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Abstract. The role of ABCA7 in brain homeostasis and Alzheimer’s disease (AD) is currently under intense scrutiny, since it
has been reported that polymorphisms in the Abca7 gene and a loss of function of the protein are closely linked to excessive
accumulation of amyloid peptides and disturbed cholesterol homeostasis. The blood-brain barrier (BBB), which isolates
the brain from the blood compartment, is involved in both of these processes. We therefore hypothesized that ABCA7
downregulation might affect cholesterol and amyloid exchanges at the BBB. Using siRNA and primary cultures of mouse
endothelial cells purified from brain microvessels and seeded on Transwell® inserts, we investigated the role of ABCA7 in
cholesterol and amyloid exchanges across the BBB. Our results showed that a decrease in ABCA7 expression at the BBB
provokes in vitro a reduction in ABCA1 expression and a decrease in APOE secretion. In vitro, these decreases reduce
cholesterol exchange across the BBB, particularly for high-density lipoproteins and ApoA-I particles. When ABCA7 was
absent, we observed a reduction in A3 peptide basolateral-to-apical transport in the presence of ApoA-I, with non-significant
changes in the expression levels of Rage, Lrpl, Abcbl, Abccl, and Abcg?2. Our study in murine BBB model highlighted a
putative new role for ABCA7 in AD via the protein’s involvement in cholesterol metabolism and amyloid clearance at the
BBB.
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INTRODUCTION elderly [1]. One of the pathological hallmarks of this

neurodegenerative disease is the accumulation of

In developed countries, Alzheimer’s disease (AD)
is the most prevalent form of dementia in the
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amyloid-f3 peptides (AB) in brain parenchyma and
cerebral blood vessel walls [2]. It has been clearly
demonstrated that the majority of late-onset cases of
AD are associated with several risk factors linked
to cholesterol metabolism and transport [3, 4]. For
example, the apolipoprotein E g4 (APOE &4) allele
is the strongest genetic risk factor for sporadic,
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late-onset AD. The ApoE4 protein is the main choles-
terol carrier in brain tissue and is thus involved in
regulation of cholesterol metabolism in the brain. The
APOE g4 allele is also known to promote A3 aggrega-
tion [5]. In contrast, the APOE &2 allele is associated
with protection against AD. Moreover, a high-
cholesterol diet and thus hypercholesterolemia are
associated with AD. In preclinical studies of murine
AD models, the hypercholesterolemia induced by a
cholesterol-enriched diet was associated with an ele-
vated level of A3 peptides in the brain [6], whereas
AP deposition was lower when mice were treated
with cholesterol synthesis inhibitors [7]. Thus, the
level of cholesterol in the blood can modify A3 pep-
tide levels in the brain [6, 8, 9]. These effects are
seen despite the presence of the blood-brain bar-
rier (BBB), which restricts the passage of several
molecules (including cholesterol) from the circula-
tion into the brain. The key structural components of
the BBB are the brain endothelial cells (BECs), which
are sealed together by tight junctions. Therefore, the
passage of molecules across the BBB is facilitated by
transporters that are expressed at the BECs’ luminal
and/or abluminal membranes.

These transporters include members of the ATP-
binding cassette (ABC) superfamily, which use ATP
hydrolysis to transport a wide range of molecules
against their concentration gradients and thus
participate in the maintenance of the brain’s microen-
vironment [10]. At the BBB, ABCA1 contributes to
cholesterol efflux [11, 12] by transferring lipids to
apolipoproteins and initiating high-density lipopro-
tein (HDL) formation [13]. Other ABC transporters
involved in the lipidation/maturation of lipoproteins
are also expressed at the BBB [11, 14], although their
exact roles require further characterization [15, 16].
Thus, ABC transporters are major players in'choles-
terol efflux and lipoprotein metabolism [13, 17], and
confer the BBB with an important role in the regula-
tion of brain cholesterol levels [18].

Interestingly, genome-wide association studies
(GWASs) of AD have never identified single-
nucleotide polymorphisms in members of the ABC
transporter superfamily as possible genetic factors —
albeit with the exception of ABCA7, for which loss
of function is associated with an increased risk of
developing AD [19, 20].

In the periphery, ABCA7 participates in choles-
terol efflux to ApoE discs in kidney cells [21],
although cholesterol release is not affected in
macrophages from Abca7 knockout (KO) mice [22].
In the brain, Abca?7 is strongly expressed in several

different cell types but is particularly present in
microglia [23]. It has been demonstrated that ABCA7
is involved in phagocytosis and in A clearance by
microglia [24]. In neurons, ABCA7 deficiency alters
the lipid profile and promotes A3 peptide production
through increased BACE 1 expression [25]. Despite
the fact that ABCA7 expression has been detected in
an in vitro model of the BBB [14], its function at this
barrier has not previously been studied.

By using RNA silencing, a mouse-based in vitro
model of the BBB [26-28], the objective of the
present study was to characterize the effect of ABCA7
deficiency on cholesterol and amyloid exchanges at
the BBB.

Our in vitro results show that ABCA7 deficiency
induced a decrease in ABCA1 and APOE expres-
sion, as well as a decrease in cholesterol efflux
towards ApoA-I and HDL particles. When ABCA7
is downregulated, a decrease in AP peptide efflux
across the BBB is observed in the presence of
ApoA-I. Taken as a whole, our results highlight a
role for ABCA7 in brain cholesterol metabolism and
in A peptide clearance across the BBB. The results
may-also explain (at least in part) the association
between ABCA7 and AD.

MATERIALS AND METHODS
Chemicals

siRNA and 5X siRNA buffer were purchased
from Dharmacon (Velizy-Villacoublay, France).
Lyophilized siRNA was reconstituted in 1X siRNA
buffer at a concentration of 5 WM. ApoA-I and HDL
were purchased from VWR (Fontenay-sous-Bois,
France). Transfection reagent Ribocellin, ApoE2 and
ApoE4 were purchased from Clinisciences (Nanterre,
France). Lyophilized ApoE2 and E4 were reconsti-
tuted in sterile water at a concentration of 1 mg/mL.
Lucifer yellow (LY), FITC-inulin and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich
(Lyon, France). [*H]-cholesterol (40—-60 p.Ci/mmol)
was purchased from Biotrend (Koln, Germany) and
[1*C]-sucrose was bought from Perkin Elmer Life and
Analytical Sciences (Waltham, MA, USA). Fluores-
cent AB4-Cy5 labeled was purchased from Phoenix
Pharmaceuticals (Strasbourg, France).

Cell culture reagents

Most reagents were purchased from Sigma-
Aldrich: HEPES 1 M, amino acids 50X, vitamins
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100X, tosyl-lysine-chloromethyl-ketone (TLCK),
Hanks balanced saline solution (HBSS) 1X, dex-
tran and basic fibroblast growth factor (bFGF).
L-glutamine was obtained from Merck (Fontenay-
sous-Bois, France). Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Life Tech-
nologies (Illkirch, France). DNase I and collagenase/
dispase were purchased from Roche Diagnostics
(Meylan, France). Matrigel was purchased from
BD Biosciences (Le Pont de Claix, France) and
Transwell® polyester membrane inserts (pore size:
0.4 pm for all experiments) were obtained from
Corning (Corning, NY, USA). Newborn calf serum
(CS) was obtained from Integro B.V. (Zaandam, The
Netherlands).

Animal experiments

In accordance with French legislation, the ani-
mal facility at the University of Artois has been
approved by the local authorities (reference: B62-
498-5). In compliance with European Union legis-
lation (Directive 2010/63/EU), all procedures were
approved by the local Animal Care and Use
Committee (Comité d’Ethique en Expérimentation
Animale du Nord-Pas-De—Calais; reference: C2EA
75) and the French Ministry of Research (reference:
2015090115412152). For in vitro experiments, 4- to
6-week-old C57BL/6 mice were provided by Janvier
Labs (Le Genest-Saint-Isle, France).

Cell culture

The in vitro BBB model consisted of a primary
monoculture of mouse brain capillary endothe-
lial cells (MBCECs) seeded on filters coated with
Matrigel® [26-28]. Briefly, after ‘Temoving the
meninges and the outer vessels, cortices were homog-
enized in HBSS containing 10 mM HEPES and 0.1%
BSA (WBB buffer) using a Dounce homogenizer.
The resulting homogenate was mixed with 30% dex-
tran (v/v, molecular weight 100,000-200,000) in
HBSS and then centrifuged to discard neural cells.
The pellet containing the vascular component was
resuspended in HBSS and then filtered through a
59 wm nylon mesh, in order to retain larger ves-
sels on the mesh surface while capillaries passed
through. The resulting capillary-enriched fraction
was digested with collagenase/dispase (2 mg/mL)
for 33 min at 37°C in WBB by supplemented with
10 pg/mL DNase and 0.147 pg/mL TLCK. Next,
the resulting capillary suspensions were seeded on

Matrigel®-coated inserts (51,000 digested capillar-
ies/cm?) and cultured in DMEM supplemented with
15% CS, 2mM glutamine, 1X amino acids, 1X
vitamins, 50 pg/mL gentamycin and 1 ng/mL bFGF.
Remaining cellular debris and red blood cells were
removed by washing with medium 24 h after seeding.

SIRNA treatment

Twenty-four hours after seeding, endothelial cells
were transiently transfected with 40 nM mouse Abca7
siRNA (treated condition, SIABCA7 cells) or untar-
geted siRNA (the control condition) according to the
manufacturer’s instruction (protocol D-044433-03-
0005, GE Healthcare, Velizy-Villacoublay, France).
First, the siRNA was incubated with 1X siRNA buffer
and the transfection reagent Ribocellin for 15 min at
room temperature (RT). Next, warmed cell culture
medium (with no added antibiotic) was added to the
solution: Lastly, cells were incubated with siRNA
cell culture medium supplemented with 1ng/mL
bFGE for 60 h at 37°C in a 5% CO; incubator. The
medium was refreshed, and experiments were per-
formed 24 h after.

BBB permeability measurements

Permeability to LY was used to check the
MBCECs’ tightness, as previously described [29].
Filter inserts were transferred in a 12-well plate
containing warm, HEPES-buffered Ringer’s solution
(RH buffer, pH 7.4, HEPES 5 mM; NaHCO3; 6 mM;
NaCl 150 mM; KCl1 5.2 mM; CaCl; 2.2 mM; MgCl,
+ 6 H,O 1.2 mM), and a solution of LY (50 uM) was
added on the luminal side of the filter. Every 20 min
for 1 h, the filter inserts were transferred into another
well containing fresh RH. LY fluorescence was mea-
sured with a Synergy H1 multiplate reader (Biotek,
Winooski, VT, USA). Lastly, the permeability coef-
ficient was calculated as described by Cecchelli
et al.

Immunostaining

MBCECs were rinsed twice with warmed CMF-
PBS and then fixed for 1 min in cold methanol/
acetone (v/v). After three washes with CMF-PBS, the
filters were cut from the plastic insert and (to avoid
nonspecific binding) incubated for 30 min in CMF-
PBS with 10% normal goat serum. The cells were
then incubated with the primary antibody (anti-ZO-1;
dilution: 1/200; anti-claudin 5 (dilution: 1/100; both
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from Invitrogen, Cergy-Pontoise, France) diluted in
CMF-PBS supplemented with 2% NGS for 1 h. After
three washes in CMF-PBS with 2% NGS, the cells
were incubated in the diluted secondary antibody
(AlexaFluor 488/568; Invitrogen) for 60 min. Nuclei
were stained with Hoechst 33258 reagent. Lastly,
after a wash with CMF-PBS with 2% NGS fol-
lowed by three washes with CMF-PBS, the cells were
mounted using Mowiol reagent containing Dabco
(Sigma-Aldrich). A Cool SNAP RS Photometrics
camera (Leica Microsystems) was used to acquire
the images, which were then processed using Adobe
Photoshop software (Adobe Systems, San Jose, CA,
USA).

mRNA extraction and reverse
transcription-quantitative polymerase chain
reactions

Twenty-four hours after the end of siRNA treat-
ment and refreshment of the medium, MBCECs were
rinsed twice in sterile cold phosphate buffered saline
buffer and lysed using RLT lysis buffer (Qiagen,
Valencia, CA, USA). Three filters were pooled for
each condition. Total RNA was purified using an
RNeasy total RNA extraction kit (Qiagen), accord-
ing to the manufacturer’s instructions. Next, each
sample’s purity and concentration were assessed
by measuring absorbance at 260/280 nm using a
Take 3 microplate reader (Synergy™ H1, Biotek).
Reverse transcription was performed with 250 ng of
mRNA and iScript™ Reverse Transcription Super-
mix (Bio-Rad Laboratories, Marnes-la-Coquette,
France), according to the manufacturer’s instructions.
cDNA from each sample was amplified by real-
time PCR using the SsoFast™ EvaGreen Master
Mix kit (Bio-Rad Laboratories) and custom-designed
primers. The sequences used for primer design and
primer sequences are listed in Table 1. The ampli-
fication consisted of 40 cycles with an annealing
temperature of 60°C, using a CFX96 thermocycler
(Bio-Rad Laboratories). The specificity of amplifica-
tion was assessed by melting curve analysis. mRNA
levels were quantified using the comparative CT
method and normalized against the reference genes
Actb and Hprt.

Protein extraction and immunoblots

MBCECs were rinsed twice in cold CMF-PBS.
The cells were scraped off with UT4 lysis buffer (urea
7 M, thiourea 4 M, 4% 3-[(3-cholamidopropyl)

dimethylammonio]-1-propanesulfonate) supple-
mented with a protease and phosphatase inhibitor
cocktail (Sigma). After a freeze/thaw cycle, the cell
lysate was centrifuged to eliminate cellular debris.
The protein concentration was evaluated using Brad-
ford’s method (Bio-Rad Laboratories) after dilution
of the samples. Electrophoresis of 25 ng (ABCA1)
or 35 ng (other proteins) of protein was performed
in a 4-15% SDS-PAGE gel (Bio-Rad), followed
by electrotransfer onto nitrocellulose membranes
(GE Healthcare). Next, membranes were blocked
in Tris-buffered saline with 0.1% Tween and 5%
skimmed milk for 90 min at RT. Immunoblotting was
performed by incubating membranes with dilutions
of the appropriate primary antibody (anti-ABCA7;
dilution: 1/1000; Proteintech, Manchester, UK;
anti-ABCAI1 [11, 12, 30, 31]; dilution: 1/1000;
Abcam; anti-ABCG4 [32, 33]; dilution: 1/1000;
Alpha Diagnostic International, San Antonio, TX,
USA; anti-RAGE [34, 35], dilution: 1/1000, Abcam:;
anti-ABCB1 (C219) [12, 35], dilution: 1/400, Gene-
Tex, Irvine, CA, USA; anti-ABCG2 (BXP-53) [32],
dilution: 1/80, Santa Cruz Biotechnology, Dallas,
TX, USA; anti-ABCC1 [36], dilution 1/20, Enzo
Life Sciences, Farmingdale, NY, USA; anti-LRP1
[35, 37], dilution 1/200, Santa Cruz Biotechnology
and anti-B-actin, dilution: 1/20000, Sigma) overnight
at 4°C with slight agitation.

After rinsing, the membranes were incubated
with horseradish-peroxidase-conjugated secondary
antibodies (Dako and Millipore) for 1h at RT.
Immunoreactions were developed using an enhanced
chemiluminescence kit (GE Healthcare) and revealed
on chemiluminescence-sensitive films (GE Health-
care). The bands’ relative densities were measured
using TotalLab TL 100 1D Gel Analysis software
(Nonlinear Dynamics, Newcastle, UK). In these
experiments, each deposit represented a pool of at
least eight inserts per condition. Each experiment was
performed at least four times.

ApoE detection

After 60 h of incubation with siRNA, cells were
incubated at 37°C with serum-free medium. After
24 h, medium was collected and then centrifuged to
eliminate cellular debris. Secreted proteins were pre-
cipitated with 20% trichloroacetic acid (Sigma). Cold
acetone was added and the solution thus obtained
was centrifuged. Protein pellets were washed twice
with cold acetone, and the remaining acetone was air-
dried. Proteins were resuspended in RIPA lysis buffer



Y. Lamartiniére et al. / Role of ABCA7 at the BBB

Table 1

1199

DNA primers and accession numbers used for the qPCR experiments

mRNA F/R Sequence Accession number

Abca7 F 5'-TCTGCTGTGGAAAAATTACA-3' NM_013850.1
R 5'-GACAGCCACTAGGATGAAGA-3'

Abcal F 5'-CAAGCATCTTCAGTTCATCAGC-3 NM_013454.3
R 5'-GAGTGTAGCAGGGACCACATAA-3’

ApoE F 5'-CTCCCAAGTCACACAAGAACTG-3 NM_009696.3
R 5'-TCCTCCAGCTCCTTTTTGTAAG-3'

Abcgd F 5'-CTGAGGACCTTCCGCAAGATGT-3' NM_138955
R 5'-GCTTCAGGTTGGCAGAGACCAT-3

Abcgl F 5'-GGGACTCGGTCCTGACACATCT-3 NM_009593
R 5'-AGGACCTTCTTGGCTTCGTTCC-3'

Abcbl F 5'-TGAAATGAAGCTGTTGTCTG-3 NM_011075.2
R 5'-AATAGTGCGGAAGTTTTCAA-3'

Abcg2 F 5'-GGTGTCTGTAGCAACACTTCTC-3/ NM_011920
R 5'-TAAAGTACTGAAGCCAGGACAG-3/

Lrpl F 5'-CTTGATGGCACAGAGAGAGT-3 NM_008512.2
R 5'-CATCACACCAGTAGAGCTTG-3/

Rage F 5'-CCCACCTTATTAGGGACACT-3’ NM_001271424.1
R 5'-TCAAGTCCAACTACCGAGTC-3

Abccl F 5'-CCCTGTGTACTCACACTTCAAT-3 NM_008576.3
R 5'-CTACTTTCAGGTCACTCTGGTG-3

Actb F 5'-TGACGTTGACATCCGTAAAGAC-3’ NM_007393.5
R 5'-GCAGTAATCTCCTTCTGCATCC-3’

Hprt F 5'-TCTGGCCTGTATCCAACACTTCG-3' NM_013556.2
R 5'-AAGCAGTACAGCCCCAAAATGG-3

supplemented with protease/phosphatase inhibitors
(Sigma). The protein concentration was evaluated
using Bradford’s method (Bio-Rad Laboratories).
Equal amounts of total secreted proteins (20 pg) were
loaded onto 4-15% SDS-PAGE gel (Bio-Rad Labo-
ratories). Immunoblots were performed as described
above, using anti-ApoE primary antibodies (dilution:
1/3000, Abcam). Each experiment was performed
three times.

Cholesterol efflux studies

[*H]-cholesterol (0.5 pCi/mL) was incubated with
serum for 6h at 37°C. Next, 2mM glutamine,
1X amino acids, 1X vitamins and DMEM were
added in order to obtain radiolabeled medium. Cells
were incubated with this radioactive medium sup-
plemented with siRNA solution and 1 ng/mL bFGF
for 60 h. After two washes with DMEM/0.05% BSA,
cells were then incubated for 24h at 37°C with
DMEM/0.05% BSA/bFGF. After this equilibration
step, cells were rinsed twice, and cholesterol efflux
was assessed for 7h in the presence or absence
of acceptors (20 wg/mL HDL, 35 pwg/mL ApoA-I,
ApoE2 and ApoE4). At the end of efflux experi-
ments, media were collected and centrifuged (4 min,
4000 rpm, 4°C) in order to remove cellular debris.
Lastly, after three washes with cold PBS, cells were
lysed with PBS/1% Triton X-100. Radioactivity in

the cell lysates and media was measured in a liquid
scintillation counter (Tri-Carb 2100TR). The percent-
age of cellular cholesterol efflux was calculated from
the disintegrations per minute (DPM) using the fol-
lowing equations:

percentage of luminal efflux
= (DPMymina1) X 100/(DPMuminal
+ DPMabluminal + DPMcenl lysate)

percentage of abluminal efflux
= (DPMabluminal) X 100/(DPN[luminal
+ DPMabluminal + DPMcent lysate)

percentage of total efflux
= (DPMyyminal + DPMabluminal)
X 100/ (DPMiyminal + DPMabluminal
+ DPMcen lysate)

Each assay was performed using three filters, and
each experiment was run at least three times.

Quantification of cell cholesterol

After 60h of incubation with siRNA, cells were
incubated for 24 h at 37°C with serum-free cell cul-
ture medium. After this equilibration step, cells were
rinsed with cold RH buffer and then lysed with 1 N
NaOH. One aliquot of the cell lysate (from a single
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insert) was used for the protein concentration assay
using Bradford’s method (Bio-Rad), and another
was homogenized in chloroform/isopropanol/NP-40
(7:11:0.1) for 5 min with vigorous agitation, in order
to extract lipids. After 15 min of centrifugation at
14000 rpm and 4°C, the organic phase was collected
and then air-dried at 50°C for 2h. The dried lipids
were dissolved in the Cholesterol Reaction Buffer
provided with a Cholesterol/Cholesteryl Ester Quan-
titation Kit (Calbiochem) by vortexing vigorously for
5 min. The reaction mixture was prepared according
to the manufacturer instructions. Equal volumes of
sample and reaction mixture were placed in a 96-well
plate and incubated at 37°C for 1h. Next, fluores-
cence was measured with a Synergy H1 multiplate
reader (Biotek) at an excitation wavelength of 535 nm
and an emission wavelength of 587 nm. The amount
of cholesterol in each sample was determined with
reference to a standard curve and then adjusted as a
function of the protein level in each sample. We used
three filters for each assay, and each experiment was
run three times.

Amyloid-B peptide (AB) transport studies

Twenty-four hours after medium refreshment (i.e.,
following the end of siRNA treatment), MBCECs
were rinsed with prewarmed RH buffer. Next, for
apical-to-basolateral transport studies, filter inserts
were transferred into 12-well plates containing
1.5mL of RH/BSA 0.1% per well. A solution of
RH/BSA 0.1% supplemented with Cy5-ABa9 (10
nM), ['*C]-sucrose (Perkin Elmer Life and Analyti-
cal Sciences, Waltham, MA, USA), FITC-inulin and
(or not) ApoA-I (200 nM) was then added (or not) to
the apical (luminal) compartment. For basolateral-to-
apical transport studies, filter inserts were transferred
into 12-well plates containing 1.5 mL of Cy5-AB49
FITC-inulin in RH/BSA 0.1%, and a solution of
[*C]-sucrose supplemented (or not) with ApoA-I
(200 nM) was added in the luminal compartment.

Cells were incubated at 37°C with slight agitation.
Transport was measured after 3h. BBB perme-
ability and non-receptor-mediated transport were
respectively evaluated by measuring ['*C]-sucrose
permeability and FITC-inulin transport. Radioactiv-
ity was measured using a liquid scintillation counter,
whereas fluorescence was measured using a Synergy
HI spectrophotometer (Biotek). The percentage pas-
sage was calculated in the presence and absence of
cells, in order to determine the influence of the filter
and the coating on transport. The results for inulin

were used to normalize the AP results, as previously
described [31]. The mass balance was also calculated,
and the value had to be between 90% and 110%.
Each assay was performed using three filters, and
each experiment was run at least three times.

Statistical analysis

Results were expressed as the mean == SEM and
analyzed using a Student’s T-test or a one-way
analysis of variance. All statistical analyses were per-
formed using Prism Software (GraphPad Software
Inc., San Diego, CA, USA).

RESULTS

Abca7 knock-down does not affect the BBB'’s
integrity in vitro

First,.we used an RNA silencing technique to
downregulate Abca7 expression in our murine BBB
model previously described [26-28]. In vitro, Abca7
knock-down resulted in a 58.7 £4.7% reduction in
mRNA expression and a 40 &= 18% reduction in pro-
tein expression, relative to the control condition
(Fig. 1A-C).

We then evaluated the impact of Abca’7 down-
regulation on the BBB’s integrity. As shown in
Fig. 2A, the MBCECs’ paracellular permeability
to LY was similar in the siABCA7 and untargeted
siRNA conditions (0.41 +0.08 x 107 cm.min™!
and 0.40 4 0.07 x 103 cm.min™!, respectively). The
value in non-treated cells was 0.34 4 0.07 x 107> cm.
min~!. Immunofluorescent labeling of the tight junc-
tion proteins claudin-5 and ZO-1 showed strong,
intact signals at the cell periphery (Fig. 2B) — sug-
gesting that siRNA treatments did not affect the
MBCECSs’ integrity.

Downregulation of Abca7 decreases expression
of the transporters involved in cholesterol
metabolism and lipid exchanges at the BBB

We then decided to investigate the expression
of transporters and acceptors involved in choles-
terol metabolism and lipid exchange at the BBB
in siRNA-treated cells. In Abca7-depleted cells,
mRNA expression levels of Abcal, Abcg4, and
ApoE were low (by 53 & 5%, 34 4%, and 51 £ 4%,
respectively), whereas Abcgl expression was not
significantly different (Fig. 3A). The ABCA1 pro-
tein expression levels correlated with the mRNA
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Fig. 1. Effect of siRNA treatment on ABCA7 mRNA and protein expression. A) Transcriptional expression of Abca7 was assessed in
MBCECs using the primers listed in Table 1. Each bar represents the level of mRNA expression normalized against the housekeeping
genes Actb and Hprt, relative to the control condition (untargeted siRNA). Data are quoted as the mean &= SEM of three experiments
pooled from three filters. Statistical analysis: ¢-test, **p <0.01. B) Protein levels were assessed by immunoblotting. ABCA7 detection gives
unspecific bands as previously reported in mouse brain total extracts [24]. C) Quantification of ABCA7 expression. 3-Actin was used as
a loading control. Data are quoted as the mean & SEM of at least six experiments pooled from eleven filters. Statistical analysis: #-test,

**p<0.01.

expression levels (Fig. 3B). Indeed, a statistically sig-
nificant 38 &= 13% relative reduction in the ABCA1
protein level was observed. The ABCG4 protein
level was not significantly different (Fig. 3C).
Furthermore, the total secreted ApoE fraction was
45 £+ 27% lower but did not reach statistical signifi-
cance (Fig. 3D). However, we observed that ApoE
secretion was significantly lower in'the abluminal
media (by 63+ 17%) but not in the luminal com-
partment (18 = 44%).

Thus, ABCA7 deficiency is associated with abnor-
mally low expression of key players in HDL genesis.
We therefore next assessed the ability of MBCECsS to
transfer cholesterol to apolipoproteins and lipopro-
teins.

Abca7 knock-down is associated with lower
cholesterol release from the MBCEC membrane
and greater cholesterol accumulation

The literature data indicate that human, porcine
and bovine BBB cells release membrane cholesterol
to ApoA-I, ApoE2, ApoE4, and HDL [12, 31, 38].

We therefore investigated the MBCECs’ ability to
efflux membrane cholesterol in basal conditions in
the presence or absence of lipid acceptors. As shown
in Fig. 4A, the presence of HDL, ApoE2, and ApoE4
was associated with significantly greater cholesterol
release (6.8%, 6.3% and 7.9% respectively; i.e., up
to 8-fold greater than the control value (0.8%) in
the abluminal (brain side) compartment). The same
trend was observed for cholesterol efflux to the
luminal (blood side) compartment (Fig. 4B), which
was promoted in the presence of each of the three
lipid acceptors (11.8%, 14.6%, and 15.8% for HDL,
ApoE2, and ApoE4, respectively, compared with the
control value of 3.4%).

As a consequence, total cholesterol efflux was pro-
moted in the presence of HDL, ApoE2, and ApoE4
(Fig. 4C). No significant differences between the
three cholesterol acceptors were observed.

To investigate the impact of Abca7 downregulation
on cholesterol efflux, we then investigated choles-
terol release in siABCA7-treated cells. As shown in
Fig. 5A and B, we observed significantly lower total
cholesterol efflux in the presence of ApoA-Iand HDL
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(32% and 20%, respectively, relative to the control).
Cholesterol release to the luminal side was lower in
the presence of ApoA-I, whereas cholesterol release
to both sides was lower in the presence of HDL.
These results are in line with those obtained in mouse
macrophages in which Abcal and Abca7 have been
deleted [39].

In the presence of ApoE4 and ApoE2, total
cholesterol release did not significantly differ when
comparing siABCA7 cells and the control (Fig. 5C
and D, respectively). However, when considering
only the abluminal side, ApoE4-mediated cholesterol
efflux was reduced by 16 2% in siABCA7 relative
to the control, whereas ApoE2-mediated cholesterol
release was similar in both conditions. Hence, Abca7
knock-down is associated with a relative decrease in
cellular cholesterol efflux; this suggests that lipids
accumulate in sSiABCAT7 cells, relative to controls.

We thus evaluated the level of cholesterol accumu-
lation in cells. As expected, we found that ABCA7
knock-down promoted a 26 & 9% increase in choles-
terol levels in MBCECs, relative to the control
condition (Fig. 5E).

ABCA7 knock-down decreases
basolateral-to-apical transport of AB peptide
mediated by ApoA-I

Given that Abca7/~ mice show elevated lev-
els of amyloid deposition in the brain [24, 40,
41], we hypothesized that Abca7 downregula-
tion in MBCECs might impact amyloid transport
across the BBB. Therefore, apical-to-basolateral and
basolateral-to-apical transport assays of AR peptides
were performed in our in vitro BBB models, as pre-
viously described [12, 31].
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As shown in Fig. 6A, ABCA7 downregulation did
not directly impact the influx (upper graph) or the
efflux of AB-40 peptides (lower graph).

We previously reported that the presence of ApoA-
I in the luminal compartment promotes AP peptide
efflux [42] and had observed in the present study that
luminal ApoA-I lipidation is lower when ABCA?7 is
downregulated (Fig. 5A). Therefore, we next inves-
tigated AP peptide transport in siABCA7 cells in
the presence of ApoA-I in the luminal compart-
ment. When ApoA-I was present, we observed a
slight but statistically significant relative decrease in
basolateral-to-apical transport of A@ (Fig. 6B, lower
graph; 86.5 3.4% compared with the control con-
dition in the absence of ApoA-I). No significant
differences in apical-to-basolateral transport were
observed (Fig. 6B, upper graph).

To obtain additional data on the effect of Abca7
depletion on the expression of receptors and trans-
porters found to be involved in AP clearance by us
and others [12, 31, 37, 43-46], we used qRT-PCR and
immunoblot assays to measure the mRNA and pro-
tein expression of Abcbl, Abccl, Abcg2, Lrpl, and
Rage. Downregulation of Abca7 was not associated

with a difference in expression for any of these genes
and proteins (Fig. 7). Despite our efforts, LRP1 and
ABCCI proteins were not detected, probably because
they are expressed at very low level at the endothe-
lial cells of the BBB as previously demonstrated
[37,47, 48].

Taken as a whole, these results suggest that
ABCA7 downregulation could alter BBB cholesterol
metabolism that in turn could affect amyloid clear-
ance across this barrier.

DISCUSSION

We and others have demonstrated that the ABCB1
(also known as P-gp), ABCG2 (BCRP) and ABCCl1
(MRP1) proteins expressed by endothelial cells of the
BBB can restrict AP entry into the brain and can also
mediate AR efflux into the blood stream [34, 49, 50].
ABCA1, ABCGI, and ABCG4 are more involved
in cholesterol release from cellular membrane, and
control cholesterol homeostasis in the brain and
lipid exchanges across the BBB. These observations
suggested that the modulation of ABC transporter
expression might restore cholesterol metabolism and
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decrease amyloid deposition in AD patients. Promis-
ing results were obtained in AD transgenic. mice
in which the elevation of ABCBI1 expression (by
administering pregnenolone-16a-carbonitrile [S1] or
caffeine [52]) promoted AR efflux across the BBB.
Regarding cholesterol homeostasis, elevated ABCA1
expression in the AD mouse was associated with
less amyloid deposition and less aberrant behav-
ior [53-55]. Furthermore, we recently demonstrated
that oxysterols (natural agonists of liver X recep-
tors) were able to enhance both ABCA1 and ABCB1
expression—thus promoting cholesterol exchange
and restricting A influx across the BBB [31, 56].
Despite these interesting and promising results, how-
ever, little is known about the processes that lead
to amyloid deposition and cholesterol imbalance in
the central nervous system (CNS) of patients with
AD. Interestingly, the only ABC transporter found to
be involved in AD in GWASs is ABCA7; very few
studies had focused on this protein until the publica-
tion of the GWAS results in 2011 [19]. More recent
studies have tried to elucidate ABCA7’s role in the

brain in health and during AD. For example, it was
shown that ABCA7 does not have a significant role
in the regulation of cell proliferation or neurogenesis
in the adult mouse [57], and that the polymorphism
identified in AD patients leads to a loss of function
of ABCA7 [20]. Although Abca7~/~ mice exhibit
normal sensory abilities, neurological reflexes, and
motor functions [58], it is now clear that Abca7/~
in AD transgenic mice promotes amyloid deposition.
However, some researchers have explained this accu-
mulation by the overproduction of AP peptides [21,
25, 40] whereas others have suggested that a decrease
in microglial phagocytosis was involved [24, 41].
Despite the fact that Abca7 is known to be expressed
at the BBB [14], the effect of a decrease in Abca7
expression on amyloid and cholesterol exchanges
across the BBB had not previously been investigated.

Here, we used RNA silencing to decrease Abca7
expression in an in vitro BBB model composed of
primary MBCECs [26-28]. We did not observe any
change in BBB integrity when Abca7 mRNA and
protein expression were downregulated. Given that
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ABCA1 and ABCA7 display around 54% amino acid
homology [42] and that ABCA7 generates HDL [21,
59, 60], we hypothesized that cholesterol exchange
across the BBB could be impacted by Abca7 down-
regulation. Indeed, we observed a relative decrease
in cholesterol release (and particularly for HDL and
ApoA-]) in this context. However, we cannot be abso-
lutely sure that this relative decrease in cholesterol
efflux is directly linked to ABCA7 downregulation
because 1) ABCAl mRNA and protein levels are
also lower and 2) we previously demonstrated that
ABCAL is involved in cholesterol efflux to HDL
and ApoA-I in human and bovine BBB models [12,
31, 56]. We found no change in the expression of
ABCG1, which has been recently identified as a
key player in cholesterol metabolism at the BBB

[38]. Abcg4 expression was significantly reduced in
vitro when Abca7 is deleted but protein level was
not affected. ABCG4 is exclusively expressed in the
CNS and generates (along with ABCA1 and ABCG1)
cholesterol rich-HDL [61]. However, this transporter
is also involved (along with ABCG1) in the regulation
of the intracellular pool of cholesterol in astrocytes
and neurons [62]. Therefore, the downregulation of
ABCALI observed in the present study might also
explain the decrease in cholesterol release to ApoA-I
and HDL and thus the intracellular accumulation of
cholesterol.

Interestingly, we also observed lower APOE
expression and lower APOE secretion into the ablu-
minal compartment (mimicking the CNS) of our BBB
model. In the CNS, ApoE is required for lipoprotein
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uptake into neurons via the LDL family of recep-
tors [63]. ApoE polymorphisms constitute the most
common genetic factor involved in AD [64], and
APOE mediates A3 peptide elimination across the
BBB. Downregulation of APOE secretion might lead
to a reduction in AP transport across the BBB and
therefore to greater accumulation of these peptides
in the brain [64]. Noteworthy, ABCA1 deletion in
AD mouse models is also associated with significant
reductions in apoE level [65-67].

Our study is not the only one to investigate links
between APOE, ABCA1, and ABCA7 regulations.
Indeed, in Abca7~/~ mice, Kim et al. reported that
ApoE levels were not affected when compared with
wild-type mice [22]. ABCAI1 expression was not
modulated in brain. However, in vitro, an upregula-
tion of ABCA7 has been reported in Abcal-deficient
mouse fibroblasts [68] whereas Abca7-deficiency in
mouse macrophages increases ABCA1 expression
[39]. Therefore, all these data suggest that links exist
between ABCA7, ABCAI1, and APOE but the molec-
ular processes remain largely unknown; they might
involve sterol regulatory element binding proteins or

liver X receptors, which are key molecules regulating
cholesterol and lipid metabolism [69, 70].

Taken as a whole, these data indicate that by
decreasing APOE secretion and ABCA1 expression
atthe BBB, ABCA7 loss of function can significantly
alter cholesterol exchange across the BBB and thus
promote AD. This is consistent with a previous study
reporting the contribution of ABCA7 in the cerebral
lipid metabolism [25].

In addition to lipid metabolism, we also investi-
gated the role of ABCA7 in amyloid transport across
the BBB. When ABCA7 was downregulated, we
did not observe any difference in amyloid exchange
through the BBB in the absence of ApoA-I. However,
as discussed above, we found that ABCA7 depletion
was associated with a reduction in cholesterol release
to ApoA-I; the latter is known to promote A efflux
across MBCECs [71]. Indeed, after adding ApoA-I to
the luminal compartment of our experimental set-up,
we observed a reduction in the basolateral-to-apical
transport of AP peptide. Given that the expression
of receptors and transporters known to mediate A3
exchanges across the BBB did not change when
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ABCA7 expression was reduced, we suggest that
the decrease in ABCA7 reported provokes a reduc-
tion of ABCAT1 and APOE expression which in turn
decreases lipoproteins lipidation and thus, reduces
amyloid elimination across the BBB.

Lastly, by linking ABCA7 to cholesterol and
amyloid exchanges across the BBB, our results 1)
revealed novel pathways underlying the association
between ABCA7 dysfunction and AD pathogenesis,
and 2) suggest that this transporter may be a poten-
tial therapeutic target for curing or preventing AD.

All these experiments were performed using an
in vitro BBB model, therefore further in vivo
experiments using wild-type and Abca7 /= mice
should to be performed to confirm the relevance of
these data and to confirm the links between ABCA7,
BBB, and AD.
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