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The link between cholesterol and Alzheimer's disease has recently been revealed in Niemann-Pick type C
disease. We found that NPC1~/~ cells show decreased expression of APP at the cell surface and increased
processing of APP through the B-secretase pathway resulting in increased C99, sAPP3 and intracellular
AR40 levels. This effect is dependent on increased cholesterol levels, since cholesterol depletion reversed
cell surface APP expression and lowered Ap/C99 levels in NPC1~/~ cells to the levels observed in wt cells.
Finding that overexpression of C99, a direct 'y-secretase substrate, does not lead to increased intracellular

ﬁi’t‘:\gﬁ;-s disease Ap levels in NPC1~/~ cells vs. CHOwt suggests that the effect on intracellular AP upon cholesterol
Amyloid-p accumulation in NPC1~/~ cells is not due to increased APP cleavage by y-secretase. Our results indicate
APP that cholesterol may modulate APP processing indirectly by modulating APP expression at the cell surface
Cholesterol and thus its cleavage by p-secretase.

E'Psceffetase © 2010 Elsevier B.V. All rights reserved.

1. Introduction

Altered processing of the B-amyloid precursor protein (APP)
leading to increased formation of amyloid-B (AP) peptide is
considered to be a central event in the pathogenesis of Alzheimer's
disease (AD) [7]. AP is generated from the proteolytic processing of
APP by the sequential action of 3- and y-secretases. APP cleavage by
- and p-secretase generates soluble SAPPa and sAPPR fragments and
membrane-bound C-terminal fragments C83 (CTFa) and C99 (CTFB),
respectively. C83 and C99 are both substrates of y-secretase. While -y-
secretase cleavage of C99 generates AP peptides, 'y-secretase cleavage
of C83 liberates a non-amyloidogenic species, p3. In addition, -
secretase cleavage of C83 and C99 liberates a C-terminal product APP-
intracellular domain (AICD) [25]. Although it has been previously
shown that within the transmembrane domain (TM) of APP the site of
y-secretase cleavage generating Af3/p3 is distinct from the site of -
cleavage generating AICD (740,42 and e-site, respectively) [25], the

Abbreviations: AD, Alzheimer's disease; AICD, APP-intracellular domain; APP, -
amyloid precursor protein; ApoE, apoliprotein E; AR, amyloid-3; CTFs, C-terminal
fragments; DAPT, N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester; FA, formic acid; flIAPP,,, mature full-lenght APP; flIAPP;.,, immature full-lenght
APP; LPDS, lipid-deficient serum; NPC, Niemann-Pick type C; SEAP, secreted alkaline
phosphatase; sAPP, soluble APP

* Corresponding author. Tel./fax:4-385 1 4571327.

E-mail address: silva.hecimovic@irb.hr (S. Hecimovic).

0925-4439/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbadis.2010.05.006

mechanism of dual y-secretase action is still controversial [31]. While
-secretase cleavage of APP is thought to happen primarily within
endosomal or secretory compartments [6,24,32], cleavage of APP by
a-secretase has been suggested to occur mainly at the cell surface
[29].

There is growing evidence that cholesterol contributes to the
pathogenesis of Alzheimer's disease. Elevated dietary cholesterol
uptake increased amyloid plaque formation in rabbits and transgenic
mice [23,30], and cholesterol loading and depletion affects AP
generation in cultured cells [5,28]. In addition to the indirect effects
of cholesterol on APP processing, recent findings suggest that
cholesterol may directly modulate the activity of PB-secretase
(BACE1) [11], while contradictory results have been reported for the
effect of cholesterol on y-secretase cleavage of APP [34,35].

The link between cholesterol and AP has recently been revealed in
Niemann-Pick type C (NPC) disease as well as AD. NPC is an inherited
lysosomal storage disorder caused by recessive loss of function
mutations within the NPC1/2 gene. The mutant NPC1/2 proteins fail
to transport cholesterol to the plasma membrane and endoplasmic
reticulum (ER) resulting in cholesterol accumulation in late endoso-
mal/lysosomal compartments [18]. Recent in vitro and in vivo findings
indicate that loss of NPC1 leads to a significant increase in C99 and
intracellular AP production [2,10,38]. With additional reports now
linking changes in lipid homeostasis to altered APP processing and AP
generation, NPC pathobiology has become an important model to
study the link between cholesterol and APP processing.
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The goal of this work was to investigate the mechanism of the
cholesterol-effect on Ap in NPC1~/~ model cells. Our data show that
cholesterol accumulation upon loss of NPC1 function affects APP
processing by altering expression of APP at the cell surface and by
favouring APP cleavage through the [-secretase pathway. These
findings add to the role of cholesterol on AR production and support a
link between cholesterol, AD and NPC disease.

2. Materials and methods
2.1. Antibodies

The following primary antibodies were used: 5313 (polyclonal N-
terminal APP), 6687 (polyclonal C-terminal APP, kindly provided by
Dr. H. Steiner and Dr. C. Haass), W02 (kindly provided by Dr. Konrad
Beyreuther), 9E10 (monoclonal anti-c-myc, Sigma-Aldrich) and
22C11 (monoclonal N-terminal APP, Chemicon International). Anti-
bodies 192wt and 192sw specific for the C-terminus of SAPP3 were a
generous gift from Dr. Dale Schenk.

2.2. Cell lines, cDNA constructs and transfection

Chinese hamster ovary wild-type cells (CHOwt), CHO NPC1-null
cells (NPC1~/7) and CFP-NPClwt-stably transfected NPC1-null CHO
cells (all kindly provided by Dr. Daniel Ory) were maintained in
DMEM:F12 medium (1:1) containing 0.5 mM Na-pyruvate supple-
mented with 10% FBS, 2mM L-glutamine and antibiotic/antimycotic
(all from Sigma-Aldrich).

For transient expression, cells were transfected using GeneJuice
(Novagen, Merck) or Lipofectamine 2000 (Invitrogen) according to
the supplier's instructions. C99 and APPsw 6myc-tagged constructs
were generated using pCS2+6MT vector [8]. Twenty-four hours after
transfection, medium was removed, fresh medium was added and
further incubated for 24 h. To monitor transfection efficiency between
the cell lines, the cells were transiently transfected with a secreted
alkaline phosphatase (SEAP) construct (kindly provided by Drs. Stefan
Lichtenthaler and Raphael Kopan) in parallel wells/dishes. Forty-
eight hours after transfection, alkaline phosphatase activity was
measured in the medium as described previously [16] and corrected
for the protein concentration in the cell lysate.

2.3. Cholesterol depletion

The cells were plated in a 10-cm dish in 10% FBS DMEM/F12
medium. The next day, medium was removed and cells were washed
in PBS to remove the remaining FBS. Fresh medium containing 10%
lipid-deficient serum (LPDS, Cocalico Biologicals Inc.) instead of 10%
FBS was added [21] and then the cells were transiently transfected.
Twenty-four hours after transient transfection, the media were
replaced with fresh 10% LPDS medium (5 ml/plate) for cholesterol
depletion and further incubated for 24 h. The media and cell lysates
were then collected (as described in the Sample preparation and
immunoblotting section) and used for biochemical assays.

2.4. Sample preparation and immunoblotting

The medium was collected, 1 mM AEBSF (Roche Applied Science)
was added and centrifuged at 4°C for 10 min at 16000xg. The
supernatant was used for analysis of secreted AR40 (see ELISA AB
assay). For detection of secreted APP (sAPP) by western blot, aliquots
of conditioned medium normalized according to protein concentra-
tion in the cell lysate and SEAP activity were directly loaded onto an
electrophoresis gel.

Cells were washed with PBS and lysed in RIPA buffer (0.5% Na-
deoxycholate, 0.1% SDS, 1% NP40, 5 mM EDTA, 150 mM NacCl, 50 mM
Tris-HCl pH 8.0) containing a protease inhibitor cocktail (Roche

Applied Science) on ice for 10 min and centrifuged at 4 °C for 10 min
at 16000xg. Supernatants were mixed with 6x sample buffer (60%
glycerol, 12% SDS, 3% DTT, 1/8 v/v 0.5M Tris pH 6.8, bromphenol
blue) and heated at 70 °C for 10 min.

Equivalent amounts of protein, stratified according to SEAP activity,
were loaded onto SDS-PAGE gels. Immunoblot detection was carried
out using the indicated antibodies. Proteins were visualized using
chemiluminescence.

For endogenous APP-CTF analysis, cells were plated in 10-cm dish
in 10% FBS DMEM/F12 medium. Cells were treated with 1 uM DAPT
(Sigma-Aldrich) for 24 h for «y-secretase inhibition. For cholesterol
depletion, cells were grown for 48 h in 10% LPDS DMEM/F12 medium.
Cells were lysed in ColP lysis buffer (50 mM Tris pH 7.6, 150 mM Nacl,
2 mM EDTA, 1% NP40) containing protease inhibitor cocktail (Roche
Applied Science). Cell lysates were normalized according to protein
concentration and incubated with 6687 antibody and Protein A-
Sepharose (Sigma-Aldrich) at 4 °C overnight with constant rocking.
Samples were heated at 70 °C for 10 min in 2x sample buffer and
subjected to SDS-PAGE on Tris-Tricine gels [26].

2.5. ELISA AP assay

The levels of secreted and intracellular AR40 were determined by
ELISA AR40 kit (Invitrogen) as previously described [8]. The
colorimetric detection system was used. AP concentration is
expressed per mg of protein and is stratified according to SEAP
activity.

2.6. In vitro "y-secretase assay

Cells were transiently transfected with the C99-6myc construct
and 48 h after transfection total cellular membranes were isolated
[36]. In vitro ~y-secretase assays were performed as previously
described [8]. To inhibit ~y-secretase activity, we used y-secretase
inhibitor WPE-III-31C (10 pM, Calbiochem). The reactions were
stopped by chilling on ice. After centrifugation (10 min at 16000x g
and 4 °C) supernatants were analyzed for AR40 levels using the ELISA
assay and for AICD levels by immunoblotting.

2.7. a-, 3- and ry-secretase activity assay

A FRET-based assay was used to measure -, 3- and y-secretase
activities (R&D Systems Inc.). All procedures were performed as
described in the manufacturer's protocol, except for y-secretase.

The end-point - and R-secretase activity was determined after
2 h of reaction at 37 °C. The fluorescence was read in a fluorescent
microplate reader (Fluoroskan Ascent FL, Thermo Electron Corpora-
tion) at 355 nm (excitation) and 538 nm (emission).

To measure y-secretase activity, the postnuclear supernatant (PNS)
and total cellular membranes were collected as previously described [8].
Membranes (pellet), stratified according the protein levels, were
resuspended in Tris-CHAPSO assay buffer (50 mM Tris, pH 6.5, 2 mM
EDTA and 0.25% CHAPSO) [40]. Aliquots were incubated with fluorogenic
y-secretase substrate (R&D Systems Inc.) containing either none or
10 UM +y-secretase inhibitor WPE-III-31C (Calbiochem). After 2 h of
reaction at 37 °C, samples were cleared by centrifugation at 16000x g for
15 min at 4 °C. Supernatants were transferred into 96-well plate and the
fluorescence was read in a fluorescent microplate reader (Fluoroskan
Ascent FL, Thermo Electron Corporation, excitation/emission at 355/
538 nm). Specific 'y-secretase activity is determined after subtracting the
fluorescence obtained in the presence of WPE-III-31C (10 pM).

2.8. Cell surface biotinylation

Cell surface biotinylation was performed using EZ-Link™ Sulfo-
NHS-SS-Biotin (1 mg/ml) and Neutravidin™ Protein beads (all from
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Pierce) as described [22]. During the biotinylation procedure, all
reagents and cell cultures were kept on ice. The cells were washed
three times in PBS pH 8.5 (measured at 4 °C), then incubated in 1 mg/
ml EZ-Link™ Sulfo-NHS-SS-Biotin solution (Pierce) in PBS pH 8.5 for
30 min and washed twice with 100 mM glicine in PBS on plates. The
cells were then lysed in lysis buffer (1% NP40, 0.1% SDS in PBS pH 8.5)
in the presence of a protease inhibitor cocktail (Roche Applied
Science, Germany). Lysates were incubated for 20 min on ice,
centrifuged at 4 °C for 10 min at 16000x g. Supernatants (normalized
per mg of protein) were incubated overnight with 50 ul of
Neutravidin™ Protein beads (Pierce) with constant rocking. Neutra-
vidin beads were washed three times with PBS then dried by
aspiration, resuspended in 2x sample buffer, heated for 10 min at
70 °C and used for Western blot analysis of the cell surface APP. For
detection of the total APP levels, the cell lysates were blotted and
analyzed as indicated. The signals were quantified and expressed as
the ratio of the cell surface and total (mature + immature) APP levels.

2.9. Cholesterol levels

The levels of total cholesterol were determined in cell lysates using
the Amplex Red Cholesterol Assay kit (Molecular Probes, Invitrogen).
The fluorescence was read in a fluorescent microplate reader
(Fluoroskan Ascent FL, Thermo Electron Corporation) at 530 nm
(excitation) and 590 nm (emission).

2.10. Filipin staining and immunocytochemistry

The cells were grown on coverslips. Filipin staining was done as
described [17]. The cells were mounted (Polyvinyl alcohol mounting
medium with DABCO antifading, Fluka) and were viewed by
fluorescence microscopy (Olympus BX51).

Non-permeabilized cells were stained with 5313 antibody (N-
terminal APP) for 10 min on ice to detect cell surface APP. Cells were
then fixed in 4% paraformaldehyde (Sigma-Aldrich) for 15 min and
were further incubated for 1 h with secondary anti-rabbit-Alexa488
antibody (Molecular Probes, Invitrogen). For detection of intracellular
APP, cells were fixed, permeabilized with 0.2% saponin (Sigma-
Aldrich) and immunostained with antibody 6687 (C-terminal APP)
overnight following 1h of incubation with secondary anti-rabbit-
Alexa488 antibody (Molecular Probes, Invitrogen). The cells were
mounted (Polyvinyl alcohol mounting medium with DABCO antifad-
ing, Fluka) and were viewed by Leica inverted fluorescent confocal
microscope.

3. Results
3.1. sSAPPB and CTFB/C99 are increased in NPC1~/~ cells

It has been previously reported that accumulation of cholesterol in
late endosomal/lysosomal compartments as a result of NPC1 dysfunc-
tion causes increased C99/CTFp and AP formation [2,10,38]. Since C99
and AP generation require [3-secretase cleavage, we investigated
whether this pathway may be favoured by cholesterol accumulation
in NPC1~/~ cells. To test this, we compared APP processing in CHO
NPC1-null cells (NPC1~/~ cells) and parental CHOwt cells. By analyzing
endogenous levels of cholesterol and endogenous C-terminal APP
fragments (CTFs), we show that NPC1~/~ cells behave as previously
observed U18666A-treated cells or NPCI-mutant cell lines/mouse
model [2,10,38]: they exhibit ~2-fold higher total cholesterol levels
than CHOwt cells (Fig. 1A, p<0.01), show accumulation of cholesterol in
punctuate endocytic structures (Fig. 1B) and show substantially
increased levels of endogenous APP C-terminal fragments (CTFs)
(Fig. 1C). The origin of these APP-CTF fragments was confirmed by
their accumulation after DAPT treatment (Fig. 1D). Using NPC1 stably
transfected NPC1~/~ cells, we confirmed that this phenotype was

dependent upon NPC1 function and was not a secondary effect of NPC1
deletion because in NPC1 expressing NPC1~/~ cells, cholesterol levels/
accumulation as well as the levels of APP-CTFs were reversed to the
levels seen in wt cells (Fig. 1A, B and C).

Surprisingly, analysis of endogenous levels of total sAPP in
conditioned media showed no difference between wt and NPC1~/~
cells. However, further analysis of SAPP3 species revealed its marked
increase in NPC1~/~ cells vs. CHOwt (Fig. 1E), suggesting that the loss
of NPC1 increases [3-secretase cleavage of APP. We could not
specifically analyze the sAPPa secreted from the CHO cell lines
because antibodies to human AP1-16 do not detect hamster APP
sequence (GenBank accession number AF030413), which is the same
as the sequence in other rodents. For this reason, we only analyzed
endogenous levels of total SAPP and sAPPR by immunoblotting with
antibodies 22C11 and 192wt, respectively, which recognize both
human and rodent sAPP.

To investigate APP processing between wt and NPC1~/~ cells in
more detail and in order to be able to specifically detect the «-
secretase cleavage products of APP, the cells were transiently
transfected with the APPsw-6myc construct [8]. We observed that
C99 levels were significantly increased in NPC1~/~ vs. CHOwt cells
(Fig. 2A, p<0.05), while levels of C83 were not significantly altered
(Fig. 2A). To further analyze o- and -secretase cleavage of APP in
NPC1~/~ cells, we measured secreted APP levels (sAPPR, sAPPa and
sAPPtotal) in the media of APP-transfected cells. In accord with our
previous results on endogenous levels (Fig. 1E), we detected a
significant increase in SAPPP (Fig. 2B, p<0.05) levels and, additionally,
a decrease in SAPPa levels (Fig. 2B, p<0.01) in NPC1~/~ vs. CHOwt
cells. These results suggest that cholesterol accumulation upon loss of
NPC1 may favour APP processing through the p-secretase pathway
and lower cleavage by a-secretase.

3.2. NPC1 loss causes increase of intracellular form of AB but does not
cause an increase of AICD

The levels of intracellular and secreted AR were analyzed using an
ELISA assay (Biosource Int. Inc., Invitrogen) in APPsw-6myc transiently
transfected cells. We detected increased levels of soluble (RIPA-
extractable) and insoluble (formic acid (FA)-extractable) intracellular
APR40in NPC1~/~ cells compared to CHOwt cells (Fig. 2C, left and right
panel, respectively), while secreted AP40 levels were not changed
(Fig. 2D). In agreement with Yamazaki et al. [38] and Jin et al.[10], the
levels of aggregated FA-extractable form of intracellular AR40 were
significantly increased (by ~10-fold, p<0.01) in NPC1~/~ cells
compared to a slight increase in the soluble RIPA-extractable form
(~2-fold, p<0.05) with no increase in secreted Ap40, indicating that
accumulation of cholesterol upon loss of NPC1 mainly affects the
intracellular pool of AR and not secreted AP. In addition, we confirmed
that this increase in intracellular AR in NPC1~/~ cells was directly
dependent on NPC1 function, as we observed for cholesterol and APP-
CTF levels (Fig. 1), since expression of NPC1 in NPC1~/~ cells reverted
AP levels to those seen in wt cells (Fig. 2C). Intracellular AR42 levels
were below the detection limit of the ELISA assay used (Biosource Int.
Inc., Invitrogen) and thus are not shown. Using APPwt-6myc construct,
we observed the same effect of intracellular AR40 increase upon NPC1
loss (not shown); however, the extent of AR40 accumulation using
APPsw construct was far more substantial resulting in more reliable
read-outs by ELISA assay.

Since <y-secretase cleavage of APP generates two products: AR,
generated by <y-cleavage at the <y-site and AICD, generated by <y-
cleavage at the e-site, we investigated whether accumulation of
cholesterol in NPC1-deficient cells would cause an increase in AICD
levels in parallel with an increase in intracellular AP. In contrast to
intracellular Ap levels (Fig. 2C), we did not detect increased AICD
levels in APPsw-6myc transfected NPC1~/~ cells vs. CHOwt (Fig. 2A).
This result indicates that the loss of NPC1 affects AR generation by
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Fig. 1. NPC1~/~ cells show increased levels of total cholesterol, accumulation of free cholesterol and increased levels of endogenous C-terminal APP-stubs (CTFs) and SAPPp. Total
cholesterol levels, free cholesterol accumulation and endogenous levels of APP-CTFs and sAPPp were analyzed between CHOwt, NPC1~/~ cells and NPCI-transfected NPC1~/~ cells.
(A) Total cholesterol levels were determined in cell lysates by AmplexRed cholesterol assay (Molecular probes, Invitrogen). Shown are mean and SEM of three independent
experiments. Statistical analysis was performed using Student's t-test: **p<0.01, ***p<0,001. (B) Filipin staining (Sigma-Aldrich) shows punctuate accumulation of free cholesterol
in NPC1~/~ cells compared to CHOwt cells and NPC1-transfected NPC1~/~ cells. (C) The levels of APP-CTF stubs (CTFs) were determined in cell lysates by immunoprecipitation and
western blotting as indicated. (D) Treatment with a vy-secretase inhibitor DAPT (1 uM) confirmed that the CTF stubs analyzed were indeed <y-secretase substrates since they
accumulated upon DAPT treatment. (E) The levels of sAPPtotal and sAPPp> were determined in the media by western blotting as indicated.

increasing PB-secretase cleavage but not by increasing <y-secretase
cleavage.

3.3. Increased AR levels in NPC1~/~ cells are not due to increased
C99-cleavage by ‘y-secretase

To directly assess y-secretase cleavage of APP in NPC1~/~ cells,
without the confounding effects of NPC1 loss on o-/PR-secretase
processing of APP, we overexpressed a C99 construct in NPC1~/~ cells
and compared its processing to that in CHOwt cells. Interestingly, we
found that the levels of soluble (RIPA-extractable) and insoluble (FA-
extractable) AR40 were similar in C99-transfected CHOwt and NPC1~/~
cells (Fig. 3A, left and right panel, respectively). This result suggests that
the effect on intracellular AB upon cholesterol accumulation in NPC1~/~
cells is not due to increased APP cleavage by <y-secretase. Since an
increase in intracellular A was observed in APP- (Fig. 2C) but not C99-
transfected (Fig. 3A) NPC1~/~ vs. CHOwt cells, this result provides
further support for the hypothesis that increased AR in NPC1~/~ cells is
due to favoured APP processing by [3-secretase, which is in agreement
with the increased sAPPR levels. In addition, we observed similar levels
of AICD between C99-transfected CHOwt and NPC1~/~ cells (Fig. 3B),
further confirming that y-secretase dependent formation of AICD is not
altered in NPC1~/~ cells (Fig. 2A).

3.4. Activities of a-, 3- and y-secretase are not altered in NPC1~/~ cells

To investigate whether altered C99 and sAPPo/( levels in NPC1~/~
cells are due to altered activities of a- and/or p-secretase, we
performed a FRET-based assay (R&D Systems Inc.). Since these
fragments are direct products of APP cleavage by a- and 3-secretase,

we hypothesized that cholesterol accumulation in NPC1~/~ cells may
alter APP processing by modulating the activities of a- and/or -
secretase. However, we observed that the kinetics (not shown) and
the end-point activities of both - and B-secretases were similar in
CHOwt and NPC1~/~ cells (Fig. 4A), indicating that the altered
processing of APP through a-/B-secretase pathways in NPC1~/~ cells
is not due to altered activities of either a- or 3-secretase.

To analyze +y-secretase activity in CHOwt and NPC1~/~ cells, we
performed a FRET-based assay (R&D Systems Inc.) (Fig. 4A) and an in
vitro y-assay (Fig. 4B). Total cellular membranes isolated from C99-
transfected cells showed similar rates of in vitro generation of AR40
(Fig. 4B, upper panel) and AICD (Fig. 4B, lower panel) in CHOwt and
NPC1~/~ cells upon 1 and 4 h incubation at 37 °C. Treatment with the y-
secretase inhibitor WPE-III-31C (10 uM) completely blocked in vitro
formation of both AB40 and AICD in both cell lines (Fig. 4B), confirming
that the activity measured in vitro was indeed -y-secretase. In addition, a
FRET-based assay showed similar levels of y-activity between wt and
NPC1~/~ cells (Fig. 4A). Together, these findings support that activity of
y-secretase is similar between CHOwt and CHO NPC1-null cells and that
increased intracellular AR levels in NPC1~/~ cells are not due to
increased activity of y-secretase.

3.5. Increased formation of intracellular AB and APP-CTFs in NPC1~/~
cells is dependent on cholesterol levels

To test whether increased intracellular AR/CTFs levels in NPC1~/~
cells are related to higher cholesterol levels, we reduced the levels of
cholesterol in both CHOwt and NPC1~/~ cells by growing the cellsin a
lipid-deficient serum (LPDS) and we compared APP processing in
untreated and cholesterol-depleted cells (Fig. 5). In NPC1~/~ cells
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Fig. 2. NPC1~/~ cells show increased APP processing through the 3-secretase pathway. CHOwt, NPC1~/~ cells and NPCI-transfected NPC1~/~ cells were transiently transfected with
APPsw-6myc and we monitored (A) C99, C83 and AICD levels in the cell lysate by western blotting (left panel) and quantification of the results with Image ] (right panel); (B) sAPP(3,
sAPPa and sAPP total levels by western blotting (left panel) and quantification of the results (right panel); (C) soluble (RIPA-extractable, left panel) and insoluble (FA-extractable,
right panel) intracellular AR40 levels (ELISA assay, BioSource International Inc.); and (D) secreted AR40 levels (ELISA assay, BioSource International Inc.). Shown are mean and SEM
of three independent experiments. Statistical analysis was performed using Student's t-test: *p<0.05, **p<0.01.

grown in LPDS media, cholesterol levels were decreased (Fig. 5A,
p<0.001) to levels comparable to untreated wt cells (Fig. 5A). Filipin
staining confirmed a strong reduction in the accumulation of free
cholesterol in LPDS-grown NPC1~/~ cells compared to cells grown in
FBS media (Fig. 5B). Cholesterol depletion lowered the levels of both
soluble (p<0.05) and insoluble (p<0.01) AB40 in NPC1~/~ cells
(Fig. 5C, left and right panel, respectively) to levels comparable with
wt cells. The same effect was observed when we depleted cholesterol
levels using statin treatment in LPDS media (not shown). Since we
observed that cells under statin treatment were less viable compared
to the cells grown in LPDS media alone, causing the same effect on

cholesterol reduction, we used LPDS-grown cells as a model of
cholesterol reduction. Lowering cholesterol levels in CHOwt cells
(Fig. 5A, p<0.001) caused a significant decrease of insoluble (FA-
extractable) intracellular AR40 (p<0.01) as well (Fig. 5C, left and right
panel, respectively).

Cholesterol depletion in NPC1~/~ cells also caused a strong
reduction of both endogenous and exogenous APP-CTFs levels
(Fig. 5D and E, respectively), supporting the hypothesis that increased
C-terminal APP fragment formation upon NPC1 loss is related to high
cholesterol levels/accumulation. The observation that cholesterol
depletion in NPC1~/~ cells exerts the same effect on APP-CTFs and
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intracellular AR as NPC1 expression (Figs. 1C and 2C, respectively)
further confirms that the effect on intracellular AR and APP-CTFs
upon loss of NPC1 is due to the cholesterol levels/accumulation
caused by NPC1 loss rather than NPC1 function directly.
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3.6. APP expression at the cell surface is markedly decreased in NPC1~/~
cells

To further investigate the effect of NPC1 loss on APP processing
through o- and p-secretase pathways, we analyzed the levels of
endogenous APP at the cell surface in CHOwt and NPC1~/~ cells. We
hypothesized that cell surface expression of APP would be altered
upon cholesterol accumulation in NPC1~/~ cells leading to altered
processing through either o~ or B-secretase pathways. Indeed, the
biotinylation assay showed a significant decrease in cell surface APP in
NPC1~/~ cells compared to CHOwt (p<0.001, Fig. 6A and B). These
findings, together with our results of APP processing in CHOwt and
NPC1~/~ cells (Figs. 1 and 2), further suggest that cholesterol
accumulation upon loss of NPC1 causes a shift in APP localization
which leads to increased cleavage of APP by P-secretase. We also
observed a marked difference in endogenous APP localization
between CHOwt and CHO-NPC1~/~ cells using confocal microscopy
(Fig. 6C). To detect cell surface APP, we stained non-permeabilized
cells with APP ectodomain 5313 antibody. We observed a pronaunced
dotted cell membrane staining in CHOwt cells which was reduced in
NPC1~/~ cells. Furthermore, the analysis of APP localization using
6687 antibody on permeabilized cells showed strong perinuclear
signal in CHOwt cells, while in NPC1~/~ cells we observed a strong
vesicular staining of APP at a periphery (Fig. 6C).

Either NPC1 expression or cholesterol depletion in NPC1~/~ cells
reversed the levels of endogenous APP at the cell surface (Fig. 6A and
B), supporting the hypothesis that decreased APP localization at the
cell surface due to cholesterol accumulation upon NPC1 loss may be
the primary cause of altered APP processing in NPC1~/~ cells.

4. Discussion

Cholesterol levels have been implicated in the pathogenesis of
Alzheimer's disease (AD) [9,37] and a non-AD disorder with disturbed
cholesterol homeostasis, Niemann-Pick type C (NPC), parallels AD by
showing neurodegeneration, tau pathology and increased formation
of AP [1,2,4,10,38]. The results of this work show that increased levels
of intracellular AR upon loss of NPC1 function are tightly linked to
cholesterol-mediated defects in NPC1~/~ cells, supporting a link
between altered cholesterol metabolism/levels and AP production. In
addition, we show that increased formation of intracellular AR upon
cholesterol accumulation in NPC1~/~ cells is due to increased APP
cleavage by P-secretase most likely the result of decreased APP
expression at the cell surface.

In contrast to previous reports that used U18666A compound to
mimic NPC disease or NPC1 mutant cells/mouse model, we used CHO
cells that are null for the NPC1 gene to study how the loss of NPC1
function modulates APP processing. Our results on AR and APP-CTF
levels confirm that the NPC model we have used shows an AD-like
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phenotype comparable to that observed in previous reports [2,10,38].
CHO NPC1~/~ cells showed increased intracellular Ap levels as well as
increased levels of APP-CTFs compared to CHOwt cells. Interestingly,
NPC1~/~ in CHO cells caused a significant increase in the insoluble
(aggregated) pool of intracellular AR compared to the soluble
intracellular pool with no effect on secreted AR levels, similar to
what was previously observed in U18666A-treated CHO cells [38] and
in U18666A-treated primary mouse cortical neurons [10]. While we
observed a strong increase in intracellular AR40 species (Ap42 levels
were below the detection limit of the ELISA assay used), previous
studies showed an increase of AR42 only [10,38] or both A40 and
Ap42 [2]. Although these discrepancies may be due to the different

cell lines used and/or the way NPC disease was modeled, they all
show that cholesterol accumulation upon loss of NPC1 leads to
increased C99 levels and increased levels of the intracellular pool of
aggregated Ap. Using NPC1-stably transfected CHO NPC1~/~ cells, we
confirmed that NPC1 expression rescued the AR and C99 phenotype
observed in the NPC1~/~ cells.

The three main findings in this work support the hypothesis that
increased formation of intracellular AR upon cholesterol accumula-
tion in NPC disease is due to altered APP localization leading to
increased APP cleavage by p-secretase. First, steady-state levels of
APP-CTF/C99 and sAPPp, the two direct products of APP cleavage by
B-secretase, were increased in NPC1~/~ cells compared to CHOwt.
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Second, experiments using a C99 construct, a direct ~y-secretase
substrate and the product of B-secretase APP cleavage, showed that
increased -secretase generation of C99 is a prerequisite for the Ap
increase in NPC1~/~ cells. The observation that intracellular AR levels
are not increased in C99-expressing NPC1~/~ cells further indicates
that increased A levels upon loss of NPC1 are not due to decreased
clearance nor are due to cholesterol-mediated accumulation of
intracellular AR/C99 per se. Our findings show that the effect on Ap

in NPC1~/~ cells is due to altered APP processing upstream of C99
cleavage by y-secretase.

Third, biotinylation experiments showed a marked decrease in cell
surface APP in NPC1~/~ cells compared to wt cells, suggesting that
altered APP processing by B-secretase in NPC1~/~ cells may primarily
be caused by altered APP localization, i.e. decreased APP expression at
the cell surface. Since APP cleavage by a-secretase is thought to
mainly occur at the cell surface [29], while 3-secretase cleavage is
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suggested to happen within endosomal and secretory compartments
[6,24,32], finding less APP at the cell surface upon loss of NPC1 would
be expected to lead to decreased processing by c-secretase with a
parallel increase in 3-secretase cleavage. Indeed, an increase of SAPPpR
was observed either at endogenous (APPwt) or exogenous (using
APPsw construct) levels as well as a decrease of sAPPa. To further
address -secretase cleavage of APP in NPC1~/~ cells, the goal of
future studies would be to examine whether cholesterol accumulation
in these cells causes increased APP endocytosis and/or increased APP/
BACE1 colocalization within endosome/secretory compartments.
Indeed, in NPC1~/~ cells APP staining revealed punctuate structures,
suggesting APP accumulation in a certain intracellular compartments.
Previous reports have shown that cholesterol may modulate endocy-
tosis [14]. Von Arnim et al. [33] demonstrated that cholesterol
modulates APP cleavage by R-secretase and APP/(-secretase prox-
imity within endosome compartments. These authors found that
cholesterol enrichment increases sAPPP levels and decreases sAPPa
secretion, similar to our observation upon cholesterol accumulation in
NPC1~/~ cells. In addition, we have recently shown that cholesterol
accumulation in NPC1~/~ cells leads to increased APP-CTF partition-
ing within cholesterol-rich lipid rafts [13].

Our cholesterol depletion experiments in CHOwt and CHO NPC1~/~
cells showed that increased intracellular AR/C99 upon loss of NPC1 is
linked to cholesterol levels/accumulation. Cholesterol depletion in
NPC1~/~ cells significantly lowered C99 as well as aggregated
intracellular AR levels to levels similar to those observed in wt cells
and in NPC1 transfected NPC1~/~ cells. Importantly, either cholesterol
depletion or NPC1-expression in NPC1~/~ cells markedly increased the
levels of APP at the cell surface, further supporting the hypothesis that
cholesterol may modulate APP trafficking and thus its cleavage by -
secretase (at the cell surface) and (-secretase (within endosome/
secretory compartments). Finding that lowering cholesterol levels
corrects the AD-like phenotype in NPC1~/~ cells by increasing APP
expression at the cell surface indicates that altered APP trafficking may
be the primary cause of the cholesterol-effect on APP metabolism and
on the pathogenesis of Alzheimer's disease. However, since we used
LPDS-grown cells as a model for cholesterol depletion, we cannot
exclude the possibility that the observed effect on APP processing could
be due to ApoE depletion as well [39].

Although it has been suggested that cholesterol may modulate
activities of o-, 3- and/or y-secretase, we show that cholesterol
accumulation upon NPC1 deficiency does not alter the activities of a-,
- and/or -y-secretase. While similar activities of a- and B-secretase
were previously detected in NPC and wt mouse, 'y-secretase activity
was reported to be slightly increased in NPC mouse brain homo-
genates [2]. However, using an in vitro y-secretase assay, we further
confirmed no change in y-activity between wt and NPC1~/~ cells.

It is intriguing that increased processing of APP through the B-
secretase pathway in NPC1~/~ cells generated an increase of only the
intracellular and not the secreted pool of AP, a finding that was
observed in this study as well as by Yamazaki et al. [38] and Jin et al.
[10]. The effect of cholesterol accumulation on intracellular Ap could
be explained by either decreased recycling of APP to the plasma
membrane, and thus less APP secretion, and/or an impairment of the
autophagic pathway in NPC1~/~ cells. Indeed, decreased recycling of
the transferrin receptor (TfR) as well as Bodipy-labeled lactosylcer-
amide (Bodipy-LacCer) in NPC1~/~ cells has been previously reported
[12,20]. In addition, altered trafficking within the endocytic pathway
has been observed for several other proteins including cation-
independent mannose-6-phosphate receptor (CI-MPR) [21], Rab4
[3] and TfR (Pipalia et al., 2007). However, since sAPPR levels are
increased in NPC1~/~ cells, we speculate that recycling of APP upon
NPC1 dysfunction may not be affected but rather that an accumulation
of autophagosomes and defective autophagosome-lysosome fusion,
previously observed in lysosomal storage disorders [27], could explain
the specific effect of NPC1-loss on intracellular AP and not on its

secreted pool. Although cholesterol-mediated activation of autophagy
was reported in NPC disease by increased beclin 1 expression [15,19],
Settembre et al. [27] showed inefficient degradation of exogenous
aggregate-prone proteins (expanded huntingtin and mutated o-
synuclein) in lipid storage disorders multiple sulfatase deficiency
(MSD) and mucopolysaccahridosis type IIIA (MPSIIIA). Since macro-
autophagy, i.e. accumulation of autophagosomes and late autophagic
vacuoles (AV), has been observed early in Alzheimer's disease and is a
major reservoir of intracellular Ap [40], we speculate that cholesterol
accumulation upon loss of NPC1 sequesters APP and P-secretase
(BACE1) within accumulated autophagosomes [41] resulting in
increased (3-secretase cleavage of APP and thus increased CTF3/C99
and intracellular AR generation. However, further studies are
necessary to confirm this.

5. Conclusions

In summary, our results demonstrate that cholesterol accumula-
tion upon NPC1 loss of function affects APP partitioning between o-
and P-secretase pathways favouring APP cleavage by [3-secretase.
Furthermore, our findings suggest that altered APP cell surface
expression/localization may be a primary cause of altered APP
processing upon cholesterol accumulation in NPC1~/~ cells. We
postulate that accumulation of cholesterol upon loss of NPC1 alters
APP compartmentalization causing increased cleavage by 3-secretase
and increased C99 and AP levels. These findings add to the mechanism
of the cholesterol-effect on APP metabolism and demonstrate that
there is a link between cholesterol homeostasis, APP metabolism and
the pathogenesis of Alzheimer's disease.

Acknowledgements

We would like to thank Dr. D. Ory for providing CHO NPC1-null,
CFP-NPC1wt-stably transfected NPC1-null CHO cells and parental
CHOwt cells. We would like to acknowledge Drs. C. Haass, H. Steiner
and P. Seubert for their generous gift of APP antibodies and Dr. R.
Kopan for providing CMV-SEAP construct. We would also like to thank
Vedrana Vicic and Lucija Horvat for technical assistance with
fluorescence and confocal microscopy. This work was supported by
the Fogarty International Research Collaboration Award
RO3TW007335-01 to A.G., a grant from the Ministry of Science,
Education and Sports, Republic of Croatia 098-0982522-2525 to S.H.
and the DFG SFB596 as well as BMBF KNDD to S.F.L.

References

[1] LA. Auer, M.L. Schmidt, V.M. Lee, B. Curry, K. Suzuki, RW. Shin, P.G. Pentchev, E.D.
Carstea, J.Q. Trojanowski, Paired helical filament tau (PHFtau) in Niemann-Pick
type C disease is similar to PHFtau in Alzheimer's disease, Acta Neuropathol.
(Berl.) 90 (1995) 547.
M. Burns, K. Gaynor, V. Olm, M. Mercken, J. LaFrancois, L. Wang, P.M. Mathews, W.
Noble, Y. Matsuoka, K. Duff, Presenilin redistribution associated with aberrant
cholesterol transport enhances beta-amyloid production in vivo, ]J. Neurosci. 23
(2003) 5645.
A. Choudhury, D.K. Sharma, D.L. Marks, R.E. Pagano, Elevated endosomal
cholesterol levels in Niemann-Pick cells inhibit rab4 and perturb membrane
recycling, Mol. Biol. Cell 15 (2004) 4500.
R. Distl, S. Treiber-Held, F. Albert, V. Meske, K. Harzer, T.G. Ohm, Cholesterol
storage and tau pathology in Niemann-Pick type C disease in the brain, ]. Pathol.
200 (2003) 104.
K. Fassbender, M. Simons, C. Bergmann, M. Stroick, D. Lutjohann, P. Keller, H. Runz,
S. Kuhl, T. Bertsch, K. von Bergmann, M. Hennerici, K. Beyreuther, T. Hartmann,
Simvastatin strongly reduces levels of Alzheimer's disease beta -amyloid peptides
Abeta 42 and Abeta 40 in vitro and in vivo, Proc. Natl. Acad. Sci. U. S. A. 98 (2001)
5856.
C. Haass, C.A. Lemere, A. Capell, M. Citron, P. Seubert, D. Schenk, L. Lannfelt, D.J.
Selkoe, The Swedish mutation causes early-onset Alzheimer's disease by beta-
secretase cleavage within the secretory pathway, Nat. Med. 1 (1995) 1291.
[7] J. Hardy, Testing times for the “amyloid cascade hypothesis”, Neurobiol. Aging 23
(2002) 1073.

2

[3

[4

5

6



(8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

M. Malnar et al. / Biochimica et Biophysica Acta 1802 (2010) 682-691

S. Hecimovic, J. Wang, G. Dolios, M. Martinez, R. Wang, A.M. Goate, Mutations in
APP have independent effects on Abeta and CTFgamma generation, Neurobiol. Dis.
17 (2004) 205.

H. Jick, G.L. Zornberg, S.S. Jick, S. Seshadri, D.A. Drachman, Statins and the risk of
dementia, Lancet 356 (2000) 1627.

LW. Jin, ES. Shie, I. Maezawa, L. Vincent, T. Bird, Intracellular accumulation of
amyloidogenic fragments of amyloid-beta precursor protein in neurons with
Niemann-Pick type C defects is associated with endosomal abnormalities, Am. J.
Pathol. 164 (2004) 975.

L. Kalvodova, N. Kahya, P. Schwille, R. Ehehalt, P. Verkade, D. Drechsel, K. Simons,
Lipids as modulators of proteolytic activity of BACE: involvement of cholesterol,
glycosphingolipids, and anionic phospholipids in vitro, J. Biol. Chem. 280 (2005)
36815.

T. Kobayashi, M.H. Beuchat, M. Lindsay, S. Frias, R.D. Palmiter, H. Sakuraba, R.G.
Parton, J. Gruenberg, Late endosomal membranes rich in lysobisphosphatidic acid
regulate cholesterol transport, Nat. Cell Biol. 1 (1999) 113.

M. Kosicek, M. Malnar, A. Goate, S. Hecimovic, Cholesterol accumulation in
Niemann Pick type C (NPC) model cells causes a shift in APP localization to lipid
rafts, Biochem. Biophys. Res. Commun. 393 (2010) 404.

P. Lajoie, L.R. Nabi, Regulation of raft-dependent endocytosis, J. Cell. Mol. Med. 11
(2007) 644.

G.Liao, Y.Yao,].Liu,Z. Yu,S. Cheung, A. Xie, X. Liang, X. Bi, Cholesterol accumulation is
associated with lysosomal dysfunction and autophagic stress in Npc1—/— mouse
brain, Am. J. Pathol. 171 (2007) 962.

S.F. Lichtenthaler, D.I. Dominguez, G.G. Westmeyer, K. Reiss, C. Haass, P. Saftig, S.B.
De, B. Seed, The cell adhesion protein P-selectin glycoprotein ligand-1 is a
substrate for the aspartyl protease BACE1, J. Biol. Chem. 278 (2003) 48713.

E.B. Neufeld, M. Wastney, S. Patel, S. Suresh, A.M. Cooney, N.K. Dwyer, C.F. Roff, K.
Ohno, J.A. Morris, E.D. Carstea, J.P. Incardona, J.F. Strauss IIl, M.T. Vanier, M.C.
Patterson, R.0. Brady, P.G. Pentchev, EJ. Blanchette-Mackie, The Niemann-Pick C1
protein resides in a vesicular compartment linked to retrograde transport of
multiple lysosomal cargo, J. Biol. Chem. 274 (1999) 9627.

D.S. Ory, The Niemann-Pick disease genes; regulators of cellular cholesterol
homeostasis, Trends Cardiovasc. Med. 14 (2004) 66.

C.D. Pacheco, AP. Lieberman, Lipid trafficking defects increase Beclin-1 and
activate autophagy in Niemann-Pick type C disease, Autophagy 3 (2007) 487.
N.H. Pipalia, M. Hao, S. Mukherjee, F.R. Maxfield, Sterol, protein and lipid
trafficking in Chinese hamster ovary cells with Niemann-Pick type C1 defect,
Traffic 8 (2007) 130.

V. Puri, R. Watanabe, M. Dominguez, X. Sun, C.L. Wheatley, D.L. Marks, R.E. Pagano,
Cholesterol modulates membrane traffic along the endocytic pathway in
sphingolipid-storage diseases, Nat. Cell Biol. 1 (1999) 386.

W.J. Ray, M. Yao, ]. Mumm, E.H. Schroeter, P. Saftig, M. Wolfe, D.J. Selkoe, R. Kopan,
AM. Goate, Cell surface presenilin-1 participates in the gamma-secretase-like
proteolysis of Notch, ]. Biol. Chem. 274 (1999) 36801.

L.M. Refolo, B. Malester, J. LaFrancois, T. Bryant-Thomas, R. Wang, G.S. Tint, K.
Sambamurti, K. Duff, M.A. Pappolla, Hypercholesterolemia accelerates the Alzhei-
mer's amyloid pathology in a transgenic mouse model, Neurobiol. Dis. 7 (2000) 321.
L.M. Refolo, K. Sambamurti, S. Efthimiopoulos, M.A. Pappolla, N.K. Robakis, Evidence
that secretase cleavage of cell surface Alzheimer amyloid precursor occurs after
normal endocytic internalization, ]. Neurosci. Res. 40 (1995) 694.

M. Sastre, H. Steiner, K. Fuchs, A. Capell, G. Multhaup, M.M. Condron, D.B. Teplow,
C. Haass, Presenilin-dependent gamma-secretase processing of beta-amyloid
precursor protein at a site corresponding to the S3 cleavage of Notch, EMBO Rep. 2
(2001) 835.

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

691

H. Schagger, J.G. von, Tricine-sodium dodecyl sulfate-polyacrylamide gel
electrophoresis for the separation of proteins in the range from 1 to 100 kDa,
Anal. Biochem. 166 (1987) 368.

C. Settembre, A. Fraldi, L. Jahreiss, C. Spampanato, C. Venturi, D. Medina, P.R. de, C.
Tacchetti, D.C. Rubinsztein, A. Ballabio, A block of autophagy in lysosomal storage
disorders, Hum. Mol. Genet. 17 (2008) 119.

M. Simons, P. Keller, B. De Strooper, K. Beyreuther, C.G. Dotti, K. Simons,
Cholesterol depletion inhibits the generation of beta-amyloid in hippocampal
neurons, Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 6460.

S.S. Sisodia, Beta-amyloid precursor protein cleavage by a membrane-bound
protease, Proc. Natl. Acad. Sci. U. S. A. 89 (1992) 6075.

D.L. Sparks, S.W. Scheff, J.C. Hunsaker III, H. Liu, T. Landers, D.R. Gross, Induction of
Alzheimer-like beta-amyloid immunoreactivity in the brains of rabbits with
dietary cholesterol, Exp. Neurol. 126 (1994) 88.

S. Tagami, M. Okochi, A. Fukumori, J. Jiang, K. Yanagida, T. Nakayama, T. Morihara,
T. Tanaka, T. Kudo, M. Takeda, Processes of beta-amyloid and intracellular
cytoplasmic domain generation by presenilin/gamma-secretase, Neurodegener.
Dis. 5 (2008) 160.

G. Thinakaran, D.B. Teplow, R. Siman, B. Greenberg, S.S. Sisodia, Metabolism of the
“Swedish” amyloid precursor protein variant in neuro2a (N2a) cells. Evidence
that cleavage at the “beta-secretase” site occurs in the golgi apparatus, J. Biol.
Chem. 271 (1996) 9390.

C.A. Von Arnim, E.B. von, P. Weber, M. Wagner, D. Schwanzar, R. Spoelgen, W.L.
Strauss, H. Schneckenburger, Impact of cholesterol level upon APP and BACE
proximity and APP cleavage, Biochem. Biophys. Res. Commun. 370 (2008) 207.
S. Wada, M. Morishima-Kawashima, Y. Qi, H. Misono, Y. Shimada, Y. Ohno-
Iwashita, Y. lhara, Gamma-secretase activity is present in rafts but is not
cholesterol-dependent, Biochemistry 42 (2003) 13977.

S. Wahrle, P. Das, A.C. Nyborg, C. McLendon, M. Shoji, T. Kawarabayashi, L.H.
Younkin, S.G. Younkin, T.E. Golde, Cholesterol-dependent gamma-secretase
activity in buoyant cholesterol-rich membrane microdomains, Neurobiol. Dis. 9
(2002) 11.

S. Weggen, ].L. Eriksen, S.A. Sagi, C.U. Pietrzik, V. Ozols, A. Fauq, T.E. Golde, E.H.
Koo, Evidence that nonsteroidal anti-inflammatory drugs decrease amyloid beta
42 production by direct modulation of gamma-secretase activity, J. Biol. Chem.
278 (2003) 31831.

B. Wolozin, W. Kellman, P. Ruosseau, G.G. Celesia, G. Siegel, Decreased prevalence
of Alzheimer disease associated with 3-hydroxy-3-methyglutaryl coenzyme A
reductase inhibitors, Arch. Neurol. 57 (2000) 1439.

T. Yamazaki, T.Y. Chang, C. Haass, Y. lhara, Accumulation and aggregation of
amyloid beta-protein in late endosomes of Niemann-Pick type C cells, J. Biol.
Chem. 276 (2001) 4454.

S.Ye, Y. Huang, K. Mullendorff, L. Dong, G. Giedt, E.C. Meng, F.E. Cohen, L.D. Kuntz,
K.H. Weisgraber, R.W. Mahley, Apolipoprotein (apo) E4 enhances amyloid beta
peptide production in cultured neuronal cells: apoE structure as a potential
therapeutic target, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 18700.

W.H. Yu, A.M. Cuervo, A. Kumar, C.M. Peterhoff, S.D. Schmidt, ].H. Lee, P.S. Mohan,
M. Mercken, M.R. Farmery, L.O. Tjernberg, Y. Jiang, K. Duff, Y. Uchiyama, J. Naslund,
P.M. Mathews, A.M. Cataldo, R.A. Nixon, Macroautophagy—a novel Beta-amyloid
peptide-generating pathway activated in Alzheimer's disease, ]. Cell Biol. 171
(2005) 87.

W.H. Yu, A. Kumar, C. Peterhoff, K.L. Shapiro, Y. Uchiyama, B.T. Lamb, A.M. Cuervo,
R.A. Nixon, Autophagic vacuoles are enriched in amyloid precursor protein-
secretase activities: implications for beta-amyloid peptide over-production and
localization in Alzheimer's disease, Int. ]. Biochem. Cell Biol. 36 (2004) 2531.



	Niemann–Pick type C cells show cholesterol dependent decrease of APP expression at the cell surface and its increased proce...
	Introduction
	Materials and methods
	Antibodies
	Cell lines, cDNA constructs and transfection
	Cholesterol depletion
	Sample preparation and immunoblotting
	ELISA Aβ assay
	In vitro γ-secretase assay
	α-, β- and γ-secretase activity assay
	Cell surface biotinylation
	Cholesterol levels
	Filipin staining and immunocytochemistry

	Results
	sAPPβ and CTFβ/C99 are increased in NPC1−/− cells
	NPC1 loss causes increase of intracellular form of Aβ but does not cause an increase of AICD
	Increased Aβ levels in NPC1−/− cells are not due to increased �C99-cleavage by γ-secretase
	Activities of α-, β- and γ-secretase are not altered in NPC1−/− cells
	Increased formation of intracellular Aβ and APP–CTFs in NPC1−/− cells is dependent on cholesterol levels
	APP expression at the cell surface is markedly decreased in NPC1−/− cells

	Discussion
	Conclusions
	Acknowledgements
	References




