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Background: The intracellular sterol transporter Abca2 has been genetically linked to Alzheimer disease.
Results:Abca2 depletion reduces �-secretase cleavage of APP without affecting �-cleavage of Notch and alters maturation and
intracellular localization of Nicastrin, a member of the �-secretase complex.
Conclusion: Abca2 depletion affects �-secretase cleavage in a substrate-distinctive manner.
Significance: Abca2 is an important regulator of �-secretase-mediated APP proteolysis and therefore A� generation.

Clinical, pharmacological, biochemical, and genetic evidence
support the notion that alteration of cholesterol homeostasis
strongly predisposes toAlzheimer disease (AD). TheATP-bind-
ing cassette transporter-2 (Abca2), which plays a role in intra-
cellular sterol trafficking, has been genetically linked toAD. It is
unclear how these two processes are related. Here we demon-
strate that down-regulation of Abca2 in mammalian cells leads
to decreased amyloid-� (A�) generation. In vitro studies
revealed altered �-secretase complex formation in Abca2
knock-out cells due to the altered levels, post-translational
modification, and subcellular localization ofNicastrin. Reduced
Abca2 levels inmammalian cells in vitro, inDrosophilamelano-
gaster and in mice resulted in altered �-secretase processing of
APP, and thusA� generation, without affectingNotch cleavage.

Alzheimer disease (AD)5 is associated with extracellular
deposits of the amyloid �-peptide (A�) and intraneuronal

aggregates of hyperphosphorylatedTau protein in the brain (1).
Evidence suggests that the pathogenesis of AD involves delete-
rious neurotoxic effects of aggregated A� peptides (2), which
are derived by sequential proteolytic processing of the �-amy-
loid precursor protein (APP) by �- and �-secretases. APP can
also be cleaved in a nonamyloidogenic pathway that involves
initial cleavage by �-secretase within the A� domain that pre-
cludes the later generation of A� peptides (1, 3, 4). Because the
toxicity resulting from excess A�, it is of critical importance to
understand how these alternative cleavages are regulated. Nat-
urally, because APP and its proteases are all integral membrane
proteins, the cleavage of APPwill be greatly affected by changes
in the lipid content of the cell. Indeed, strong evidence indicates
a functional relationship between AD and amyloidogenesis
with a lipid metabolism (5–7). In particular, cholesterol is rec-
ognized to play a key role in the pathogenesis of AD (8). Many
groups have reported that high intracellular cholesterol levels
result in enhanced release of A� in vitro and in vivo (9–11),
whereas low intracellular cholesterol levels favor processing of
APP through the nonamyloidogenic pathway and decrease A�
production (12, 13). Several studies suggest that the generation
of A� is highly dependent on the levels of cholesterol within
detergent-resistant microdomains (DRMs) of the membrane
(14–16). In fact the APP cleaving machinery, namely �- and
�-secretase, has been shown to reside in DRMs (14, 17–19) and
its activity depends onmembrane cholesterol levels (18, 20, 21).
Notably, many of these studies have relied on pharmacological
or chemicalmanipulation of intracellular cholesterol levels, as a
result revealing only how APP processing would be affected in
certain, extreme, situations. In the physiological scenario, a net-
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work of genes mediates the regulation of intracellular choles-
terol levels and it is likely that variations leading to a late-occur-
ring disease likeADare subtle. This led us to use genetic tools to
investigate how cholesterol dyshomeostasis may lead to AD.
We focused our attention on the ATP-binding cassette trans-
porter-2 (Abca2) for two reasons: (i) Abca2 has been genetically
linked to Alzheimer disease (22, 23) and (ii) Abca2 plays a role
in intracellular sterol trafficking (24).
Abc transporters useATPhydrolysis to drive the transport of

various molecules across biological membranes (25). The
human Abc transporters are grouped into seven classes (26), of
which Abca and Abcg classes are believed to act as critical gate-
keepers of cholesterol homeostasis (27, 28). Abca2, the second
identified member of the Abca subfamily, is most highly
expressed in brain, especially in the white matter (29), and is
enriched in pluripotent neural progenitor cells in the subven-
tricular zone of lateral ventricles and dentate gyrus of the hip-
pocampus (30). At the subcellular level, Abca2 localizes to late
endosomes, lysosomes, trans-Golgi, and endoplasmic reticu-
lum (31).
Functional studies in CHO cells identified a possible role of

Abca2 in the intracellular trafficking of lipoprotein-derived
cholesterol from late endosomes/lysosomes to the endoplasmic
reticulum for esterification (32). The endosomal-lysosomal
pathway is also known to be the major site of A� generation
(33–35) and further studies demonstrated a co-localization of
Abca2 and APP in intracellular vesicles of neuroblastoma cells
(36). The clinical relevance of Abca2 is suggested by two inde-
pendent studies that strongly linked the identical single nucle-
otide polymorphism to AD (22, 23). However, the underlying
molecular mechanism is still unclear.
Here we demonstrate that subcellular Abca2 levels play an

important role in �-secretase processing of APP and thus in A�
generation. In mammalian cells, siRNA-mediated knockdown
ofAbca2 expression resulted in decreasedA� generation due to
lowered �-secretase processing of APP. In vitro, as well as in
Drosophila melanogaster, genetic reduction of Abca2 resulted
in decreased �-secretase-dependent cleavage of APP, whereas
Notch processing was not affected. Knockdown of Abca2 in
mammalian cells affected the glycosylation pattern and subcel-
lular localization of Nicastrin leading to altered �-secretase
complex formation. In line with that, Abca2 knock-out mice
displayed reduced Nicastrin protein levels and decreased A�
generation, whereas Notch processing was unaffected. Taken
together our data indicate that Abca2 is an important regulator
of �-secretase-mediated APP proteolysis and therefore of A�
generation.

EXPERIMENTAL PROCEDURES

Mammalian Cell Lines, Primary Rat Hippocampal Neurons,
and Mice—Human embryonic kidney (HEK) 293 cells stably
overexpressing human wild type APP695 or mouse embryonic
fibroblast (MEF) cells were grown in Dulbecco’s modified
Eagle’s minimum (DMEM) essential medium (Invitrogen) sup-
plemented with 10% heat-inactivated fetal bovine serum (Per-
bio) and 100�g/ml of penicillin/streptomycin (Invitrogen). Rat
primary hippocampal cultures were prepared from embryonic
day 18 brains as previously described (37). For biochemical

analysis 2 � 105 cells were plated in 12-well and 3-cm plastic
dishes coated with poly-L-lysine (0.1 mg/ml) and containing
minimal essential medium with B27 supplement (Invitrogen).
Both neurons and cell lines were kept under 5% CO2 at 37 °C.
Generation and maintenance of Abca2 knock-out mice has
been described elsewhere (38).
Antibodies—For immunoprecipitation and detection of A�

and secretedAPP� the 6E10 antibody (Covance) was used. APP
full-length and APP C-terminal fragments were precipitated
with APPCt C-terminal antibody (Sigma). Secreted APP� was
detected with the specific antibody (39138, Covance). Preseni-
lin was detected with the SB129 antibody, Nicastrin with the
9C3 antibody (39), Aph1a with the B80.3 (40), and Pen2 with
anti-Pen2 antibody (40). Actin antibody was purchased from
Sigma. For Abca2 detection, the Abca2 (N-19) goat polyclonal
antibody was used (Santa Cruz Biotechnology). Neuregulin 1
was detected with anti-Nrg1�/�1/2 (C-20) (Santa Cruz Bio-
technology). TGN46 antibody was purchased from BD
Biosciences.
siRNADesign and Transfection—The siRNA sequences were

designed using an RNAi algorithm publicly available. For our
assays 100 pmol of siRNA or 4 �g of Abca2 cDNA (38) were
transfected per well in a 6-well dish using the transfection rea-
gent Lipofectamine 2000 (Invitrogen), according to the manu-
facturer’s instructions. The shRNA of Abca2 was cloned in the
pLentiLox3.7 vector. 3 Days in vitro neurons plated in a 12-well
dish were transfected with 1.6 �g of the plasmid and Lipo-
fectamine 2000 for 72 h.
RNA Isolation and Real-time PCR—The isolation of RNA

fromcells and brain sampleswas achievedwith the RNeasy Plus
kit (Qiagen). cDNA was prepared with the RevertAid First
Strand cDNA Synthesis kit from Fermentas, and real-time PCR
was performed using the SYBR Green PCR Master Mix assay
(Eurogentec) with the ABI PRISM 7000 Sequence Detection
System (Applied Biosystems). The quantification was per-
formed against a control housekeeping gene, namely �-actin.
ELISA—For A� peptide detection HEK293 cells were trans-

fected with siRNA and the medium was replaced with fresh
medium 48 h post-transfection. Cells were grown for another
24 h and media were assayed for A� load using the hA�40 or
hA�42 ELISA kit (The Genetics Company) according to the
manufacturer’s instructions. For rodentA� theA�40 ELISA kit
fromWako was used.
Immunoprecipitation and Immunoblotting—Cells were

lysed 72 h post-transfection in STEN lysis buffer (1� STEN: 50
mM Tris, pH 7.6, 150 mM NaCl, 2 mM EDTA, 0.2% Nonidet
P-40; STEN-lysis buffer, 1% Triton X-100, 1% Nonidet P-40,
complete protease inhibitors in 1� STEN) and clarified by a
30-min centrifugation at 13,200 � g. For immunoprecipitation
of proteins the lysates or the conditionedmedia were incubated
overnight with the appropriate antibodies and protein G-Sep-
harose beads (AmershamBiosciences). The beads were washed
twice with STEN-NaCl (STEN buffer with 500 mM NaCl), and
once with STEN buffer. Upon SDS-PAGE electrophoresis,
immunoprecipitated proteins were transferred to nitrocellu-
lose membrane and detected with the corresponding antibod-
ies. Mouse brains were homogenized on ice in RIPA buffer (1%
Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM
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NaCl, 50 mM Tris-HCl, pH 7.2), using an Ultraturrax T25
(Janke & Kunkel). Samples were centrifuged at 15,000 � g, and
supernatants were used for protein determination.

�-Secretase Luciferase Assay—HEK293 cells were co-trans-
fected with the UAS-luciferase reporter gene, an APP or Notch
reporter construct carrying a Gal4-VP16 (41) in the cytoplas-
mic domain, and Abca2 siRNA. After 48 h the cells were lysed
and processed according to the manufacturer’s instructions
(Promega). Emitted light was measured with the microplate
reader (Victor3 by PerkinElmer Life Sciences).
Drosophila Genetics and Maintenance—All stocks were

maintained at 25 °C and raised on cornmeal-yeast agar
medium. The fly reporter C99-GV/UAS-GRIM and hs�
C99-GV flies have been previously described (42, 43). The
strain Ne511/FM6;Df(N�)/TM2 that was carrying a null allele
of Notch was a kind gift of Marco Milan. For the generation of
homozygous mutant clones in the eyes, the eyflp system was
applied (44). The P-element I(3)S132601/82 from the P(lacW)
insertion line (l(3)SXXXXXX) was purchased from the Szeged
Drosophila Stock Centre. For the genetic screens, virgins from
the P-element carrying flies were crossed to males of each
reporter stock. Progeny was scored compared with control
crossed to the w1118 wild-type flies.
Blue Native-PAGE—Cell membranes were prepared as

described above and resuspended in buffer containing 0.5%
dodecylmaltoside, 20% glycerol, 25 mM BisTris/HCl, pH 7.0,
and protease inhibitors, and solubilized for 1 h on ice. After
ultracentrifugation (100,000 � g at 4 °C for 30 and 15 min), the
cleared supernatant was collected. For each sample, the same
amount was mixed with 5� Blue Native sample buffer (2.5%
Coomassie Brilliant Blue G-250, 50 mM BisTris/HCl, 250 mM

6-aminocaproic acid, pH7.0, and 15% sucrose) and stored over-
night at 4 °C. Blue Native-PAGE was performed as described
previously (45) with some modifications. Samples were loaded
on a 5–16% polyacrylamide gel and run at 200 V for 4 h. Before
transfer, the gel was treated with transfer buffer containing
0.1% SDS for 10 min.
Metabolic Labeling—72 h post-siRNA transfection HEK293

cells stably overexpressing APP695were starved for 45min and
labeled with radioactive [35S]methionine/cysteine for 2 h. Cells
were chased for the indicated time points and Nicastrin was
immunoprecipitated from the cell lysates. Radiolabeled pro-
teins were visualized with phosphorimaging.
ImmunofluorescenceMicroscopy—MEF cells seeded on poly-

lysine-coated coverslips were fixed with 4% paraformaldehyde
for 10 min followed by a 1� PBS wash and a permeabilization
step using 0.01% Triton X-100 in 1� PBS for 10 min. After
washing twice in 1� PBS, cells were blocked and incubated for
1 h at RT with the respective primary antibody diluted in 10%
blocking solution. After 5 washes, secondary antibodies also
diluted in 10% blockingwere incubated for 30min. Finally, cells
were washed and mounted on glass slides.
Cell Surface Biotinylation—Cells were washed three times

with ice-cold 1� PBS and incubated on ice with 1� PBS, pH 8,
containing 0.5 mg/ml of EZ-link Sulfo-NHS-SS-biotin (Pierce)
for 30min.Cellswere thenwashed three times, 5min each,with
ice-cold 1� PBS supplemented with 20 mM glycine and finally
washed twicewith 1�PBS.Cellswere lysed as described before.

Biotinylated proteins were immunoprecipitated using strepta-
vidin-agarose. Precipitated Nicastrin was detected by Western
blot with 9C3 antibody, and cell surface localization was quan-
tified using ImageJ software.
Statistical Analysis—Data are presented as themean� S.D. p

values were determined by Student’s two-tailed t test between
control and experimental groups.

RESULTS

Abca2DepletionDecreasesA�Secretion inMammalianCells—
Todetermine the extent Abca2 depletion affects the cleavage of
APP in mammalian cells, we knocked down Abca2 by
sequence-specific siRNAs in HEK293 cells stably expressing
human APP (APP695). siRNA knockdown efficacy was tested
after 72 h by measuring Abca2 mRNA and protein levels in
siRNA-treated versus nontreated (control) cells (Fig. 1,A and B).
First, we measured A� levels in the medium of Abca2

knocked down cells. ELISA-based analysis of A� levels in the
medium 72 h post-transfection revealed a significant decrease
in A�40, up to 40% (Fig. 1C). Likewise the secretion of A�42
was significantly decreased in Abca2-depleted cells compared
with controls (up to 30%, Fig. 1C). These results complement
recent studies showing that overexpression of Abca2 leads to
increased A� production (36, 46). Second, to further validate
the positive role of Abca2 in A� generation, we proceeded to
analyze the amount of A� by peptide immunoprecipitation/
Western blot in HEK293 cells stably expressing human APP.
The data depicted in Fig. 1D confirm that siRNA knockdown of
Abca2 reduced the amount of secreted A�. To give neuronal
validity to our experiments, Abca2 was knocked down in pri-
mary rat hippocampal neurons in vitro. This also resulted in a
significant (20%) decrease in A� production (Fig. 1E).

The observation that Abca2 depletion resulted in reduced
A� production led us to investigate its effect on activities of the
different secretases involved in APP processing. Membrane
preparations from nontreated (control) and Abca2 siRNA-
treated HEK293 cells stably overexpressing human APP695
were analyzed for the different APP cleavage products byWest-
ern blotting. APP full-length levels were not significantly
changed inmembrane fractions of Abca2 siRNA-treated versus
control cells, indicating that Abca2 depletion has no direct
impact on the expression levels of the precursor protein (Fig.
2A). Abca2 reduction resulted in increased levels of the APP
C-terminal fragments (CTF). Interestingly, comparedwith cells
overexpressing APP alone, cells co-expressing APP and Abca2
siRNA presented lower levels of CTF� and considerably higher
levels of CTF� (Fig. 2A). In line with this, knockdown of Abca2
resulted in the significant decrease of APPs� versus APPs� in
the conditioned media (Fig. 2B), indicating a shift from �- to
�-secretase cleavage of APP. The protein levels of ADAM10, a
member of the �-secretase family, or of �-secretase (BACE1)
were not altered (Fig. 2C) suggesting that Abca2 depletion
reduces A� generation through the induction of a shift toward
the �-secretase pathway.

To gain further insight into themechanisms by which Abca2
reduction leads to decreased A� we measured the levels of the
intracellular peptide. In HEK293 cells APP is predominantly
processed by �-secretase preventing A� generation. To
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increase total A� levels and determine intracellular A� levels
HEK293 cells were transiently co-transfected with FLAG-
CTF� (FLAG-C99) and nontargeting (control) or Abca2-spe-
cific siRNAs. Intracellular A� levels were measured by peptide
immunoprecipitation/Western blot. Intracellular A� was
found significantly decreased in cells fed with Abca2 siRNA
(Fig. 2D), indicating that lower levels of A� in the media upon
knockdown reflect a true effect on peptide generation and not
an impaired secretion. In addition, the total amount of CTFs
(Fig. 2, A andD) was increased indicating impaired �-secretase
cleavage or impaired CTF degradation.
Depletion of Abca2Decreases �-Secretase-mediated Cleavage

of APP inVitro and inVivo—Todetermine the impact of Abca2
levels on �-cleavage of APP we analyzed the levels of AICD
production in HEK293 cells expressing APPC99-GAL4/UAS-
luciferase reporter constructs. HEK cells were co-transfected
with the reporter construct andAbca2 siRNAoligonucleotides;
AICD generation was monitored after 72 h. The knockdown of
Abca2 resulted in a 30% decrease of AICD generation (Fig. 3A).
An important aspect of the �-secretase activity is substrate

promiscuity. The list of proteins processed by the �-secretase
complex is constantly growing yet the one considered most
crucial, together with APP, is the Notch receptor. Notch is a
type I transmembrane protein, which follows similar sequential
proteolysis to that of APP. Cleavage ofNotch by the �-secretase
complex leads to the generation of a Notch intracellular cyto-
plasmic domain, which translocates to the nucleus, where it

acts as a regulator of transcription (47, 48). To investigate the
impact of Abca2 levels on �-cleavage of Notch we used
Notch�E-GAL4/UAS-luciferase reporter constructs and the
generation of Notch intracellular cytoplasmic domain was
determined 72 h post-transfection of the reporter construct
with the Abca2 siRNA. In contrast to AICD, generation of the
Notch intracellular cytoplasmic domain was not significantly
altered (Fig. 3B), indicating that Abca2 depletion affects
�-secretase activity in a substrate-specific manner. To assure
that depletion of Abca2 does not affect Notch processing in
neurons, the expression of theNotch downstream targetHes-1,
which is dependent, directly or indirectly, on �-secretase activ-
ity (49) was evaluated in primary rat hippocampal neurons
infected with Abca2 shRNA virus. mRNA levels of Hes-1 were
not affected by suppression of Abca2, as shown by real-time
PCR (Fig. 3C), indicating that Abca2 depletion disturbs
�-secretase cleavage with certain substrate selectivity.

To further validate the role of Abca2 in the regulation of
�-cleavage in vivowe utilizedD.melanogaster expressing a chi-
meric human APP protein comprised of the C99 transmem-
brane protein fragment of APP fused to the yeast transcription
factor GAL4-VP16 (GV), and the cell-death reporter gene
GRIM cloned under the GAL4 responsive transcriptional cas-
sette (UAS). In this system, cleavage ofC99 causes release ofGV
that translocates to the nucleus, where it binds UAS and acti-
vates expression of GRIM. GRIM triggers what is known as the
“rough eye” phenotype, because of the death of the ommatidia.

FIGURE 1. Depletion of Abca2 decreases A� secretion in mammalian cells. HEK293 cells overexpressing APP695 were transfected with siRNA specifically
directed against Abca2. A and B, the efficiency of the siRNA reduction was analyzed 72 h after transfection by quantitative PCR and Western blot. A, the graph
depicts the relative amount of Abca2 mRNA. B, Abca2 protein levels were determined by Western blot. Overexpression of Abca2 in HEK293 cells was used as
an additional control for siRNA knock-down efficiency. C and D, media of HEK293 cells overexpressing APP695 and treated with nontargeting (control) or
specific siRNAs against Abca2 were collected 72 h post-transfection. The secreted A�40 and A�42 load was evaluated by ELISA (C) and immunoprecipitation
of total A� with 6E10 antibody (D). Quantifications of ELISA and immunoprecipitation are depicted in panels C and D. Values represent the mean � S.D. of three
independent experiments. Significance was determined by Student’s t test. *, p values are: 0.026 for A�40; 0.00007 for A�42, and 0.017 for total A� (IP). Absolute
A�40/��42 levels (pg/ml) of a representative experiment are 195/40 for the control and 137/27 for Abca2 siRNA. E, rat hippocampal neurons were transfected
with the shRNA against Abca2 cloned in the pLentiLox3.7 vector. 72 h later the media were collected and the secreted A� was measured by ELISA. A�40 levels
(pg/ml) of a representative experiment are: control, 40 and Abca2, 30. Values are presented as means of four assays � S.D. *, p values for Abca2 siRNA-treated
cells � 0.008, Student’s t test. F, Abca2 mRNA levels were analyzed by quantitative PCR in primary hippocampal neurons. The graph depicts the relative amount
of mRNA normalized to the expression of �-actin. Values are presented as mean � S.D. of three assays. *, p values for Abca2 � 0.03, Student’s t test.
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TheGMR promoter in front of the C99 leads to the targeting of
the GRIM effect only in the eyes. Hereafter, these GMR�C99-
GV, UAS-GRIM flies were crossed with the Abca2 mutant line
generated by P-element insertion (33). Abca2 depletion
decreasedGRIMexpression in vivo indicating reduced �-secre-
tase cleavage of the reporter construct (Fig. 3D). In addition, we
used recombinant flies containing the C99-GV construct
together with theUAS-GFP reporter gene and a heat shock (hs)
promoter to induce expression of the C99-GV protein exclu-
sively in adult tissues. For this series of experiments we also
took advantage of the eyFLP/FRT technique for targeting

mitotic clones to the eye, which allowed us to generate homozy-
gous mutant clones occupying the eye in flies that also carried
the C99-GV, UAS-GFP reporter system in the genetic back-
ground (eyflp; hs � C99-GV, UAS-GFP). These flies were then
crossed with the Abca2 mutant line and progeny bearing
homozygous Abca2 mutant clones in their eyes were collected
during 5 days, heat shocked for 1 h at 38 ºC, and scored 24 h
later for GFP levels. Also in this assay, clear suppression of GFP
levels was obtained (Fig. 3E). To determine whether loss of
functionmutation in theAbca2 genewas also able tomodify the
Notch signaling pathway we utilized a hypomorphic allele of
Notch calledNe511. This allele showsmild but clear Notch loss
of function phenotypes in fly wings among other tissues and,
therefore, represents a sensitive genetic background for the
Notch pathways. We crossed Abca2 loss of function flies
against the Ne511 allele of Notch and observed that the genetic
interactions between these genes did not produce significant
differences in wing morphology, compared with wild type con-
trols, indicating that the loss of Abca2 function most probably
does not affect Notch signaling pathways in vivo (Fig. 3F).
Together, these experiments suggest that Abca2 depletion
affects �-secretase cleavage of APP in a substrate-specific man-
ner in vivo.
Abca2Depletion Affects the Levels of �-Secretase Components

in Vitro and in Vivo—To determine the impact of Abca2 deple-
tion on the �-secretase complex, we first investigated the
expression levels of the four �-components, namely Presenilin
(PS1), Nicastrin, Pen2, and Aph1. Although the expression of
PS1 and Pen2 were unaffected, Abca2 reduction led to a slight
but not significant decrease in the amount of Aph1a (Fig. 4A).
Interestingly the mature as well as the immature form of Nica-
strin displayed a slightly alteredmigration pattern, suggesting a
change in post-translational modification of the protein. Next,
we determined �-complex formation using Blue Native-PAGE.
The exact composition and resolution of the native �-secretase
complex in Blue Native-PAGE has been already described (45).
Using this technique we observed a slight shift of mass of the
mature �-complex in Abca2-depleted cells (Fig. 4B). To con-
firm that the observed changes in the �-complex levels and
formation are a true consequence ofAbca2 reduction,we inves-
tigated levels of the �-components as well as formation of the
�-complex inmouse embryonic fibroblasts derived fromAbca2
knock-out mice (38) (Fig. 4, C–E). As in siRNA-treated cells,
complete absence of Abca2 resulted in the electrophoretic
migration change of mature and immature Nicastrin (Fig. 4C).
Importantly, shift of the mature �-complex in SDS-PAGE as
well as its subcomplexes is more obvious in MEF Abca2�/�

cells than in Abca2-depleted HEK293 cells (Fig. 4D). Further-
more, the MEF Abca2�/� cells showed accumulation of APP
CTFs and decreased A� secretion (Fig. 4E). As in HEK293 cells
the electrophoretic mobility pattern of APP, used as model for
the type 1 transmembrane protein, was not significantly
changed in Abca2-depleted MEF cells, indicating that Abca2
plays a role in post-translational modifications (i.e. glycosyla-
tion or S-palmitoylation) of subsets of membrane proteins,
among which is Nicastrin.

FIGURE 2. APP processing is affected by Abca2 reduction. HEK293 cells
expressing APP695 were transfected with nontargeting (control) or Abca2-
specific siRNA. A and B, 72 h post-transfection the conditioned media was
collected and cells were lysed. APP full-length and APP CTFs were detected
with APPCt antibody in cellular membrane fractions (A). APP is present as a
double band corresponding to the mature and immature protein. The graph
depicts the CTF�/CTF� ratio (n � 3; *, p values for Abca2 � 0.003, Student’s t
test). B, secreted APPs� was detected in the conditioned medium with anti-
body 6E10 that selectively detects APPs�, whereas APPs� was visualized
using APPs�-specific antibody (39138). The graph depicts the APPs�/APPs�
ratio (n � 3; *, p values for Abca2 	 0.001, Student’s t test). C, lysates from
HEK293 cells overexpressing APP695 and transfected with the candidate
siRNA were analyzed for the expression levels of ADAM10 and BACE1. D, in
HEK293 cells APP is predominantly processed by �-secretase preventing A�
generation. To increase total A� levels and determine intracellular A� levels
HEK293 cells were transiently co-transfected with FLAG-CTF� (FLAG-C99) and
nontargeting (control) or Abca2-specific siRNAs. 72 h post-transfection cells
were lysed and the intracellular A� level was detected by Western blot using
4G8 antibody. Intracellular A� levels were normalized against all CTF species
(FLAG-C99, endogenous C99 and C83). Note that in Abca2 knocked down
cells all CTF species seem to accumulate. Values represent mean � S.D. of
three independent experiments. *, p values 	0.01, Student’s t test.

Down-regulation of Abca2 Reduces A� Generation

1104 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 2 • JANUARY 6, 2012



Abca2 Depletion Alters Complex Glycosylation and Subcellular
Localization of Nicastrin—To investigate the potential mecha-
nism behind altered �-complex formation andmigration we used
Abca2-depleted MEF and studied changes in the migration pat-
tern ofNicastrin. Aftermetabolic labeling of the cells, we analyzed
the fate of newly formed immature Nicastrin, an 
110-kDa
protein that is gradually maturing to a higher molecular mass
form. The immature form has a high-mannose oligosaccharide
content from its residence in the endoplasmic reticulum. The
matureNicastrin contains amixed population of endoglycosidase
H (Endo H)-sensitive and -resistant oligosaccharides, generated
during trafficking through the Golgi apparatus (50). Moreover,
Nicastrin can later undergo S-palmitoylation (51). Post-transla-
tional S-palmitoylation is increasingly recognized as a potential
mechanism for regulating raft association, stability, intracellular
trafficking, and function of several cytosolic and transmembrane
proteins (52).Also,S-palmitoylationhasbeen showntocontribute

toDRMassociation ofNicastrin and to be important for its stabil-
ity (51). Extracts from the metabolically labeled knocked down
cells revealed adifference inmaturation andmigration anda slight
decrease in stability of the protein (Fig. 5A). To test if this was due
to a change in S-palmitoylation Abca2 siRNA-transfected cells
were treated with 2-bromohexadeconic acid, an inhibitor of
palmitoylation. This treatment, however, did not change the
migration pattern of Nicastrin (Fig. 5B). In agreement with this,
Cheng and colleagues (51) could show that expression of S-palmi-
toylation-deficient Nicastrin in cultured cells does not affect A�
and AICD production, or intramembrane processing of Notch
and N-cadherin. Next, we studied possible changes in the glyco-
sylation pattern of Nicastrin. Nicastrin is synthesized as an
endoglycosidase H-sensitive glycosylated precursor protein
(immature Nicastrin) and is then modified by complex glycosyla-
tion in the Golgi apparatus and by sialylation in the trans-Golgi
network (mature Nicastrin) (50). Deglycosylation assays using

FIGURE 3. Suppression of Abca2 modulates �-cleavage of APP and Notch differently. A and B, HEK293 cells were transfected with C99-Gal4-VP16,
Notch�E-Gal4-VP16, or Gal4-V16 together with UAS-luciferase (41) and co-transfected with Abca2 siRNA. The luciferase activities of the �-secretase-dependent
variants were determined: C99-Gal4-VP16 (n � 9; *, p 	 0.01) and NotchE-Gal4-VP16 (n � 6; *, p 	 0.05). Values are presented as mean � S.D. and significance
was assessed using Student’s t test. C, rat hippocampal neurons were transfected with the shRNAs against Abca2 cloned in the pLentiLox3.7 vector. Hes-1
mRNA levels were analyzed by quantitative PCR 72 h post-transfection. The graph depicts the relative amount of Hes-1 mRNA normalized to the expression of
�-actin. D–F, Drosophila in vivo read-out systems for �-secretase cleavage determination. D, in APPC99-GV, UAS-GRIM flies �-secretase cleavage releases the
C-terminal part of C99 fused to the Gal4-VP16 sequence, which in turn translocates to the nucleus, binds UAS, and activates GRIM expression, resulting in a
rough-eye phenotype (panel i). The P-element-induced Abca2 gene mutation was crossed to the aforementioned reporter stock and progeny were analyzed
for suppression or enhancement of the GRIM-induced rough-eye phenotype. As seen in panel ii, Abca2 gene mutation caused a suppression of the phenotype
that reflects a suppression of �-cleavage. E, clonal analysis of the effect of the mutation on an inducible read-out system. For the generation of homozygous
mutant clones in the eyes, flies that have the heat shock-inducible APPC99-GV/UAS-cd8-GFP reporter system were crossed to Abca2 mutant flies. The progeny
was collected during 5 days, heat shocked for 1 h at 38 °C, and scored 24 h later for levels of GFP expression compared with flies that do not carry the Abca2
mutation. F, evaluation of the effect of Abca2 depletion on the Notch signaling pathway. Ne511/FM6;Df(N�)/TM2 flies (panel ii) contain a null allele of Notch,
which in a heterozygous state produces a dominant phenotype in the wings characterized by nicking the wing margin compared with wild type w1118 flies
(panel i). To study the effect of the Abca2 mutation on Notch signaling, Abca2 mutant flies were crossed to the Ne511/FM6;Df(N�)/TM2 reporter and progeny
wings were examined (panel iii).
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EndoHandPNGaseF (N-glycosidase F) revealed adistinctmigra-
tion pattern of the Endo H-resistant form of Nicastrin (Fig. 5C).
Endo H digestion reduced the apparent molecular mass of the
maturebandby
15kDa, and the lowerbandby
40kDa.EndoH
treatment did not affect the different migration patterns of the
mature Nicastrin band in WT and Abca2�/�-depleted cells.
When Nicastrin was treated with PNGase F to remove all

N-linked oligosaccharide chains, both proteins co-migrated in
SDS-PAGE at the same molecular mass, 
70 kDa, in WT and
Abca2�/� MEF cells. These results indicate that the altered
migration of Nicastrin in Abca2-depleted cells is due to defec-
tive glycosylation.
Because Abca2 plays a major role in intracellular sterol traf-

ficking (31) the observed effects upon its knockdown may be

FIGURE 4. Abca2 suppression alters �-complex formation. A, lysates from HEK293 cells overexpressing APP695 and transfected with Abca2 siRNA were
analyzed for expression levels of the components of �-secretase, namely Presenilin (PS1-CTF), Nicastrin, Aph1, and Pen2. �-Actin was used as loading control.
Note that Nicastrin appears as a double band corresponding to the mature (m) and immature (im) protein. The graph depicts the expression levels of the
�-secretase components. B, cell membranes of HEK293-APP695 control or Abca2 siRNA-treated cells were processed for Blue Native-PAGE. Western blot
analysis of Nicastrin using 9C3 antibody indicated that down-regulation of Abca2 results in a shift of the tetrameric mature complexes and the intermediate
trimeric (Nct-Aph1-PS1) subcomplex. C, expression levels of the �-secretase components were determined in lysates from control or Abca2�/�- depleted MEFs
as described above and quantified. D, cell membranes of WT or Abca2�/� MEFs were processed for Blue Native-PAGE. As seen before, depletion of Abca2
resulted in a shift of the tetrameric mature and intermediate trimeric �-complexes. E, APP full-length and APP CTFs were detected with APPCt antibody in cell
membrane fractions of WT and Abca2�/� MEFs. A�40 levels are depicted in the table. A�42 levels were found to be below the detection limit.
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the consequence of local changes in cholesterol distribution
and defective transport or retention of certain types of proteins
in intracellular organelles, depending on their intrinsic require-
ments to partition in specific lipidic microenvironments. Con-
sistent with this possibility, Abca2 knockdown resulted in a
change in the subcellular distribution of Nicastrin, whereas
APP localization did not seem to be affected (Fig. 5D). In fact,
rather than concentrated in Golgi, endoplasmic reticulum, and
the plasma membrane, Nicastrin appeared in smaller tubules
and vesicles in the cell periphery (Fig. 5D). To further examine
the altered subcellular localization of Nicastrin we performed
cell surface biotinylation experiments. As shown in Fig. 5E,
Abca2 depletion enhanced the cell surface localization of Nica-
strin. Interestingly the altered glycosylated band is present at
the cell surface (Fig. 5E).

To determine to which extent the observed changes may
reflect the in vivo situation, A� levels were analyzed in brain
samples of Abca2 knock-out mice (38). In these mice, A� was
decreased, whereas total APP levels were not affected (Fig. 6A).
On the other hand, mRNA levels of the Notch downstream
target Hes-1 were not influenced by suppression of Abca2 (Fig.
6, B and C). Because Abca2 knock-out mice present altered
myelin compaction (38), we also investigated the processing of
the �-secretase substrate Neuregulin 1, which plays a role in
myelin sheet formation (53). As described (54, 55), in mouse
brain a
50-kDa band was detected corresponding to the Neu-
regulin 1 CTF after release of the extracellular domain. We
could not detect any significant alteration in the amount of
Neuregulin 1 CTF (Fig. 6D) strengthening the view that Abca2
has substrate selectivity in vivo, in the mouse.
As in cells, Abca2 knock-outmice revealed slightly decreased

levels of Aph1a (Fig. 6E). Moreover, Abca2 depletion led to
decreased levels of Nicastrin (Fig. 6E). Unfortunately, the brain
lipid composition is not compatible with the biochemical pro-
cedures commonly used to detect �-secretase complex forma-
tion (56). Still, we were able to detect a small shift in the elec-
trophoretic mobility of the highmolecular weight �-complexes
(Fig. 6F).

DISCUSSION

Abca2 Affects Proteolytic Processing of APP—As a putative
cholesterol transporter, Abca2 has been suggested to contrib-
ute to AD by regulating intracellular sterol homeostasis (24).
Forced Abca2 overexpression in Chinese hamster ovary cells
showed an accumulation of unesterified lowdensity lipoprotein
cholesterol in the endosomal/lysosomal pathway (32), which is
involved in proteolytic processing of APP to A� (33–35). Sobo
and colleagues (57) found that late endosomal accumulation of
cholesterol led to impaired intra-endosomal transport and a
stabilization of DRMs. DRMs, enriched in cholesterol and sph-
ingolipids, contain active �- and �-secretase and are known to
be principal membrane platforms for amyloidogenic process-
ing of APP (11, 16–18). On the contrary, �-secretase has been
shown to act in non-DRMs (12, 18). As APP at its constitutive
levels of expression is mainly restricted to the non-DRMs of
neuronal and non-neuronal cells (15, 17), A� can only arise by
mechanisms that allow the lateral diffusion of the �- and
�-complex away from a DRM or APP toward a DRM. Thus, a

FIGURE 5. Abca2 depletion affects the subcellular localization of Nicastrin.
A, control and Abca2�/� MEFs were pulse labeled with [35S]methionine for 15
min. Subsequently, cells were chased for 0–24 h, lysed, and Nicastrin (Nct) was
immunopreciptitated with 9C3 antibody. Nicastrin appears as a double band
corresponding to the (*) mature (m) and immature (im) proteins. B, cells were
treated with 100 �M 2-bromohexadeconic acid for 16 h to inhibit palmitoylation
of the protein. Nicastrin was then detected in membrane fractions. C, deglycosy-
lation assay: Nicastrin was immunoprecipitated with 9C3 and treatment with
Endo H or PNGase F was carried out as described under ”Experimental Proce-
dures“ (left section: total cellular level and right sections: immunoprecipitation
(IP)). Notice the partial sensitivity of Nicastrin to Endo H (*) and the complete
sensitivity to PNGase F (#). D, the evaluation of the localization immunofluores-
cence analysis of Nicastrin was performed. Representative images taken for each
cell type are shown in the trans-Golgi marker TGN46 stained in red and Nicastrin
in green. Magnifications depicted below show a representative area of the cell
surface as well as the perinuclear region. As can be seen the distribution of Nica-
strin (Nct) in Abca2�/�-depleted cells is altered, whereas in E, APP localization
seems to be unaffected. The scale bar corresponds to 10 �m. E, cell surface pro-
teins were labeled with NHS-SS-biotin and isolated with streptavidin-conjugated
agarose beads as described under ”Experimental Procedures.“ Precipitates were
separated by SDS-PAGE, and Nicastrin (Nct) was detected by Western immuno-
blotting (right sections, IP, immunoprecipitation). As a control, cellular levels of
these proteins (left section) were visualized. Quantification of Nicastrin cell surface
localization of three independent experiments is displayed in the panel below
(*, p value � 0.002, Student’s t test).
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possible explanation for the increased levels of �-secretase-de-
rived APP cleavage products and concomitant decreased
�-secretase processing of APP, is the separation of the cleaving
machinery and the substrate APP into distinct membrane
microdomains.
Recently, Davis (46) described that Abca2 overexpression in

N2a cells promoted�-secretase cleavage ofAPPnot at the com-

mon Asp1 amino acid site (�-site) of A� but at the Glu11 site
(��-site) to increase ��-CTF levels. ��-CTF is known to be pro-
duced under an excess of �-secretase (58, 59), indicating an
enhanced interaction of APP with �-secretase.
In our study we could show that depletion of Abca2 led to

higher �-secretase cleavage of APP, possibly due to decreased
levels and/or altered subcellular distribution of cholesterol. In

FIGURE 6. Knockdown of Abca2 affects the levels of �-secretase components in vivo. A, APP and CTF levels were determined in total brain lysates of
3-month-old Abca2 WT, heterozygous (�/�), and knock-out (�/�) mice. �-Actin was used as loading control. Endogenous murine A�40 levels are depicted
in the graph below (n � 3; *, p value for 0.004 and 0.03, respectively). B, the levels of Abca2 in total brain of Abca2 WT, heterozygous (�/�), and knock-out (�/�)
mice were analyzed by quantitative PCR. The graph illustrates the relative amount of Abca2 mRNA. C, Hes-1 mRNA levels were analyzed by quantitative PCR in
total brain of Abca2 WT, heterozygous (�/�), and knock-out (�/�) mice. The graph depicts the relative amount of Hes-1 mRNA normalized to the expression
of �-actin. D, �-secretase processing of Neuregulin 1 (Nrg1) was analyzed in total brain lysates of Abca2 WT and knock-out (�/�) mice. �-Actin was used as
loading control. E, the expression levels of the components of �-secretase, Presenilin (PS1-CTF), Nicastrin, Aph1, and Pen2 were analyzed in total brain lysates
of Abca2 WT, heterozygous (�/�), and knock-out (�/�) mice. �-Actin was used as loading control. It should be noted that in neuronal cells Nicastrin is present
as a single band (50). F, Blue Native-PAGE analysis of mouse brain samples. Western blot evaluation of Nicastrin using 9C3 indicated that down-regulation of
Abca2 results in a shift of the �-secretase high molecular weight complexes (HMW) in heterozygous animals (*, indicates the different migration pattern).
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fact we observed lower levels of cholesterol in Abca2-depleted
MEF as well as HEK293 cells (data not shown). This might lead
to a modified accessibility of the secretases to APP in microdo-
mains of intracellular organelles or the plasma membrane.
Indeed, it has been shown that reducing membrane cholesterol
levels through cholesterol-extracting compounds, such as
�-methyl cyclodextrin, decreases activity of both BACE1 and
�-secretase, leading to an additive reduction in A� generation
(13, 60, 61). In line with this, we found decreased �-secretase
cleavage of APP in vitro and in vivo.
Abca2 Is a Substrate-selective Modulator of �-Secretase

Activity—A major finding of this work is the selectivity of
Abca2 on the modulation of APP cleavage. In vitro as well as in
vivo Abca2 down-regulation did not affect Notch �-cleavage.
Although this cannot be taken as an indicator for absolute sub-
strate specificity, it is still reasonable to describe this molecule
as substrate “selective.” Further work is needed to determine
the effect on other substrates in the absence of Abca2.
An important task for the future is the detailed analysis of the

mechanism by which Abca2 regulates �-cleavage, particularly
in regard to the specificity toward APP. Our data indicate that
Abca2 is a regulator of the secretase-substrate interaction. As
depletion ofAbca2 alters at least the intracellular localization of
Nicastrin it might lead to a spatial segregation of APP and the
�-secretase complex, whereas the interaction of Notch and the
�-complex remains intact. Although the major site of �-medi-
ated APP processing is the endosomal-lysosomal system,
�-secretase cleaves Notch also at the plasmamembrane (62). In
fact in Abca2-depleted cells Nicastrin seems to be localized
more prominently at the plasma membrane. Again, the spatial
segregation occurs not only at the compartmental level but also
within microdomains. Intracellular cholesterol also regulates
the subcellular distribution of presenilins (10, 63) and inhibi-
tion of �-secretase activity leads to the accumulation of APP
CTFs in DRMs (61). By contrast, other �-secretase substrates,
such as Notch 1 and Jagged 2, are largely processed in nonraft
compartments (15), once more arguing for the fact that sep-
aration of substrate and enzyme is a strong modulator of
�-secretase activity in a substrate-specific manner. It is plau-
sible that the intracellular vesicular localization of Abca2
may contribute to the accurate distribution of certain com-
ponents of the A� generating machinery.
Abca2 Depletion Leads to Aberrant Nicastrin Glycosylation

and �-Complex Formation—Abca2 depletion in vitro as well as
in vivo led to aberrant maturation of Nicastrin and subsequent
aberrant �-complex formation, a finding not yet described.

Interesting hints for the potential underlying molecular
mechanism can be found in the literature. Niemann-Pick type
C (NPC) is a rare lipidosis characterized by the accumulation of
low density lipoprotein-derived nonesterified cholesterol in the
endosomal/lysosomal system and in the trans-Golgi network
and by consequent disruption of cholesterol homeostasis (64,
65). Both, the NPC1 protein and Abca2, co-localize in lyso-
somal compartments (66) and it has been suggested that these
proteins may be functionally antagonistic in regulating the
movement of low density lipoprotein-free cholesterol from the
late endosomes/lysosomes (32). In fact, Abca2 overexpression
in CHO cells resembles the NPC phenotype and its expression

is elevated in NPC1 fibroblasts (32). Interestingly, NPC1 led to
an aberrant glycosylation pattern of NPC2, a small lysosomal
protein linked to NPC disease, possibly due to altered deglyco-
sylation of the protein (67). Whether Nicastrin showed a dis-
tinct maturation pattern because of defects in deglycosylation
in lysosomes or modified glycosylation in the endoplasmic
reticulum/Golgi remains to be analyzed. As a matter of fact, it
has been shown that small changes in cholesterol content of
Golgi membranes specifically inhibit the fusion reaction of the
intra-Golgi protein transport. Therefore, cholesterol levels at
the Golgi complex must be precisely balanced to allow protein
transport (68) and, most likely, proper protein maturation.
In general, protein glycosylation is known to serve several

functions including protein folding, stability, trafficking, and
protein-protein interaction. Indeed, complex glycosylation of
Nicastrin increases its stability (69), its interaction with
�-secretase components, and affects its subcellular localization
(70–73). However, in vitro inhibition of Nicastrin glycosylation
did not affect general �-secretase activity (50). Still, differences
in the levels of mature Nicastrin positively correlated with A�
secretion, suggesting that proper trafficking and terminal mat-
uration of Nicastrin is a necessary event for the regulated
intramembranous proteolysis of APP (74). Actually, immature
Nicastrin still appears at the cell surface (50), where �-secretase
could cleaveNotch (62).Whether it is the internalization or the
trafficking of immature Nicastrin to the endosomal-lysosomal
system that is impaired in Abca2-depleted cells needs to be
determined. In conclusion, this work expands our view on the
complexity of �-secretase assembly and catalysis and how
the same enzymatic complex can differentially process diverse
substrates.
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