
antibodies. CS-6253 increased the relative amount of ABCA1 on
plasma membrane and significantly decreased total ARF6 protein
expression in ApoE4-treated cells (Fig. 5A–C). CS-6253 had no
effect on total ABCA1 protein levels (Fig. 5A,C). In ApoE4 im-

mortalized astrocytes, treatment with 1 �M CS-6253 increased
ABCA1 stability. After 2 or 4 h of treatment with cycloheximide
(CHX) to inhibit new protein synthesis, ABCA1 levels were at
43% and 35% of baseline levels. Co-treatment with CS-6253 for 2
or 4 h increased ABCA1 level to 80% and 79% of the baseline level
(Fig. 5D,E).

To understand the effect of CS-6253 on ABCA1 endosomal
recycling, HeLa cells transfected with GFP-tagged ABCA1 were
treated with rApoE4 (0.2 �M) with or without CS-6253 peptide (1
�M) for 30 min. ABCA1 and Rab11 were detected by confocal
microscopy. Compared with cells treated with rApoE4 only,
ABCA1 colocalization with Rab11 significantly increased by 11%
upon cotreating cells with rApoE4 plus CS-6253 and by 12% with
CS-6253 alone (Fig. 6A,B).

Treatment of ApoE4 cells with CS-6253 enhances ABCA1-
mediated cholesterol efflux
Our results in HeLa cells indicated that CS-6253 stabilizes plasma
membrane ABCA1 by promoting its recycling to the plasma
membrane. We examined whether treatment with CS-6253 en-
hanced ABCA1-mediated cholesterol efflux in ApoE4 astrocytes.
We first induced ABCA1 expression by treatment with the LXR
agonist GW3965 and found no change in cholesterol efflux ability
compared with media treatment. In contrast, treatment with 1
�M CS-6253 alone or cotreatment with GW3965 and CS-6253
together significantly increased cholesterol efflux compared with
medium only (Fig. 7A). These results suggest that enhancing the
LXR/RXR system by GW3965 to increase ABCA1 expression may
not be sufficient to counteract the reduced capacity of ApoE4 to
facilitate ABCA1-mediated cholesterol efflux, knowing that en-
hancing the LXR/RXR pathway increases both ABCA1 and ApoE
protein expression (Mandrekar-Colucci and Landreth, 2011). In
contrast, treatment with the ABCA1 agonist CS-6253 signifi-
cantly enhanced cholesterol efflux in ApoE4 cells.

We then tested whether cholesterol efflux in ApoE4 astrocytes
can be increased after both the inhibition of ARF6 and the addi-
tion of CS-6253. ApoE4 primary astrocytes had a small but sig-
nificant increase in cholesterol efflux after reducing ARF6 protein
and the addition of CS-6253 (Fig. 7B). The effects of CS-6253 on
ABCA1 recycling were therefore not completely dependent on
lowering of ARF6. Cholesterol efflux was then assessed in ABCA1
expressing BHK cells after treatment with 0.2 �M rApoE4 with
and without CS-6253 treatment. The cholesterol efflux capacity
was significantly increased by co-treatment with 1 �M CS-6253
(Fig. 7C).

These findings were then corroborated using human CSF
from cognitively normal human participants carrying �4/�4
(sample set description is listed in Table 1). Upon addition of
CS-6253 peptide ex vivo, BHK cells incubated with CSF from
non-�4 carriers showed an increase of 69% (n � 7) compared
with no peptide treatment, which was significantly greater than
an increase of 32% (n � 3) observed in CSF from �4/�4 carriers
treated with CS-6253. CS-6253 had the largest effect on ABCA1
cholesterol efflux when incubated with CSF from �3/�4 carriers
(Fig. 7D). In summary, the ABCA1 agonist CS-6253 enhanced
ABCA1 cholesterol efflux in both ApoE3 and ApoE4. The addi-
tion of CS-6253 ex vivo to augment ABCA1-mediated cholesterol
efflux by human CSF was least pronounced in �4/�4 carriers.

Treatment with CS-6253 decreases the aggregation of ApoE4
and ABCA1 in vivo
Cotreatment of ABCA1 expressing BHK cells with rApoE4 and
CS-6253 peptide for 4 h reduced the amount of ABCA1 pres-

Table 1. Characteristics of participants in the ABCA1 mediated cholesterol efflux
study

Genotype Non-E4 E3/4 E4/4 p-value

Sample size 9 8 3
Age (y) 72 � 9 77. � 7 64 � 6 0.08
Education (y) 18 � 3 15 � 2 16 � 2 0.143
Gender (female/male) 4/6 8/1 3/0 0.08
Race

Caucasian 10 7 1
African American 0 0 1
Asian 0 1 0
Other 0 1 1

All participants were nondemented with a clinical dementia rating score of 0.

Data are presented as means � SD.
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Figure 4. ApoE4 binds with ABCA1 and causes ABCA1 aggregation. A, ABCA1-expressing BHK cells were incubated with rApoE4 (0.2 �M) for 4 h. Cells were collected and lysed with RIPA buffer.
Immunoprecipitation was performed in the cell lysate using anti-human ApoE antibody or species-matched IgG. ABCA1 and ApoE were codetected after immunoprecipitation by Western blot.
B, ABCA1-expressing BHK cells were treated with rApoE3 or rApoE4 for 4 h. RIPA and GnHCl-soluble cell lysate were collected and ABCA1 in each fraction was detected by Western blot. C,
Densitometric quantification of Western blot shown in B from three independent experiments. D, RIPA and GnHCl fraction from ApoE3 and ApoE4 primary astrocytes were collected and ABCA1 and
ApoE proteins were detected by Western blot. E, Densitometric quantification of Western blot shown in D from three independent experiments. F, RIPA and GnHCl fraction from the hippocampus
of ApoE3-TR (n � 6) and ApoE4-TR (n � 8) mice were collected and ABCA1 and ApoE proteins were detected by Western blot. G, Densitometric quantification of Western blot shown in F from three
independent experiments. H, rApoE3 and rApoE4 (10 �g) were solubilized in RIPA buffer and incubated at 37°C for 4 h. RIPA and GnHCl fractions were subsequently collected and followed by ApoE
detection by Western blot. I, Densitometric quantification of Western blot shown in H from three independent experiments. J, ApoE protein levels in RIPA and GnHCl fraction from the CSF of
individuals carrying APOE �3/�3 carrier (n � 6) and APOE �4/�4 (n � 5) were detected by Western blot. K, Densitometric quantification of Western blot shown in J from two independent
experiments. Ponceau staining was used as the loading control. **p � 0.01; ***p � 0.001.

Figure 5. Effect of CS-6253 on ABCA1 expression and trafficking. A, ApoE4 primary astrocytes were treated with CS-6253 peptide (1 �M) for 4 h and then the membrane and total cellular protein
were collected. ABCA1, ApoE, and ARF6 were detected by Western blot. B, C, Quantification of membrane ABCA1 and ApoE (B) and total ABCA1 and ARF6 (C) by Western blot shown in A from three
independent experiments. D, ApoE4 immortalized astrocytes were treated with CHX with and without CS-6253 for 2 and 4 h. ABCA1 protein expression in cell lysates was detected by Western blot.
E, Quantification of Western blot shown in D from three independent experiments. ***p � 0.001.
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ent in aggregates by 30% compared with cells treated with
rApoE4 only (Fig. 8A,B). Similarly, hippocampal homogenates
from 4 months old male ApoE4-TR mice treated with CS-6253 had
lower relative amounts of ABCA1 and ApoE in aggregates (47%
lower ABCA1, and 53% less ApoE) than ApoE4-TR mice con-
trol (Fig. 8C–E). There was no significant difference in the

levels of ABCA1 or ApoE in the RIPA soluble fraction adjusted
to total protein (Fig. 8 F, G). The percentage of ABCA1 and
ApoE in aggregates was positively correlated (r 2 � 0.44) (Fig.
8H ). A representative blot of soluble and aggregated ApoE and
ABCA1 with total proteins is presented in Fig. 8-1, available at
https://doi.org/10.1523/JNEUROSCI.1400-19.2019.f8-1.

Figure 6. Effect of CS-6253 on ABCA1 trafficking. A, HeLa cells expressing GFP-tagged ABCA1 were treated with 0.2 �M recombinant ApoE4 and/or 1 �M CS-6253 peptide for 30 min. The
colocalization of ABCA1 with Rab11 was calculated using confocal microscopy. B, Quantification of colocalization of ABCA1 with Rab11 from confocal experiments. **p � 0.01.

Figure 7. Effect of CS-6253 on cholesterol efflux function. A, ApoE4 primary astrocytes were incubated with 3H-labeled cholesterol for 24 h. The cells were induced to express ABCA1
by GW3965 compound for 18 h. After washing with PBS, cholesterol efflux were determined after treatment with or without CS-6253 (1 �M) for 4 h. B, ApoE4 mouse primary astrocytes
were treated with ARF6 siRNA or scramble siRNA followed by labeling with 3H-cholesterol for 24 h. After washing with PBS, cholesterol efflux was measured after the addition of CS-6253
for 4 h. C, D, BHK cells were labeled with 3H-cholesterol and ABCA1 expression was induced by mifepristone for 18 h. Cholesterol efflux was measured after treatment with 0.2 �M rApoE4
with or without 1 �M CS-6253 (C) or after treatment with 1 �M CS-6253 plus CSF from �3/�3 (n � 7), �3/�4 (n � 8), or �4/�4 (n � 3) carriers (D) for 4 h. **p � 0.01; ***p � 0.001.
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Treatment with CS-6253 rescues impaired A�42 degradation
in ApoE4-treated cells
The ability to efflux cholesterol by ABCA1 is associated with the
capacity to degrade A�42 (Lee et al., 2012). ApoE4 cells are less
efficient in promoting intracellular A�42 degradation compared
with ApoE3 cells (Jiang et al., 2008). We sought to determine
whether the lower ABCA1 activity in ApoE4 compared with
ApoE3 resulted in lower A�42 degradation capacity and whether
enhancing ABCA1 activity in ApoE4 can rescue this degradation
impairment. First, we tested the effect of ABCA1 expression on
the ability of ApoE3 or ApoE4 to facilitate intracellular A�42
degradation. BHK cells were seeded in 24-well plates and treated
with or without mifepristone to induce ABCA1 expression. Cells
were then treated with A�42 and either control media, 0.2 �M

rApoE3, rApoE4 or rApoE4 and 1 �M CS-6253 for 24 h. Without
ABCA1 expression, intracellular A� levels significantly decreased
after treatment with different apolipoproteins or CS-6253, but no
difference was observed between rApoE3 or rApoE4-treated cells.
However, after inducing ABCA1 expression by mifepristone,
rApoE3 treatment showed significantly lower intracellular A�42
levels compared with vehicle or rApoE4 treatment conditions
(Fig. 9A,B). CS-6253 cotreatment with rApoE4 significantly low-
ered intracellular A�42 levels compared with rApoE4 treatment
alone (Fig. 9A,B).

Then, we confirmed these observations in C8 immortalized
astrocytes. First, we verified that C8 astrocytes expressed ABCA1
(Fig. 9C). Subsequently, C8 astrocytes were treated with either
control media, 0.2 �M rApoE3, rApoE4 or rApoE4 and 1 �M

CS-6253 for 24 h as described above and cell lysates were collected
and immunoblotted for A�42 levels. Compared with vehicle, rApoE3
treatment resulted in less intracellular A�42 levels, whereas

rApoE4 treatment resulted in greater intracellular A�42 levels.
The data indicated that ApoE4 impeded A�42 degradation (Fig.
9D,E). Co-treatment of rApoE4 with CS-6253 significantly de-
creased A�42 levels comparable to rApoE3 and lower than treat-
ment with media only (Fig. 9D,E). In summary, these findings
indicated that the differences between ApoE3 and ApoE4 in A�42
degradation are dependent on ABCA1 expression and that en-
hancing ABCA1 activity by CS-6253 can rescue A�42 degrada-
tion impairment in ApoE4.

Discussion
Lipid-poor ApoE4 is more prone to forming aggregates than
ApoE3 (Morrow et al., 2002; Hatters et al., 2006; Hubin et al.,
2019; Raulin et al., 2019) predisposing ApoE4 to develop AD
pathology, but the mechanisms that regulate ApoE lipidation and
aggregation in vivo are not well understood. In this work, we
identified that ApoE4 associates with lower cell membrane ABCA1 ex-
pression secondary to an increase in an ARF6-mediated traffick-
ing of ABCA1 to late endosomes as opposed to recycling
endosomes. This was associated with lower ABCA1-mediated
cholesterol efflux function, greater formation of hypolipidated
ApoE particles, greater ApoE and ABCA1 protein coaggregation
and reduced intracellular A�42 degradation. Treatment with the
ABCA1 agonist CS-6253 rescued ABCA1 from ApoE4 aggrega-
tion by decreasing ARF6 expression and promoting ABCA1 re-
cycling to the plasma membrane to enhance its ability to efflux
cholesterol (as illustrated in Fig. 10). This was accompanied by an
enhanced ability to degrade A�42. Importantly, restoring ABCA1
recycling was associated with a reduction in both ApoE and
ABCA1 aggregation in ApoE4-TR mouse brain. These findings
reveal novel insights into how ApoE4 alters ABCA1 function pro-

Figure 8. Effect of CS-6253 on ABCA1 aggregation. A, ABCA1-expressing BHK cells were treated with 0.2 �M rApoE4 with or without 1 �M CS-6253 for 4 h. RIPA and GnHCl fractions of the cell
lysates were collected and ABCA1 was detected by Western blot. B, Densitometric quantification by Western blot is shown in A from three independent experiments. C, ApoE4-TR mice were treated
with vehicle (n � 8) or CS-6253 (n � 6) (20 mg/kg/48 h) for 6 weeks. Mouse hippocampus homogenates were separated into RIPA and GnHCl fractions. ABCA1 and ApoE in each fraction were
detected by Western blotting. D–G, Densitometric quantification of Western blot shown in C. H, Correlation of ABCA1 and ApoE in aggregates. **p � 0.01. Figure 8-1 (available at https://doi.org/
10.1523/JNEUROSCI.1400-19.2019.f8-1) in the extended data shows a representative immunoblot for ABCA1 and ApoE proteins in soluble and aggregated fractions from mouse hippocampal
homogenates of ApoE-TR mice.
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moting hypolipidated and aggregated ApoE. In addition en-
hanced ApoE lipidation may prevent adverse effects of ApoE
hypolipidation on neurodegeneration caused by insufficient
cholesterol supply to neurons (Vitali et al., 2014). Therefore, tar-

geting brain ABCA1 activity presents a promising strategy to mit-
igate an ApoE4-driven aggregation pathology.

Endosomal dysfunction is an early event in carriers of the
APOE4 allele appearing in human brains decades before the onset

Figure 9. Effect of CS-6253 on ABCA1-mediated A� degradation. A, BHK cells with or without ABCA1 expression were treated with A�42 (2 �g/ml) plus vehicle, rApoE3 (0.2 �M), rApoE4
(0.2 �M) with or without CS-6253 (1 �M) for 24 h. After washing, cells were lysed with RIPA and immunoblotted for measuring A�42 protein levels. B, Densitometric quantification of Western blot
shown in A from three independent experiments. C, ABCA1 expression in C8 and wild primary mouse astrocytes (control) was detected by Western blot. D, C8 astrocytes were treated with A�42 (2
�g/ml) plus vehicle, rApoE3 (0.2 �M), or rApoE4 (0.2 �M) with or without CS-6253 (1 �M) for 24 h. After washing, cells were lysed with RIPA and immunoblotted for A� levels. E, Densitometric
quantification of Western blot shown in D from three independent experiments. ***p � 0.001.

Figure 10. Illustration showing the interaction of ApoE isoforms with ABCA1. A, The interaction of ApoE with ABCA1 favors lipidation of ApoE to the form ApoE HDL. B, ApoE4 is prone to forming
protein aggregates and activates ARF6 that in turn decreases ABCA1 recycling; lowering ABCA1-mediated lipidation of ApoE. CS-6253 promotes ABCA1 recycling to the plasma membrane and favors
ApoE lipidation, counteracting the effects of ApoE4.
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of AD symptoms, and is also observed in ApoE4-TR mouse brain
sections (Cataldo et al., 2000; Nuriel et al., 2017). Lipid-poor,
aggregated ApoE4 in the acidic endosomal compartment (Mor-
row et al., 2002) provides a possible mechanism for the endo-
somal congestion observed in ApoE4. The greater propensity of
lipid-poor ApoE4 to aggregate compared with ApoE3 is based on
its amino acid sequence and reduced conformational stability of
its N-terminal domain (Hatters et al., 2006). Under endosomal
acidic conditions, ApoE4 protein forms a molten globule (Mor-
row et al., 2002), which are protein folding intermediates where
the hydrophobic core of the protein is exposed. This associates
with an increase in the quantity of ApoE � sheets favoring the
formation of ApoE4 protein aggregates. One consequence of this
increased aggregation is impaired recycling of ApoE4, leading to
greater intracellular accumulation compared with ApoE3 (Weis-
graber et al., 1982; Heeren et al., 2004). The impaired recycling of
the ApoE in endosomes affects multiple cellular pathways of crit-
ical relevance to AD pathology. For example, ApoE4 aggregates
with the insulin receptor affecting neuronal glucose uptake (Zhao
et al., 2017), with LRP8 and the glutamate receptors (Chen et al.,
2010; Xian et al., 2018) affecting synaptic functions, and with
LRP-1 affecting A� degradation (Prasad and Rao, 2018). Extra-
cellularly, ApoE4 aggregates promote A� oligomerization (You-
mans et al., 2012; Tai et al., 2013). Selective removal of these
aggregates by the HAE-4 antibody prevented insoluble amyloid
fibril accumulation in APP/PS1–21/ApoE4 mice, without alter-
ing total ApoE levels in the brain or plasma (Liao et al., 2018).

The major mechanisms of ABCA1 trafficking include clathrin-
dependent pathway, caveolae-dependent pathway, and 2 clathrin-
independent pathways: Cdc42 and ARF6-dependent (Mukhamedova
et al., 2016). Among the clathrin-independent pathways, ARF6
appears to direct ABCA1 to late endosomes. We observed greater
protein expression of ARF6 in primary ApoE4 astrocytes com-
pared with ApoE3 astrocytes. Reducing ARF6 protein in ApoE4
astrocytes enhanced ABCA1-mediated cholesterol efflux. This
finding is consistent with a past study in macrophages and in
BHK cells where reducing ARF6 protein expression by siRNA was
associated with an increased trafficking of ABCA1 to the plasma
membrane, and an increase in cholesterol efflux (Mukhamedova
et al., 2016). A likely explanation for the increased ARF6 protein
expression in ApoE4 is an interaction among aggregated ApoE4,
ARF6 and Rab35, a protein downregulated in young ApoE4-TR
mouse brains (Peng et al., 2019). Rab35 is essential for inactiva-
tion of ARF6 (Chaineau et al., 2013). Aggregated ApoE4 could
potentially downregulate Rab35, indirectly increasing levels of
ARF6, as observed here.

Binding of ABCA1 with �-helical proteins such as the C ter-
minus of ApoA-I or ApoE is known to enhance the stability of
ABCA1 by limiting its degradation (Lu et al., 2008). CS-6253 is an
�-helical peptide derived from ApoE’s C-terminal lipid-binding
segment. It has a greater binding affinity to ABCA1 than ApoE
(Hafiane et al., 2015), promoting ABCA1 recycling to the plasma
membrane, and resulting in enhanced cholesterol efflux. In our
study, treatment with CS-6253 decreased the amount of ApoE4
and ABCA1 in aggregates in hippocampal homogenates of
ApoE4-TR mice. This may provide an explanation for the pre-
viously observed neuroprotective effects of CS-6253 in vivo: de-
creased intraneuronal A� and tau, improved synaptic markers
and cognitive deficits in ApoE4-TR mice (Boehm-Cagan et al.,
2016). There are at least two potential mechanisms for how in-
ducing ABCA1 activity may decrease ApoE aggregation. First,
phospholipid and cholesterol transfer to ApoE by increased
ABCA1 activity may decrease the availability of lipid-poor ApoE4

molecules that are aggregation prone. Alternatively, formation of
brain HDL from lipidating CS-6253 by ABCA1 may directly sol-
ubilize lipid-poor ApoE protein aggregates into HDL particles.

We previously demonstrated that CSF of individuals with cog-
nitive impairment and AD had less ABCA1 cholesterol efflux
activity ex vivo compared with cognitively normal individuals
(Yassine et al., 2016). Here, we extend this observation to non-
demented APOE4 homozygotes compared with noncarriers. Our
findings indicate that lower ABCA1 cholesterol efflux activity
with APOE4 precedes the onset of dementia. This agrees with
neuropathological observations of enlarged endosomes (trap-
ping ApoE complexed with other proteins such as ABCA1) ap-
pearing in the brains of APOE4 carriers decades before the onset
of cognitive decline (Cataldo et al., 2000). ABCA1-mediated cho-
lesterol efflux function of CSF can therefore serve as a biomarker
for strategies focused on AD prevention. We found that lower
ABCA1-mediated cholesterol efflux of CSF can be rescued ex vivo
by treatment with CS-6253. An interesting observation was that
APOE �4/�4 CSF was the least responsive to enhancing ABCA1
activity while APOE �3/�4 was the best. Further studies are
needed to explain this observation.

This study has several areas of strengths and some limitations.
We tested and confirmed our findings on ABCA1 and ApoE ag-
gregation using several independent models (multiple cell lines,
with endogenous ApoE production or after the addition of rApoE
isoforms) and used animal brains and human CSF to demon-
strate the clinical relevance of our findings. Some of the limita-
tions of this study include that we only studied male mice. The
sample size of CSF from cognitively normal APOE �4/�4 ho-
mozygotes was low (n � 3), but this genotype is present in low
population frequency. Future studies are required to identify if
there is a sex-difference in the ABCA1-ApoE (patho-)physiology.

In conclusion, this study identifies an important crosstalk be-
tween ApoE lipidation and aggregation dependent on ABCA1
function. Because ApoE aggregation associates with dysfunction
in several cellular pathways (A� degradation, insulin signaling,
and synaptic functions), our study underscores the importance of
stabilizing ABCA1 activity in reducing ApoE4-driven aggrega-
tion pathology.
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