
Down-regulation of Seladin-1 Increases BACE1 Levels
and Activity through Enhanced GGA3 Depletion
during Apoptosis*□S

Received for publication, June 24, 2009, and in revised form, September 23, 2009 Published, JBC Papers in Press, October 8, 2009, DOI 10.1074/jbc.M109.036202

Timo Sarajärvi, Annakaisa Haapasalo, Jayashree Viswanathan, Petra Mäkinen, Marjo Laitinen, Hilkka Soininen,
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Seladin-1 is a neuroprotective protein selectively down-
regulated in brain regions affected in Alzheimer disease (AD).
Seladin-1 protects cells against �-amyloid (A�) peptide
42- and oxidative stress-induced apoptosis activated by
caspase-3, a key mediator of apoptosis. Here, we have
employed RNA interference to assess the molecular effects of
seladin-1 down-regulation on the �-secretase (BACE1) func-
tion and �-amyloid precursor protein (APP) processing in
SH-SY5Y human neuroblastoma cells in both normal and
apoptotic conditions. Our results show that �60% reduction
in seladin-1 protein levels, resembling the decrease observed
in AD brain, did not significantly affect APP processing or A�

secretion in normal growth conditions. However, under apop-
tosis, seladin-1 small interfering RNA (siRNA)-transfected
cells showed increased caspase-3 activity on average by 2-fold
when compared with control siRNA-transfected cells.
Increased caspase-3 activity coincided with a significant
depletion of the BACE1-sorting protein, GGA3 (Golgi-local-
ized �-ear-containing ADP-ribosylation factor-binding pro-
tein), and subsequently augmented BACE1 protein levels and
activity. Augmented BACE1 activity in turn correlated with
the enhanced �-amyloidogenic processing of APP and ulti-
mately increased A� production. These adverse changes
associated with decreased cell viability in seladin-1 siRNA-
transfected cells under apoptosis. No changes in GGA3 or
BACE1 levels were found after seladin-1 knockdown in nor-
mal growth conditions. Collectively, our results suggest that
under stress conditions, reduced seladin-1 expression results
in enhanced GGA3 depletion, which further leads to aug-
mented post-translational stabilization of BACE1 and
increased �-amyloidogenic processing of APP. These mech-
anistic findings related to seladin-1 down-regulation are
important in the context of AD as the oxidative stress-in-
duced apoptosis plays a key role in the disease pathogenesis.

Alzheimer disease (AD)2 is the most common neurodegen-
erative disorder leading to dementia. It is neuropathologically
characterized by extracellular amyloid plaques as well as intra-
neuronal neurofibrillary tangles, composed of �-amyloid pep-
tide (A�) and hyper-phosphorylated Tau, respectively. A� is
generated from the �-amyloid precursor protein (APP) after
sequential cleavages by �- and �-secretases (1). Importantly,
mutations in APP and PSEN1 and -2 genes have been shown to
increase the production of the 42-amino acid-long A�42 and to
cause the familial autosomal dominant form of AD. Based on
this notion, it has been proposed that aberrant metabolism of
APP is the initiating event in AD pathogenesis, which is fol-
lowed by other adverse events, such as inflammation, oxidative
stress, and neurofibrillary tangle formation (2). Recently, this
model was challenged by a dual pathway hypothesis, which
proposed that A� and Tau can actually be linked by separate
mechanisms driven by common upstream initiators, such as
apolipoprotein E (apoE) or glycogen synthase kinase-3 (3).
Therefore, considering the complexity of AD pathogenesis, it is
evident that also otherAD-related risk genes exist in addition to
the already established ones, such asAPOE. Functional charac-
terization of these novel risk genes is an important task as itmay
reveal new avenues to understand and design therapeutic
approaches to AD.
An interesting candidate from a genetic and functional point

of view in AD pathogenesis is seladin-1 (selective Alzheimer
disease indicator-1), also known as 3-�-hydroxysteroid-�-24
reductase (DHCR24) (4, 5). Seladin-1 was initially found to be
down-regulated in vulnerable brain regions in AD (4), and sub-
sequently decreased seladin-1 mRNA levels were shown to
inversely correlate with hyper-phosphorylated Tau inADbrain
(6). Functional characterization of seladin-1 has revealed that
this ER resident protein protects cells against oxidative stress-
and A�42-induced toxicity in vitro (4, 7). More recently, it was
shown that seladin-1 down-regulation leads to increased cleav-
age of APP and elevated A� levels in vivo by contributing to the
formation of detergent-resistantmembrane domains (8), which
are known tomodulateAPP cleavage by�- and�-secretases (9).
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This is an important finding considering that seladin-1 cata-
lyzes the reduction of �24 double bond of desmosterol to form
cholesterol (5). Furthermore, it has been shown previously that
specific seladin-1 gene variants genetically associate with
increasedAD risk, suggesting that genetic alterations could also
affect expression of this gene (10). Collectively, these data
strongly support the idea that seladin-1 plays a pivotal role in
AD pathogenesis, although the exact molecular mechanisms
are still elusive.
Given the established down-regulation of seladin-1 in AD

brain (4) and its association with neuronal degeneration (6), we
set out to assess the molecular mechanisms related to reduced
expression of seladin-1 on �-secretase (BACE1; �-site APP-
cleaving enzyme) expression and stability as well as APP proc-
essing using RNA interference. To mimic the prevailing stress
conditions observed in AD brain, we treated SH-SY5Y human
neuroblastoma cells overexpressing the APP751 isoform (SH-
SY5Y-APP751) or C-terminally Myc-tagged BACE1 (SH-
SY5Y-BACE1-Myc) with staurosporine (STS) to induce apop-
tosis. Although seladin-1 knockdown under normal growth
conditions did not significantly affect APP processing, BACE1
levels were increased on average 1.5-fold after seladin-1 down-
regulation under apoptotic conditions. The increase in BACE1
levels after seladin-1 down-regulation coincidedwith increased
caspase-3 activation, decreased cell viability, and enhanced
depletion of the BACE1-sorting protein, GGA3 (Golgi-local-
ized �-ear-containing ARF-binding protein), which is respon-
sible for sorting BACE1 to the lysosomes for degradation (11).
This in turn correlated with increased BACE1 activity, APP
�-CTF, and A� production. Finally, confocal microscopy anal-
ysis suggested that down-regulation of seladin-1 reinforced
BACE1 accumulation to early endosomes and the plasma
membrane under apoptosis. Taken together, our results sug-
gest that under apoptotic conditions seladin-1 down-regulation
increases post-translational stabilization of BACE1, whichmay
accumulate in early endosomes and/or plasmamembrane. This
takes place through increased caspase-3 activation and subse-
quent depletion of GGA3, ultimately leading to increased
�-amyloidogenic processing of APP.

EXPERIMENTAL PROCEDURES

siRNA and Plasmid Constructs—SMARTselectionTM prede-
signed ON-TARGETplus SMARTpool small interfering RNAs
(siRNAs) (Thermo Scientific Dharmacon) targeted to human
DHCR24/seladin-1 gene (GGAGUACAUUCCCUUGAGA,
AGAACUAUCUGAAGACAAA, GCACAGGCAUCGAGU-
CAUC, and GAAAUGAGGCAGAGCUCUA) were used to
down-regulate seladin-1. Negative control siRNA duplex with
3�-Alexa Fluor 488 (Qiagen)was used as a control in RNA inter-
ference experiments. cDNAs for human APP751 isoform and
BACE1 (3�-tagged withMyc; BACE1-Myc) cloned into pcDNA
3.1 vector were used to create stable cell lines.
Cell Culture and Transfection—SH-SY5Y human neuroblas-

toma cells were transfected with APP751 and BACE1-Myc
plasmid constructs using Effectene transfection reagent (Qia-
gen) to create stable cells lines overexpressing APP751 (SH-
SY5Y-APP751) and BACE1-Myc (SH-SY5Y-BACE1-Myc).
After the transfections, cells were cultured in Dulbecco’s mod-

ified Eagle’s medium supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, 100 �g/ml streptomycin, and 2
mM L-glutamine (Dulbecco’smodified Eagle’smedium-C). Two
days after the transfection, 800 �g/ml G418 (Invitrogen) was
added to induce selection of APP751- and BACE1-Myc-over-
expressing cell clones. Three weeks after selection, clones over-
expressing either APP751 or BACE1-Mycwere identified using
APP-, BACE1-, and Myc-specific antibodies in Western blot-
ting. Selected clones were subsequently cultured in Dulbecco’s
modified Eagle’s medium-C containing 200 �g/ml G418. Sela-
din-1 and control siRNAs were reversely transfected into
SH-SY5Y cells overexpressing APP751 or BACE1-Myc using
Lipofectamine 2000 reagent (Invitrogen) according to theman-
ufacturer’s instructions in the RNA interference experiments.
Western Blot Analysis—ForWestern blot analysis, total pro-

teinswere extracted fromSH-SY5Y cells usingTPER extraction
buffer (Pierce) containing EDTA-free protease inhibitor mix-
ture (Thermo Scientific). After protein quantification using the
BCAprotein assay kit (Pierce), 10–30�g of total protein lysates
were subjected to 4–12% BisTris-PAGE (Invitrogen) and sub-
sequently blotted onto Immun-Blot polyvinylidene fluoride
membranes (Bio-Rad). Primary antibodies against seladin-1/
DHCR24 (C59D8, Cell Signaling), GGA3 (BD Biosciences),
Myc (clone 4A6, Millipore), BACE1 (PA1–757, Affinity Biore-
agents), caspase-3 (detecting the activated caspase-3 fragments;
Cell Signaling), APP C terminus (A8717, Sigma), and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH; Ab8245,
Abcam) were used for immunoblotting. After incubation
with appropriate horseradish peroxidase-conjugated sec-
ondary antibodies (GE Healthcare), enhanced chemilumi-
nescence substrate (Amersham Biosciences) was applied to
membranes, and detection of protein bands was performed
with ImageQuant RT ECL Imager (GE Healthcare). Western
blot images were quantified using Quantity One software
(Bio-Rad).
RNA Extraction and Real Time Quantitative PCR Analysis—

Total RNAwas extracted from transfected SH-SY5Y cells using
TRIzol� reagent (Invitrogen). Equal amounts (100 ng) of total
RNA samples were subjected to cDNA synthesis using Super-
script III reverse transcriptase (Invitrogen). Subsequently,
SYBRGreenMaster PCRMix (Applied Biosystems) and target-
specific PCR primers for seladin-1 (5�-CAAGCCGTGGT-
TCTTTAAGC-3� and 5�-CATCCAGCCAAAGAGGTAGC-
3�) andGAPDH(5�-GATCATTCAGCTCAGCAAACA-3� and
5�-GTATTCAAACCCAAGCTACTCAGA-3�) were used for
amplification of cDNA samples by using real time quantitative
PCR machine (7500 Fast Real Time PCR System, Applied Bio-
systems). PCR primers were designed to amplify a region flank-
ing at least two different exons. A standard curve method was
used to obtain seladin-1 and GAPDH mRNA levels. Seladin-1
mRNA levels were normalized to those of GAPDH from the
same samples.
Secreted APP and A� Measurements in Conditioned Media—

sAPP� (secretedN-terminal APP fragments) and sAPP total (�
sAPP� � sAPP�) levels were detected from cell culture media
using Western blot analysis with 6E10 (Signet Laboratories)
and 22C11 (Mab348, Millipore), respectively. The data were
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expressed as sAPP levels normalized to total protein. A� x-40
(A�40) levels were determined by using hAmyloid �40
enzyme-linked immunosorbent assay kit (The Genetics Co.).

Caspase-3 Activity Assay—
Caspase-3 activity assay was per-
formed in total protein lysates (0.6
�g/�l) in 280-�l reaction mixtures
containing 20 mM HEPES (pH 7.5),
10% glycerol, 2 mM dithiothreitol,
and Ac-DEVD-aminomethylcou-
marin fluorogenic substrate (Pharm-
ingen). After 60min of incubation at
37 °C, production of aminomethyl-
coumarin as an indication of
caspase-3 activity was measured at
30-min intervals for 60 min at 37 °C
in a Victor 1420 multilabel counter
96-well plate enzyme-linked immu-
nosorbent assay reader (Wallac)
using excitation wavelength of 380
nm and emission wavelength of 460
nm. The data are shown as relative
fluorescence units.
Staurosporine Treatment and

Cell Viability Assay—3-(4,5-Dim-
ethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide assay was used
to assess cell viability after treat-
ment of the cells with 1 �M stauros-
porine (STS; Sigma) for 6 h. After
the addition of 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl-2H-tetra-
zolium bromide, cells were incu-
bated for 60 min at 37 °C, after
which the formazan granules were
solubilized in 99.7% DMSO (Hybri-
MaxTM, Sigma). Finally, cell viabil-
ity was determined as the absorb-
ance (A) at 595 nmwith Victor 1420
enzyme-linked immunosorbent
assay reader (Wallac) and expressed
as percentage of untreated control
cells.
Confocal Microscopy—For confo-

cal microscopy analysis, SH-SY5Y
cells stably overexpressing BACE1-
Myc were plated on sterile cover-
slips coated with 100 �g/ml poly-D-
lysine (Sigma), transfected, and
treated with or without STS. The
cells were fixed in 4% paraformalde-
hyde for 15 min at room tempera-
ture. Next, the cells were incubated
in blocking and permeabilization
buffer containing 5% bovine serum
albumin (fraction V, A9647, Sigma)
and 0.1% Triton X-100 (BHD Labo-
ratory Supplies) in phosphate-buff-

ered saline (Invitrogen) for 30 min and stained with primary
antibodies againstMyc (clone 4A6,Millipore; 1:100), lysosomal
marker LAMP2a (Ab18528, Abcam; 1:200), early endosomal

FIGURE 1. Down-regulation of seladin-1 does not significantly affect APP processing in SH-SY5Y human
neuroblastoma cells stably overexpressing APP751 (SH-SY5Y-APP751). A, quantitative PCR was used to
assess seladin-1 knockdown efficiency at the mRNA level using two different seladin-1 siRNA concentrations
(siSel, 0.65- and 1.3-�g total amounts of siRNA used in transfections) in SH-SY5Y-APP751 cells. On average, a
60% decrease in GAPDH-normalized seladin-1 mRNA levels was observed with both siRNA concentrations.
B, APPim, APPm, and total APP and APP CTF (C83 and C99) levels were determined using Western blotting with
APP C-terminal antibody (A8717). Blots were reprobed with antibodies against seladin-1, GGA3, and GAPDH.
On average, a 40% decrease in GAPDH-normalized seladin-1 protein levels was detected. The GAPDH-normal-
ized levels of different forms and fragments of APP or GGA3 were not significantly altered. ***, p � 0.001; **, p �
0.01, n � 4, S.D. Ctrl, control.
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marker EEA1 (clone 14, BD Biosciences; 1:200), or transferrin
receptor (TfR, 13–6800, Zymed Laboratories Inc.; 1:200) as a
marker for early endosomes and plasmamembrane. Alexa Flu-
or� 488 goat anti-mouse, Alexa Fluor� 568 goat anti-rabbit
(Invitrogen), or Cy3 sheep anti-mouse (C-2181, Sigma) were
used as secondary antibodies. Single optical z-sections were
obtained with Nikon Eclipse-TE300 microscope and Ultra
VIEW laser scanning confocal unit (PerkinElmer Life Sciences)
at �60 magnification, and the images were processed with
Adobe Photoshop software.

Statistical Analyses—Statistical
analyses were performed using
SPSS program version 14.0. Inde-
pendent samples t test (equal vari-
ances assumed) or Mann-Whitney
U test (equal variances not assumed)
wasused to test statistical significance
between sample groups. Values are
indicated as means � S.D. Level of
statistical significance was set to p �
0.05.

RESULTS

Down-regulation of Seladin-1
Does Not Significantly Affect APP
Processing inHuman SH-SY5YCells
Overexpressing APP under Normal
Growth Conditions—RNA interfer-
encewas used to assess the effects of
seladin-1 knockdown on APP proc-
essing under normal growth condi-
tions in SH-SY5Y-APP751 cells.
Using different siRNA concentra-
tions, seladin-1 mRNA and protein
levels normalized to GAPDH were
specifically down-regulated by
approximately 40–60% in SH-
SY5Y-APP751 cells transfected
with seladin-1 siRNA (siSel) when
compared with control siRNA
(siCtrl)-transfected cells (Fig. 1A).
Down-regulation of seladin-1 in-
creased APP C-terminal fragment
(CTF; C83 and C99) levels on aver-
age 1.3-fold, albeit these increases
did not reach statistical significance
(Fig. 1B). APP immature (APPim),
APP mature (APPm), and total APP
(APP total � APPim � APPm) lev-
els aswell as theAPPm/APPim ratio
remained unchanged after down-
regulation of seladin-1 (Fig. 1B).
Analysis of the levels of secreted
APP forms (sAPP� and sAPP total)
and A�40 normalized to total
protein from the conditioned
SH-SY5Y-APP751 cell media did
not reveal changes after seladin-1

down-regulation (supplemental Fig. 1). Even though our
focus in the subsequent seladin-1 knockdown experiments
was to elucidate the role of GGA3, a BACE1-sorting protein,
in post-translational stabilization of BACE1 under apoptotic
conditions, we first determined whether seladin-1 down-
regulation affects GGA3 levels under normal growth condi-
tions (Fig. 1B).Western blot analysis did not show changes in
the GAPDH-normalized GGA3 levels after seladin-1 knock-
down in SH-SY5Y-APP751 cells (Fig. 1B). Collectively, these
data suggest that down-regulation of seladin-1 in the normal

FIGURE 2. Down-regulation of seladin-1 increases caspase-3 activity and decreases GGA3 full-length
protein levels under apoptosis in SH-SY5Y-APP751 cells. A, quantitative PCR analysis of GAPDH-normalized
seladin-1 mRNA levels in untreated and STS (1 �M)-treated cells transfected with seladin-1 (siSel) or control
(siCtrl) siRNA after 6 and 10 h, indicating significantly decreased seladin-1 mRNA levels after siSel transfection
in all conditions. B, caspase-3 activity was measured using fluorogenic caspase-3 substrate in STS-treated and
-untreated SH-SY5Y-APP751 cells transfected with seladin-1 or control siRNA. Caspase-3 activity increased by
�1.5–2.0-fold in siSel-transfected cells after 6 and 10 h of STS treatment, respectively, when compared with
siCtrl-transfected cells. Background-corrected relative fluorescence units are indicated. RFU, relative fluores-
cence units; Ctrl, control. C, assessment of seladin-1, GGA3, and GAPDH levels in STS-treated SH-SY5Y-APP751
cells transfected with seladin-1 or control siRNA using Western blotting. Approximately 30 – 40% decrease in
GAPDH-normalized GGA3 full-length levels was observed after seladin-1 down-regulation. ***, p � 0.001; *, p �
0.05, n � 3, S.D.
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growth conditions does not significantly affect APP process-
ing in SH-SY5Y-APP751 cells.
Down-regulation of Seladin-1 Increases Caspase-3 Activity

and Leads to Enhanced Depletion of GGA3 during Apoptosis—
To study the effects of seladin-1 knockdownon caspase-3 activ-
ity and GGA3 levels during apoptosis, siSel- and siCtrl-trans-
fected SH-SY5Y-APP751 cells were treated with 1�M STS for 6
or 10 h to induce apoptosis. As described previously, seladin-1
mRNA levels normalized to GAPDH were significantly down-
regulated in both the untreated and STS-treated cells after siSel
transfection (Fig. 2A). Coinciding with the down-regulated
seladin-1 levels, we observed on average 1.5- and 2.0-fold aug-
mentation of caspase-3 activity in siSel-transfected cells treated
with STS for 6 and 10 h, respectively, when compared with
STS-treated cells transfected with siCtrl (Fig. 2B). Subse-
quently, we assessed whether increased caspase-3 activity due
to seladin-1 knockdown correlated with decreased GGA3 full-
length protein levels in siSel-transfected cells. After GAPDH
normalization, an �30–40% decrease in GGA3 full-length
protein levels was observed in seladin-1 knockdown cells, in
which seladin-1 protein levels were decreased by 60%, when
compared with the STS-treated siCtrl-transfected cells (Fig.

2C). Consistent with the more pro-
nounced caspase-3 activation after
10-h STS treatment as compared
with the 6-h time point (Fig. 2B), a
more robust decrease in GGA3 full-
length protein levels was detected at
10 h (Fig. 2C). However, it should be
noted that the 10-h STS treatment
resulted in a noticeable cell loss
when compared with the 6-h STS-
treated cells (data not shown).
Accordingly, this prolonged apop-
totic induction may also have
affected general protein degrada-
tion status. The fact that we
observed an inverse correlation
between caspase-3 activity and
GGA3 full-length protein levels is
consistent with a previous study,
which demonstrated that caspase-3
cleaves GGA3 during apoptosis
(11). Taken together, these data sug-
gest that down-regulation of sela-
din-1 increases caspase-3 activity
during apoptosis.
Down-regulation of Seladin-1

Increases BACE1 Levels through
Post-translational Stabilization dur-
ing Apoptosis—Because seladin-1
down-regulation resulted in a
decrease in GGA3 levels during
apoptosis, we next assessedwhether
the decrease in GGA3 levels
affected BACE1 protein levels and
activity. As the endogenous BACE1
levels in SH-SY5Y cells were low

(Fig. 3A), we created an SH-SY5Y cell line stably overexpressing
BACE1, which encompassed a C-terminal Myc-tag (SH-SY5Y-
BACE1-Myc) (Fig. 3A). This cDNA construct did not include
endogenous promoter or 5�-untranslated regions of BACE1,
thus allowing us to elucidate the underlying molecular mecha-
nisms of seladin-1 knockdown on the post-translational stabil-
ity of BACE1. Western blot analysis revealed a significant
increase in BACE1 protein levels in SH-SY5Y-BACE1-Myc
cells as compared with the endogenous BACE1 levels in
SH-SY5Y-APP751 cells (Fig. 3A). The increased protein levels
of BACE1 correlated with an increase in BACE1 enzymatic
activity, as indicated by augmented �-secretase-mediated
cleavage of endogenous APP leading to an extensive APP C89
and C99 production at the expense of generation of APP C83
(Fig. 3A and supplemental Fig. 2). The fact that we observed a
robust increase in C89 andC99 levels and a significant decrease
in C83 production is in line with the previous studies related to
BACE1 overexpression both in vitro (12) and in vivo (13). We
also studied the subcellular localization of overexpressed
BACE1 and endogenous seladin-1 in SH-SY5Y-BACE1-Myc
cells using confocal microscopy. Microscopy revealed that
BACE1 and seladin-1 did not significantly co-localize under the

FIGURE 3. Characterization of human SH-SY5Y cells overexpressing BACE1-Myc (SH-SY5Y-BACE1-Myc).
A, Western blot analysis related to the functional characterization of SH-SY5Y cells overexpressing BACE1-Myc
(SH-SY5Y-BACE1-Myc; left column) compared with the SH-SY5Y cells overexpressing APP751 isoform (SH-SY5Y-
APP751; right column). Endogenous BACE1 expression was low in SH-SY5Y-APP751 cells (detected by Ab757;
right column). In SH-SY5Y-BACE1-Myc cells, BACE1-Myc was abundantly overexpressed, and this increase was
correlated with an enhanced �-secretase cleavage of endogenous APP augmenting the APP C89 and C99
levels. The blot was reprobed with GAPDH antibody to verify equal loading. B, confocal microscopy of SH-SY5Y-
BACE1-Myc cells revealed that overexpressed BACE1 (anti-Myc; green) was mostly localized in the trans-Golgi
network with some expression at or near the plasma membrane (endosomes) under normal conditions. Sela-
din-1 (anti-seladin-1; red) showed a granular intracellular localization resembling the ER. Endogenous seladin-1
showed only little intracellular co-localization with BACE1-Myc under normal growth conditions consistent
with the previous data showing seladin-1 predominantly as an ER resident protein (4). Images show single
optical z-sections.
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normal growth conditions, even though aminor co-localization
of the two proteins was detectable in subcellular structures
resembling ER (Fig. 3B). This is consistent with the previous
studies showing seladin-1 as an ER resident protein (4). STS
treatment of these BACE1-overexpressing cells did not change
subcellular localization of seladin-1 (data not shown). Accord-
ingly, overexpressed BACE1 in SH-SY5Y-BACE1-Myc cells
localized intracellularly mostly in the trans-Golgi network and
endosomal compartments as shown previously (14).
Next, we treated siSel- and siCtrl-transfected SH-SY5Y-

BACE1-Myc cells with STS and studied caspase-3 activation
usingWestern blotting (Fig. 4). To avoid adverse effects that we
observed in the previous experiments in SH-SY5Y-APP751
cells (Fig. 2C) related to prolonged apoptotic induction, we
treated SH-SY5Y-BACE1-Myc cells for 6 h instead of 10 h with
1 �M STS. Similar to SH-SY5Y-APP751 cells, we detected an
augmentation of caspase-3 activity, as indicated by the �2.0-
fold increase in active caspase-3 cleavage fragments (�14 and
17 kDa) as well as an �40% decrease in GGA3 full-length levels
in seladin-1 down-regulated cells when compared with siCtrl-
transfected cells (Fig. 4A). A more prominent decrease in
GGA3 full-length levels in SH-SY5Y-BACE1-Myc cells when

compared with SH-SY5Y-APP751 cells (Fig. 2C) was likely
associated with more pronounced caspase-3 activation and
subsequently enhanced cleavage of full-length GGA3 in
SH-SY5Y-BACE1-Myc cells after seladin-1 down-regulation.
Importantly, these alterations coincided with an average 1.5-
fold increase in BACE1 levels in SH-SY5Y-BACE1-Myc cells.
Conversely, no differences in BACE1 or GGA3 full-length pro-
tein levels were found between siSel- and siCtrl-transfected
cells under normal growth conditions. Moreover, cleaved
caspase-3 fragments were not observed under normal condi-
tions (Fig. 4B). Together, these results suggest that seladin-1
enhances the caspase-3-mediated cleavage of GGA3 leading to
post-translational stabilization of BACE1 during apoptosis.
Down-regulation of Seladin-1 Increases Production of APP

�-CTF and A�40 through Increased BACE1 Activity and
Decreases Cell Viability under Apoptosis—As we detected a
prominent increase in BACE1 levels after seladin-1 knock-
down, we next wanted to verify the anticipated �-secretase
effect on APP processing under apoptotic conditions. After a
48-h siSel and siCtrl transfection of SH-SY5Y-BACE1-Myc
cells followed by a 6-h treatment with 1 �M STS, we discovered
a significant increase in both endogenous APP �-CTF and

FIGURE 4. Down-regulation of seladin-1 increases BACE1 levels under apoptotic conditions through enhanced depletion of GGA3 in SH-SY5Y-BACE1-
Myc cells. A, Western blot analysis of BACE1, GGA3, and caspase-3 levels normalized to GAPDH in staurosporine (1 �M STS, 6 h)-treated SH-SY5Y-BACE1-Myc
cells transfected with seladin-1 (siSel) or control (siCtrl) siRNA. Caspase-3 activation was determined as a ratio of the levels of active caspase-3 fragments (14 and
17 kDa) versus those of pro-caspase-3 (Act. Casp-3/Pro-Casp-3). Seladin-1 knockdown during apoptosis significantly depleted full-length GGA3 protein levels,
which coincided with enhanced caspase-3 activation. Depletion of GGA3 in turn inversely correlated with significantly increased BACE1-Myc levels. Ctrl,
control. B, Western blot analysis of GAPDH-normalized BACE1-Myc and GGA3 levels did not show alterations between siSel- and siCtrl-transfected SH-SY5Y-
BACE1-Myc cells. ***, p � 0.001; **, p � 0.01; *, p � 0.05, n � 3– 6, S.D.
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A�40 levels in cells transfected with
siSel, whereas the C83 levels
remainedundetectable (Fig. 5A, 2nd
and 3rd lanes). We also co-trans-
fected SH-SY5Y-BACE1-Myc cells
with APP751 cDNA construct
together with siSel or siCtrl and
subsequently detected an increase
in both the APP �-CTF and A�40
levels in siSel-transfected cells,
although less pronounced than with
endogenous APP (Fig. 5B). Further-
more, the effect of seladin-1 knock-
down on the viability of SH-SY5Y-
BACE1-Myc cells after STS
treatment (1 �M, 6 h) was studied
using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bro-
mide assay. A significant decrease in
cell viability (�30%) was observed
in cells transfected with siSel when
compared with siCtrl-transfected
cells (Fig. 5C). These data indicate
that down-regulation of seladin-1
increases BACE1 levels and activity
during apoptosis leading to en-
hanced production of APP �-CTFs
and A�, which also parallel with
decreased cell viability in SH-SY5Y-
BACE1-Myc cells.
Down-regulation of Seladin-1

May Affect BACE1 Subcellular
Localization during Apoptosis—Fi-
nally, because GGA3 is an adaptor
protein responsible for sorting of
BACE1 to lysosomal degradation
(11) and because BACE di-leucine
sorting signal mutant has been
shown to reduce the accumulation
of BACE in LAMP2-positive com-
partments after inhibition of lysoso-
mal hydrolases (15), we explored
whether depletion of GGA3 due
to seladin-1 knockdown affects
BACE1 subcellular localization. We
hypothesized that BACE1 localiza-
tion might be altered more toward
endosomal compartments and less
to lysosomes during apoptosis.
After siSel and siCtrl transfection
and STS treatment, SH-SY5Y-
BACE1-Myc cells were stained with
anti-Myc to analyze subcellular
localization of overexpressed
BACE1-Myc using confocalmicros-
copy (Figs. 6 and 7). The cells were
also co-stained with antibodies
against TfR as a marker for early

FIGURE 5. Down-regulation of seladin-1 increases the production of APP �-CTFs and A�40 due to
increased BACE1 activity and decreases cell viability under apoptosis in SH-SY5Y-BACE1-Myc cells.
Western blot and A�40 enzyme-linked immunosorbent assay analyses showing that post-translationally
stabilized BACE1 increased the production of APP �-CTFs and A�40 from endogenously expressed APP (A)
and transiently overexpressed APP751 (B) in staurosporine-treated (1 �M STS, 6 h) SH-SY5Y-BACE1-Myc
cells after seladin-1 knockdown. Seladin-1 (siSel) or control (siCtrl) siRNAs was transfected alone (A) or in
combination with APP751 cDNA construct (B). Increases in transiently overexpressed APP751 cells
showed borderline significance in APP �-CTFs (p � 0.06) and A�40 (p � 0.08) levels after seladin-1
down-regulation. Total protein (prot.) lysate from SH-SY5Y cells overexpressing APP751 (APP751) was
used as a control to assess APP CTF profiles (see also supplemental Fig. 2). C, seladin-1 knockdown
significantly decreased cell viability after a 6-h staurosporine (1 �M STS) treatment in SH-SY5Y-BACE1-Myc
cells as assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Cell
viability is expressed as a percentage from the untreated cells. ***, p � 0.001, and **, p � 0.01, n � 3 (A and
B), n � 5 (C), S.D.
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endosomes and the plasma membrane (Fig. 6) and LAMP2a as
a marker for lysosomes (Fig. 7). Confocal microscope analysis
showed that during apoptosis, more BACE1-Myc appeared to
co-localize with TfR in the subcellular compartments near or at
the plasma membrane in SH-SY5Y-BACE1-Myc cells trans-
fected with siSel when compared with siCtrl-transfected cells
(Fig. 6). A similar result was also obtained using co-staining
with an antibody against EEA1, another marker for early endo-
somes (data not shown). Furthermore, STS treatment induced
pronounced blebbing of the plasma membrane in siSel-trans-
fected cells, and TfR and BACE1-Myc co-localized in these
membrane blebs, further implying that more BACE1-Myc may
be present at or near the plasma membrane in apoptotic cells.
Some blebbing was also detectable in siCtrl-transfected cells
treated with STS, but to a lesser extent than in siSel-transfected
cells. This agrees with our observation that there was an
�2-fold increase in caspase-3 activity in cells transfected with

siSel under apoptosis as compared
with siCtrl-transfected cells (Fig.
4A). In cells transfected with siCtrl
with or without STS treatment,
some co-localization of BACE1-
Myc with LAMP2a was detectable
in intracellular structures, most
likely lysosomes, which is in line
with previous reports on BACE1
subcellular localization (14) (Fig. 7).
However, there was no apparent co-
localization between BACE1-Myc
and LAMP2a during apoptosis
after seladin-1 knockdown. Rather,
the co-localization appeared to
decrease in siSel-transfected cells
treated with STS as compared
with the siCtrl-transfected cells
with or without STS treatment,
and more BACE1-Myc seemed to
reside near or at the plasma mem-
brane. Collectively, the data pre-
sented here suggest that down-
regulation of seladin-1 reinforces
BACE1 stabilization during apop-
tosis and may alter BACE1 subcel-
lular localization more toward
TfR-positive compartments, such
as early endosomes and the plasma
membrane.

DISCUSSION

Here we have studied the under-
lyingmolecularmechanisms related
to seladin-1 down-regulation in the
context of �-secretase-mediated
processing of APP in SH-SY5Y
human neuroblastoma cells. Our
results show that down-regulation
of seladin-1 expression under apop-
totic conditions resulted in aug-

mented BACE1 levels and activity through increased caspase-3
activation and enhanced depletion of the BACE1-sorting pro-
tein, GGA3, which is known to be responsible for sorting of
BACE1 to the lysosomes for degradation (11). Consistent with
this, depletion of GGA3 after seladin-1 knockdown in turnmay
associate with an altered subcellular localization of BACE1, as
some BACE1 appeared to accumulate in early endosomes and
the plasma membrane in apoptotic conditions. Based on these
observations, it is plausible that lysosomal sorting and thereby
the degradation of BACE1 is reduced under apoptosis leading
to increased levels and activity of this protease by means of
post-translational stabilization. These adverse effects increased
BACE1-mediated cleavage of APP leading to elevated produc-
tion of APP �-CTFs and A� as well as decreased cell viability of
SH-SY5Y cells overexpressing BACE1 under apoptosis. The
above-mentioned cascade is likely linked to AD pathogenesis
due to the fact that seladin-1 is down-regulated in the temporal

FIGURE 6. Down-regulation of seladin-1 alters BACE1 subcellular localization to TfR-positive early endo-
somes and plasma membrane in SH-SY5Y-BACE1-Myc cells under apoptosis. Confocal microscopy of
BACE1-Myc subcellular localization in untreated (UNT) and staurosporine (1 �M STS, 6 h)-treated cells trans-
fected with seladin-1 (siSel) or control (siCtrl) siRNA. During apoptosis, more BACE1-Myc (anti-Myc; green) is
localized in the TfR-positive (anti-TfR; red) compartments near or at the plasma membrane (arrow) in SH-SY5Y-
BACE1-Myc cells transfected with siSel when compared with siCtrl-transfected cells. Images show single optical
z-sections.
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cortex of AD patients by �40% (4, 6) and that the decreased
seladin-1 mRNA levels correlate with increased phosphoryla-
ted Tau levels in AD brain (6). Furthermore, a recent genetic
study revealed that genetic alterations in the DHCR24/sela-
din-1 gene increased the risk of AD, suggesting that genetic
predisposition may also contribute to the observed down-reg-
ulation of seladin-1 expression in AD brain (10). Collectively,
these results indicate that seladin-1 plays an important role in
ADpathogenesis and thereby even amoderate decrease in sela-
din-1 expression due to genetic and/or environmental factors
(oxidative stress-induced apoptosis, ER stress, etc.) may initiate
a vicious cascade resulting in increasedBACE1 activity andulti-
mately augmented A� production (Fig. 8). Increased produc-
tion of APP �-CTFs and A� again may further reinforce sela-
din-1 down-regulation and/or caspase-3 activation, possibly
augmenting the perpetual cycle of pathogenic events.
Functional characterization of seladin-1 has revealed that it

confers resistance against A�-mediated and oxidative stress-

induced apoptosis by inhibiting
caspase-3 activity, which is the key
mediator of the apoptosis (4). The
anti-apoptotic property of seladin-1
was observed in rat PC12 cell clones
selected for their resistance for
A�-induced toxicity, in which case
both seladin-1 mRNA and protein
levels were significantly elevated.
Subsequently, other studies (16, 17)
demonstrated similar findings, sug-
gesting that seladin-1 protein by
definition could encompass specific
protective properties. Related to
this issue, it was recently reported
that the protective function of sela-
din-1 could be partially associated
with its scavenging activity toward
reactive oxygen species in the ER
(18). This study demonstrated that
seladin-1 diminished H2O2-in-
duced generation of reactive oxygen
species in mouse embryonic fibro-
blasts expressing seladin-1 when
compared with mouse embryonic
fibroblasts lacking seladin-1 expres-
sion, indicating that seladin-1 pos-
sesses the capacity to protect cells
from H2O2-induced apoptosis. The
reactive oxygen species scavenging
activity domain was subsequently
narrowed down to the C-terminal
portion of seladin-1, as theN-termi-
nal deletion mutant of seladin-1
failed to exert reactive oxygen spe-
cies-scavenging activity (18). Alter-
natively, the protective effect of
seladin-1 against H2O2-induced
toxicity has been suggested to be
related to its function in a p53-de-

pendent manner (7). Seladin-1 is also suggested to play a key
role in preventing Ras-induced senescence through association
with p53, and thus regulating cellular response against onco-
genic and oxidative stress in fibroblasts (19). These data
strongly support the anti-apoptotic role of seladin-1 in stress-
induced conditions, such as oxidative stress-induced apoptosis.
Although it is possible that seladin-1 protein itself may

encompass anti-apoptotic functions during different stress
conditions as discussed above, it should be emphasized that
seladin-1 has specific enzymatic activity, which catalyzes the
reduction of the�24 double bond of sterol intermediates in the
cholesterol biosynthesis pathway (5). The fact that seladin-1
catalyzes reduction of the �24 double bond of desmosterol to
form cholesterol indicates that seladin-1 has a role in the for-
mation of cholesterol-rich detergent-resistant membrane
domains, also known as lipid rafts (9). On the other hand, lipid
rafts have been found to affect �- and �-secretase-mediated
APP cleavage and A� generation in vitro and in vivo (8, 9).

FIGURE 7. Down-regulation of seladin-1 decreases co-localization of BACE1-Myc with the lysosomal
marker LAMP2a. Confocal microscopy of subcellular localization of BACE1-Myc was assessed using anti-Myc
(green) and LAMP2a (red) antibody staining in untreated (UNT) and STS-treated SH-SY5Y-BACE1-Myc cells
transfected with seladin-1 (siSel) or control (siCtrl) siRNA. In siCtrl-transfected cells (with or without STS), there
is some intracellular co-localization (yellow) of the two proteins, most likely in lysosomes. After seladin-1 knock-
down, no apparent co-localization of BACE1-Myc with LAMP2a was detected, and more BACE1-Myc was local-
ized near or at the plasma membrane (arrow) during apoptosis. Images show single optical z-sections.
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Related to this, seladin-1 heterozygous knock-out mice (50%
reduction in seladin-1 levels) showed decreased cholesterol lev-
els, whichwere accompanied by the disorganization of lipid raft
domains in brain (8). This defect led to the displacement of
�-secretase from the detergent-resistant membrane domains
to the APP-containing membrane fractions increasing APP
C99 andA�production in the brain of seladin-1-deficientmice.
Similar to this study, we also observed a moderate increase
(�1.3-fold) in the levels of APP C99 after seladin-1 knockdown
in neuroblastoma cells overexpressing APP under normal con-
ditions. In addition to the increase in APP C99 levels, however,
we also observed augmented APP C83 levels, suggesting that
APP processing in general was enhanced rather than the
�-secretase-mediated cleavage of APP exclusively. In this con-
text, it should be noted that the seladin-1 heterozygous knock-
outmice also showed amoderate increase inAPPC83 levels (8).
The fact that we could not detect an increase inA� levels due to
increased BACE1 activity under normal growth conditions,
however, could be related to underlying differences between
the in vitro (transient) and in vivo (stable) knockdownmodels of
seladin-1 in general. Interestingly, recent findings related to
lipid rafts and S-palmitoylation-deficient BACE1mutants have
revealed surprising results because the non-raft-localized
BACE1 could also process APP and enhance secretion of A� in
human neuroblastoma cells, suggesting that BACE1 is able to
cleave APP efficiently in both lipid raft and non-raft microdo-
mains (12). Although there are several lines of evidence sup-
porting the important role of cholesterol in the �-amyloido-
genic processing of APP, it is possible that cholesterol also

modulates A�-induced neurotoxicity in AD. As an example of
this, mitochondrial cholesterol loading was shown to exacer-
bate A�-induced neurotoxicity by depleting the mitochondrial
glutathione levels and thereby increasing the susceptibility to
A�-(1–42)-induced oxidative stress and the release of apopto-
tic proteins in vivo (20). These data together indicate that there
are different plausible mechanisms underlying the down-regu-
lation of seladin-1 during apoptosis. In this study, however, it is
more likely that the pro-apoptotic effects of seladin-1 down-
regulation are linked to the scavenging activity of seladin-1 pro-
tein rather than depletion of de novo-synthesized cholesterol.
This suggestion is based on the fact that the serum-containing
cell culture medium contained extracellular cholesterol and
thereby supplemented the reduced de novo synthesis of choles-
terol during the acute STS treatment (6 h).
It is well known that BACE1 is a stress-induced protease,

whose activity has been shown to increase after e.g. traumatic
brain injury (21), oxidative stress (22), and cerebral ischemia
(11, 23, 24). Recently, it was demonstrated that GGA3 is an
adaptor protein responsible for sorting of BACE to the lyso-
some for degradation (11). Importantly, both in vitro and in vivo
experiments revealed that GGA3 is cleaved by activated
caspase-3 and that the depletion of GGA3 resulted in an
increase in BACE1 levels and activity through post-transla-
tional stabilization of this protease. This finding has important
significance in the context of AD, because oxidative stress-in-
duced apoptosis plays an essential role in the disease pathogen-
esis (2), emphasizing the importance of post-translational
events in the regulation of BACE1 levels and activity. In addi-
tion to this, it has been recently shown that BACE1 expression
is also regulated in a transcriptional (25) and translationalman-
ner (26) during different stress conditions. Energy deprivation
induced phosphorylation of the translation initiation factor
eIF2� leading to increased BACE1 levels both in vitro and in
vivo (26). This study showed that BACE1 is translationally con-
trolled by its complex 5�-untranslated region encompassing
three upstream open reading frames, which are able to regulate
the translation of BACE1mRNAdepending on the eIF2� phos-
phorylation status. In this study, however, transcriptional or
translational regulation of BACE1 was not expected to take
place because we used a BACE1-Myc cDNA construct, which
did not include the above-mentioned upstream open reading
frames, enabling us to study the post-translational stability of
BACE1 after seladin-1 knockdown. Nevertheless, our present
data together with previous studies suggest that the expres-
sional regulation of BACE1 in AD is a complex process, which
likely involves several overlapping regulatory mechanisms
simultaneously affecting BACE1 levels and activity.
Taken together, we have elucidated here the possible molec-

ular mechanisms related to seladin-1 down-regulation known
to take place in the AD brain (4, 6). Our findings suggest that
seladin-1 down-regulation increases caspase-3 activity sensitiz-
ing neuroblastoma cells to apoptosis and consequently aug-
menting BACE1 levels and activity through depletion of the
BACE1-sorting protein, GGA3. Although the initial cause(s)
for seladin-1 down-regulation in AD is still elusive, our experi-
mental model supports the idea that seladin-1 is a plausible
target for disease-modifying therapies for AD as well as other

FIGURE 8. Suggested mechanistic model related to the effects of reduced
seladin-1 expression on BACE1 stabilization and BACE1-mediated proc-
essing of APP under apoptosis.
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conditions involving oxidative stress-induced apoptosis, such
as stroke.
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