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Presenilin Is Necessary for Efficient Proteolysis through the
Autophagy–Lysosome System in a �-Secretase-Independent
Manner
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Presenilins are ubiquitous, intramembrane proteins that function in Alzheimer’s disease (AD) as the catalytic component of the
�-secretase complex. Familial AD mutations in presenilin are known to exacerbate lysosomal pathology. Hence, we sought to elucidate
the function endogenous, wild-type presenilins play in autophagy-mediated protein degradation. We report the finding that genetic
deletion or knockdown of presenilins alters many autophagy-related proteins demonstrating a buildup of autophagosomes, indicative of
dysfunction in the system. Presenilin-deficient cells inefficiently clear long-lived proteins and fail to build up autophagosomes when
challenged with lysosomal inhibitors. Our studies further show that �-secretase inhibitors do not adversely impact autophagy, indicating
that the role of presenilins in autophagy is independent of �-secretase activity. Based on our findings, we conclude that endogenous,
wild-type presenilins are necessary for proper protein degradation through the autophagosome–lysosome system by functioning at the
lysosomal level. The role of presenilins in autophagy has many implications for its function in neurological diseases such as AD.

Introduction
The presenilins are ubiquitous, polytopic proteins (Spasic et al.,
2006) localized to many intracellular compartments, including
the endoplasmic reticulum, Golgi complex, lysosomes, and au-
tophagosomes (Kovacs et al., 1996; Pasternak et al., 2003; Yu et
al., 2004). Mutated presenilins underlie the majority of familial
Alzheimer’s disease (FAD) cases (Mann et al., 1996; Borchelt et
al., 1997; Gómez-Isla et al., 1999), because they are the catalytic
component of �-secretase, cleaving amyloid precursor protein
(APP) to form �-amyloid (A�) (Xia et al., 1998; Palacino et al.,
2000; Lanz et al., 2003; Page et al., 2008). In addition to APP,
many �-secretase substrates have now been identified, suggesting
that �-secretase and presenilins are important for many cellular
processes (Parks and Curtis, 2007; Selkoe and Wolfe, 2007).

The portfolio of presenilin functions extends beyond their
catalytic role in �-secretase. Presenilins play a major role in cal-
cium homeostasis (LaFerla, 2002). In addition, �-secretase-
independent presenilins function in phosphoinositide-3 kinase/
Akt (PI3K) signaling (Baki et al., 2008). Beyond these roles,
possible presenilin functions are immense, because at least 40
interacting partners have been identified (Parks and Curtis, 2007;
Wakabayashi et al., 2009). Consequently, the presenilins are sit-
uated to directly or indirectly impact many cellular pathways.

Mounting evidence is pointing to a role for presenilins in
autophagy. The three major types of autophagy in higher eu-
karyotes are macroautophagy, chaperone-mediated autophagy,
and microautophagy. Macroautophagy, hereafter referred to as
autophagy, involves the sequestration of cellular contents by an
autophagosome and subsequent fusion of the autophagosome to
a lysosome for degradation of its contents. Autophagy is critical
for maintaining cytosolic amino acid pool, degrading organelles,
long-lived proteins, and aggregates, and protecting against neu-
rodegeneration (Mortimore and Pösö, 1987; Ravikumar et al.,
2002; Onodera and Ohsumi, 2005; Berger et al., 2006; Hara et al.,
2006; Komatsu et al., 2006; Yang et al., 2006; Sarkar et al., 2009).

FAD-linked presenilin mutations lead to increased lysosomal
pathology in both mouse models and humans (Cataldo et al.,
2004). In addition, presenilin-1 (PS1) knock-out neurons build
up telecephalin in autophagosomes (Esselens et al., 2004) and �-
and �-synuclein in degradative organelles (Wilson et al., 2004),
suggesting that certain proteins are not efficiently cleared
through autophagy in the absence of presenilin-1. Also, impair-
ment in autophagy was found to increase presenilin-1 expression
and alter �-secretase activity (Ohta et al., 2010). Finally, recently
published data demonstrated that autophagy and lysosomal pro-
teolysis require presenilin-1 (Lee et al., 2010). In this study,
presenilin-1 knock-out blastocysts showed decreased long-lived
protein proteolysis and a buildup of autophagosomes. Addition-
ally, they observed that cells with low or absent presenilin-1 had
decreased acidification of lysosomes attributable to dysfunctional
glycosylation and targeting of the v-ATPase VOa1 subunit.

Our data provide evidence for a role for both PS1 and
presenilin-2 (PS2) in autophagy through a �-secretase-independent
mechanism. Although we find no reduction in LysotrackerRed
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staining as in the study by Lee et al. (2010), our results do indicate
that presenilin loss leads to dysfunction at the lysosome.

Materials and Methods
Cell culture. Mouse embryonic fibroblasts (MEFs) and N2A neuro-
blastomas were maintained with DMEM (Invitrogen), 1% penicillin/
streptomycin (Invitrogen), and 10% FBS (Invitrogen). SHSY5Y
neuroblastomas were maintained with DMEM/F-12 (Invitrogen),
10% FBS, 1% nonessential amino acid solution (Invitrogen), and 1%
penicillin/streptomycin.

Protein immunoblotting. Protein extracts were prepared when cells
were 85–95% confluent using M-PER protein extraction reagent (Pierce)
with Complete-mini protease inhibitor cocktail tablets (Roche). Protein
concentrations were determined by the Bradford method. Equal
amounts of protein (12–20 �g) were separated by SDS/PAGE on a 4 –12
or 10% Bis/Tris or 3– 8% Tris-acetate gels (Invitrogen), transferred to
polyvinylidene difluoride membranes, blocked for 1 h in 5% (v/v) nonfat
milk in Tris-buffered saline, pH 7.5, supplemented with 0.2% Tween 20,
and incubated overnight at 4°C with the appropriate primary antibody.
Antibodies used in this study include light chain 3 (LC3) (MBL Interna-
tional), mammalian target of rapamycin (mTOR) (Sigma), phosphory-
lated mTOR (S2448; Cell Signaling Technology), beclin1 (Santa Cruz
Biotechnology and Novus), ultraviolet irradiation resistance-associated
gene (UVRAG) (Abgent), p150 (Abnova), Vps34 (Invitrogen), Atg12
(Novus), LAMP2a (Invitrogen), Ubiquitin (DAKO), CT20 (Calbio-
chem), and Actin (Sigma). Membranes were washed five times and then
incubated with HRP-conjugated secondary antibodies at room temper-
ature. Quantitative densiometric analyses were performed on digitized
images of immunoblots with NIH ImageJ. The background from each
blot was subtracted from the raw data for each protein band and was then
normalized to the protein loading control �-actin.

EFGP–LC3 and LysotrackerRed quantification. Enhanced green fluo-
rescent protein (EGFP)–LC3 (Plasmid 11546; Addgene) was transiently
transfected using Lipofectamine2000 (Invitrogen). At the time of media
replacement, complete medium alone, with rapamycin (0.2 �M in
DMSO; Calbiochem), or DMSO was used. LysotrackerRed (75 nM;
Invitrogen) was loaded into cells for 30 min before fixation. After
treatment, cells were fixed using 4% paraformaldehyde. The Leica
DM2500 (Leica Microsystems) confocal microscope was used to ob-
tain the images.

Quantifications for EGFP–LC3 and LysotrackerRed were per-
formed using manual counts of puncta per cell on NIH ImageJ. The
identity of the cell type was blinded to the experimenter, and the same
puncta criteria were used throughout. Cells expressing high levels of
EGFP–LC3 were excluded to avoid counting aggregates of GFP and
not autophagosomes.

RNA interference. Transient transfections of small interfering RNA
(siRNA) into SHSY5Y neuroblastomas were performed using the Amaxa
nucleofector system (Kit V; Lonza). Two micromolar of each siRNA
[scramble, 5�-AAATGTGTGTACGTCTCCTCC-3�; PSEN1, validated
Mission siRNA (SASI_Hs01_00043630; Sigma-Aldrich); and PSEN2,
validated Mission siRNA (SASI_Hs01_00033516; Sigma-Aldrich)] was
used, and knockdown was allowed to proceed for 40 h after which protein
extracts were made for immunoblotting. For endoribonuclease-prepared
small interfering RNA (esiRNA), 2 �M of each Mission esiRNA [esiRNA
EGFP, catalog #EHUEGFP; esiRNA PSEN1, catalog #EHU073361; esiRNA
PSEN1, catalog #EHU070541 (Sigma-Aldrich)] was used, and knockdown
was allowed to proceed for 48 h after which protein extracts were made for
immunoblotting.

Stable knockdown of beclin1 in wild-type mouse embryonic fibro-
blasts were performed using short hairpin RNA (shRNA) lentiviral de-
livery. Lentiviral shRNA beclin1 constructs were purchased from Open
Biosystems. shRNAs were cotransfected into 293FT cells together with
packaging plasmids by following the protocol of the manufacturer
(ViraPowerTM Lentiviral Expression Systems kit; Invitrogen). Mouse
embryonic fibroblasts were passaged and plated in a six-well plate and
allowed to adhere for 24 h. Cells were subjected to lentiviral infection in
the presence of polybrene overnight, and media were replaced the fol-
lowing day. After 24 h, cells were selected by treating with media contain-

ing 1.5 �g/ml puromycin. After three to four passages, cells were
considered to have stable knockdown of beclin1 as confirmed by
immunoblot.

Pulse chase for long-lived proteins and long-lived protein proteolysis. Two
protocol were used to assess the breakdown of long-lived proteins. Both
were adapted from Bauvy et al. (2009).

First, to confirm that methionine treatment would not cause au-
tophagy inhibition, cells were incubated with 10 mM L-methionine
(Sigma) for 10 h, and then protein was extracted for immunoblot anal-
ysis. In the first analysis, cells were incubated with media containing 2
�Ci/ml of [ 35S]L-methionine (MP Biomedical) for 18 h. Pulse samples
were then lysed using M-PER protein extraction reagent (Pierce) con-
taining a protease inhibitor cocktail (Complete-mini; Roche). Cells for
chase analysis were then washed with PBS and replaced with media con-
taining 10 mM L-methionine for 1 h. Media were then removed and
replaced again with media containing 10 mM L-methionine for 4 h. The
media were then removed, and cells were lysed using M-PER protein
extraction reagent (Pierce) containing a protease inhibitor cocktail
(Complete-mini; Roche). Protein concentrations were then determined
by the Bradford method. Equal amounts of protein (20 �g) were sepa-
rated by SDS-PAGE on a 4 –12% Bis/Tris gel (Invitrogen). The gels were
then fixed for 1 h and then incubated in Amplify solution (GE Health-
care) for 30 min. The gels were then dried using a slab gel dryer (Savant
SGD-5040; Thermo Fisher Scientific) and exposed to film at room tem-
perature. Quantitative densiometric analyses were performed on digi-
tized images of film using NIH ImageJ.

For the second analysis, control and presenilin-1 and -2 double knock-
out (PSDKO) mice fibroblasts were pulsed with 0.2 �Ci/ml [H 3]L-valine
(MP Biomedical) for 48 h. Cells were then washed extensively, and media
were replaced with 10 mM valine for 1 h. Once more, cells were washed
extensively, and media were replaced with 10 mM valine and 0.2 �M

rapamycin when applicable. Subsequent time points of media and cells
were collected at 4, 8, 12, and 24 h. Rapamycin-treated cells were taken at
12 h. The media was precipitated with tricholoacetic acid (TCA), and the
acid-soluble radioactivity was measured. The cells were washed with cold
10% TCA with 10 mM valine and then lysed with sodium hydroxide, and
the radioactivity was measured. Proteolysis is presented as the percentage
of initial acid-precipitatable radioactivity transformed to acid-soluble
radioactivity.

Proteasome analysis. For immunocytochemical analysis of ubiquitin,
cells were fixed on glass slides with 4% paraformaldehyde. The cells were
then permeabilized and blocked using 10% NGS with Triton X-100 in
PBS. The cells were then incubated overnight at 4°C in the primary
antibody solution (Ubiquitin, 1:200; DAKO). After washing with
PBS, the cells were incubated in the secondary antibody conjugated to
Alexa Fluor-488 (Invitrogen). After washing with PBS, the slides were
then coverslipped and allowed to dry for 48 h before confocal micros-
copy was performed on the Leica DM2500 confocal microscope
(Leica Microsystems).

For fluorogenic proteasome substrate functional analysis using
confocal microscopy, ZsProsensor-1 vector (Clontech) was tran-
siently transfected using the Amaxa nucleofector system (Kit MEF 1;
Lonza). Twenty-four hours after transfection, cells were fixed using
4% paraformaldehyde and coverslipped. After 48 h, confocal micros-
copy was performed on the Leica DM2500 confocal microscope
(Leica Microsystems).

For kinetic fluorogenic proteasome activity assays, cells were homoge-
nized in assay buffer containing 25 mM HEPES, pH 7.5, 0.5 mM EDTA, and
0.05% NP-40. Immediately before the kinetic readings, the proteasome sub-
strates [LLVY-AMC (Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin) for
the chymotrypsin-like, VGR-AMC (Benzoyl-Val-Gly-Arg-amino-4-meth-
ylcoumarin) for the trypsin-like, and LLE-AMC (Benzyloxycarbonyl-Leu-
Leu-Glu-amino-4-methylcoumarin) for the peptidylglutamyl hydrolytic
(PGPH)/caspase-like activity] were added at 75 nM. Readings for
AMC release were taken at 37°C every 1.5 min for 60 –90 min (exci-
tation, 360 nm; emission, 460 nm), on the Synergy HT using KC4
software (Bio-Tek Instruments).

�-Secretase inhibitor treatments. Fibroblasts and N2A neuroblastomas
were treated with �-secretase inhibitor IX [DAPT (N-[N-(3,5-difluorophen-
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acetyl-L-alanyl)]-S-phenylglycine t-butyl ester), 500 nM, catalog #565784;
Calbiochem] and �-secretase inhibitor X [L-685,458 (1S-benzyl-4R-[1-(1S-
carbamoyl-2-phenethylcarbamoyl)-1S-3-methylbutylcarbamoyl]-2 R-
hydroxy-5-phenylpentyl-carbamic acid tert-butyl ester), 200 nM, catalog
#565771; Calbiochem] for 48 h. Protein extracts were then prepared using
M-PER protein extraction reagent (Pierce) with Complete-mini protease
inhibitor cocktail tablets (Roche). Successful �-secretase inhibition was de-
termined using Western blot analysis for C-terminal fragments of amyloid
precursor protein using the antibody CT20.

A� ELISA. A�1-40 and A�1-42 were measured using a sensitive sandwich
ELISA system as described previously (Koike et al., 2010). Briefly, media
were collected from N2A cells treated with vehicle or �-secretase inhibitors
after the full course of treatment. MaxiSorp immunoplates (Nalge Nunc
International) were coated with mAB20.1 (William Van Nostrand, Stony
Brook, NY) antibody at a concentration of 25 mg/ml in Coating Buffer (0.1
M NaCO3 buffer, pH 9.6) and blocked with 3% BSA. Samples were diluted at
1:5 before loading onto ELISA plates in duplicate. Standards of both A�40

and A�42 were made in antigen capture buffer (20 mM NaH2PO4, 2 mM

EDTA, 0.4 M NaCl, 0.5 g of 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate, and 1% BSA, pH 7.0), loaded onto ELISA plates in dupli-
cate, and incubated overnight at 4°C. Plates were washed and then probed
with either HRP-conjugated anti-A�35-40 (MM32-13.1.1 for A�1-40)
or anti-A�35-42 (MM40-21.3.4 for A�1-42) overnight at 4°C. 3,3�,5,5�-
Tetramethylbenzidine was used as the chromagen, and the reaction was
stopped by 30% O-phosphoric acid and read at 450 nm on a Molecular
Dynamics plate reader.

Presenilin rescue into presenilin-1 knock-out cells. pcDNA, wild-type
presenilin-1 cDNA, and �TM1–2 presenilin-1 cDNA were transiently
transfected using Lipofectamine2000 (Invitrogen) into presenilin-1
knock-out (PS1KO) mouse embryonic fibroblasts. Expression was al-
lowed to proceed for 72 h. Protein extracts were then prepared using
M-PER protein extraction reagent (Pierce) with a Complete-mini pro-
tease inhibitor cocktail tablets (Roche).

Rapamycin and lysosome inhibitor treatments. To induce autophagy,
fibroblasts were treated with rapamycin (0.2 �M; Calbiochem) for 24 h.
To inhibit autophagy, fibroblasts were treated with the vacuolar ATPase
inhibitor bafilomycinA1 (100 nM for 7 h; Sigma) or the microtubule
destabilizer nocodazole (50 �M for 2.5 h; Sigma).

Confocal microscopy. Images were acquired on the Leica DM2500 confocal
microscope. Acquisition software used was LAS_AF (Leica Microsystems).
Slides were prepared using Fluromount mounting media (Southern Bio-
technology Associates), and images were acquired at room temperature.
Fluorochromes used are listed under the specific experiment.

Statistics. Data are presented as mean � 1 SEM, with n indicating
number of samples examined. An unpaired Student’s t test or ANOVA
was used to determine statistical significance ( p � 0.05) indicated within
the figure legends. Jmp8 statistical software was used.

Results
Upregulation of autophagy markers in
presenilin-null fibroblasts
Given previous observations that FAD-linked presenilin mutations
were associated with increased lysosomal pathology (Cataldo et al.,
2004) and presenilin 1-null neurons accumulated telencephalin �-
and �-synuclein within degradative organelles (Esselens et al., 2004;
Wilson et al., 2004), we sought to investigate the role of endogenous,
wild-type presenilins in autophagic protein degradation. To this
end, we used mouse embryonic fibroblasts derived from control,
PS1KO, PS2KO, or PSDKO mice.

We first analyzed the steady-state levels of key autophagy-
related proteins in PSDKO mouse embryonic fibroblasts. Be-
cause both presenilins are absent, neither will compensate for
the loss of the other and mask the effect of presenilin loss.
Microtubule-associated protein 1 LC3 is a widely used marker for
autophagosomes as it is converted from a cytosolic form (LC3-I)
to a lipidated form (LC3-II) and inserted into the autophago-
some membrane during vesicle elongation (Kabeya et al., 2000).

Using Western blot analysis, we noted a shift in molecular weight,
signifying the conversion of LC3-I to LC3-II. This finding serves
as an indirect measure of autophagy, because increases in LC3-II
are associated with increased levels of autophagosomes (Kabeya
et al., 2000). Importantly, we observed that presenilin-null fibro-
blasts have a twofold increase in LC3-II levels and a correspond-
ing reduction in LC3-I levels (Fig. 1A,B), suggesting that the
absence of presenilins leads to increases in the number or size of
autophagosomes. Based on this observation, we proceeded to
investigate the signaling pathways that regulate the induction of
autophagy and hence the eventual conversion of LC3-I to LC3-II.

One of the major regulators of autophagy induction is mTOR.
Nutrient and amino acid levels control phosphorylation of
mTOR to suppress or activate autophagy to regulate amino acid
recycling through the lysosome system (Noda and Ohsumi, 1998;
Jung et al., 2010). Phosphorylation of mTOR regulates its activ-
ity, with increased phosphorylation being associated with inhib-
ited autophagy induction. Steady-state levels of mTOR are not
significantly altered between control and presenilin-null fibro-
blasts, but levels of phosphorylated-mTOR (S2448) are decreased
by �50% in the absence of presenilins (Fig. 1A,B). Decreases in
phosphorylated mTOR are consistent with increased conversion
of LC3-I to LC3-II.

Previous reports had shown that presenilins could regulate PI3K
signaling pathways (Baki et al., 2008). Although the effects of prese-
nilins have not been shown to specifically affect the PI3K-complex
III, this complex is involved in a crucial step in the autophagic pro-
cess (Burman and Ktistakis, 2010). The PI3K–complex III, which
allows for autophagic vesicle nucleation to occur, comprises beclin1,
UVRAG, Vps34, Atg14, and p150 (Liang et al., 1999, 2006; Zeng et
al., 2006; Itakura et al., 2008; Lindmo et al., 2008; Yan et al., 2009).
Presenilin-null cells displayed lowered steady-state levels of beclin1
and UVRAG but no alteration in Vps34 or p150 (Fig. 1A,B). Curi-
ously, levels of beclin1 usually positively correlate with levels of
LC3-II and autophagy (Liang et al., 1999; Spencer et al., 2009), and so
diminished levels are at odds with increased LC3-II levels in the
presenilin-null cells.

Given the curious reduction in PI3K complex III proteins, we
next sought to confirm activity within the vesicle elongation step
as we find with LC3. During phagophore vesicle elongation,
Atg12 is covalently conjugated to Atg5 in an ubiquitin-like man-
ner (Mizushima et al., 1998; Hanada et al., 2007). Although un-
able to detect the conjugated form by Western blot, we found
decreased levels of free Atg12 in PSDKO cells, indicating that
Atg12 is likely to be conjugated in the absence of presenilins (Fig.
1A,B). These data again indicate increased autophagosome elon-
gation with presenilin deletion, confirming the result of LC3.

In addition, we find that presenilin-null fibroblasts have altered
SDS-PAGE migration of LAMP2a (Fig. 1A). LAMP2a is a crucial
lysosomal protein for proper autophagy and is posttranslationally
modified to alter its function (Cuervo and Dice, 2000). The molec-
ular weight shift of LAMP2a in presenilin-null cells indicates that the
loss of presenilins is causing LAMP2a to function differently. To-
gether, these results demonstrate that the absence of presenilins al-
ters autophagy markers, indicating that endogenous presenilins play
a critical role in the regulation of autophagy.

Deletion of presenilin-1 or presenilin-2 upregulates LC3-II
Having established that presenilin double knock-out leads to al-
terations in autophagic proteins, we wanted to determine
whether ablation of either presenilin-1 or presenilin-2 could rep-
licate these alterations. Presenilin-1 and -2 are known to have
many redundant but also some unique functions, many related to
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their role in the �-secretase complex
(Tandon, 2002; Lai et al., 2003). To deter-
mine whether presenilin-1 or -2 or both
play a role in autophagy, we used single
knock-out cells and monitored the effects
on key autophagy-related proteins. As was
observed in the PSDKO cells, we found
that ablating either PS1 or PS2 caused lev-
els of LC3-II to increase and resulted in a
decrease in beclin1 (Fig. 1C,D). Our re-
sults for a buildup of LC3-II in PS1KO
cells are in accordance with the recent
finding of Lee et al. (2010). These find-
ings are significant because they provide
strong evidence that both presenilins are
critically involved in regulating au-
tophagy and one cannot compensate for
the loss of the other.

Loss of presenilin increases
autophagosomes and lysosomes
As autophagosomes form, LC3 is altered
to tightly associate with autophagosome
membranes (Kabeya et al., 2000). Transfec-
tion of EGFP–LC3 allows for easy visualiza-
tion of autophagosomes, which appear as
puncta (Klionsky et al., 2007). Given the ro-
bust increases in LC3-II in the presenilin
knock-out fibroblasts, we sought to deter-
mine whether this molecular change in-
duces a cell biological change and a
concomitant increase in autophagosomes.
Hence, we transiently transfected control
and PSDKO fibroblasts with EGFP–LC3
and observed an increase in EGFP–LC3
puncta per cell in presenilin-null cells com-
pared with control cells (18.24 � 1.42 vs
37.13 � 2.45, mean � SEM; unpaired Stu-
dent’s t test, p�0.05) (Fig. 1E,F). This find-
ing provides strong evidence that deleting
presenilins causes an increase in autopha-
gosomes and is consistent with the bio-
chemical evidence showing that LC3-II is
increased.

Alterations in autophagy cannot only be
observed through changes in autophago-
some number but also through changes in
lysosome number (Klionsky et al., 2007). To
determine whether lysosome numbers were
altered in the presenilin-null cells, we used
LysotrackerRed, a fluorescent dye that is
taken up by acidic cellular compartments.
Our studies indicate that the number of LysotrackerRed puncta is
increased per cell in the presenilin-null cells compared with controls
(26.03 � 3.51 vs 50.46 � 2.35, mean � SEM; unpaired Student’s t
test, p � 0.05), which is consistent with abnormal autophagy (Fig.
1G,H). Curiously, these results differ from those of Lee et al. (2010)
because they find a decrease in LysotrackerRed staining with PS1KO.

Knockdown of presenilins in neuroblastomas alters
autophagy markers
Using multiple presenilin knock-out mouse embryonic fibro-
blast cell lines, we found alterations in autophagy and next

wanted to determine whether presenilin is important for au-
tophagy in other cell types. We used RNA interference with
siRNA to transiently knockdown presenilin-1 or presenilin-2 lev-
els in SHSY5Y neuroblastomas. Notably, we found that tran-
siently reducing presenilin-1 or presenilin-2 with a single siRNA
was sufficient to significantly alter autophagy-related proteins
(data not shown). Given the previous data, we wanted to ensure
that the effect on autophagy-related proteins was not attributable
to off-target effects of siRNA. To combat this issue, we used es-
iRNA. esiRNA has the advantage of providing successful reduc-
tion in protein expression while having reduced off-target effects

Figure 1. Loss of presenilin alters autophagy-related proteins and leads to a buildup of autophagosomes. A, B, Presenilin
double knock-out (DKO) fibroblasts have alterations in key autophagy-related proteins by immunoblot. Quantification of Western
blots in A was performed by densiometric analysis and is presented as percentage of control (Con), normalized to actin. Error bars
represent � SEM; n � 4 – 8; unpaired Student’s t test, *p � 0.05. C, D, PS1KO and PS2KO fibroblasts have similar autophagic
protein alterations as PSDKO cells using immunoblot. Quantification of Western blots in C was performed by densiometric analysis
and is presented as percentage of control, normalized to actin. Error bars represent � SEM; n � 3; one-way ANOVA analysis, post
hoc comparison Tukey’s HSD, *p � 0.05. E, F, PSDKO fibroblasts have increased EGFP–LC3 puncta per cell (18.24 � 1.42 vs
37.13 � 2.45, mean � SEM; unpaired Student’s t test, p � 0.05), representing autophagosomes, compared with controls.
Magnification, 63�. Scale bars, 35 �m. Control, n � 87; PSDKO, n � 59. G, H, PSDKO fibroblasts have increased LysotrackerRed
puncta per cell compared with controls (26.03 � 3.51 vs 50.46 � 2.35, mean � SEM; unpaired Student’s t test, p � 0.05).
Magnification, 63�. Scale bars, 35 �m. Control, n � 30; PSDKO, n � 68.
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(Kittler et al., 2007). We find that treatment with esiRNA against
presenilin-1 or presenilin-2 leads to an increase in LC3-II but do
not have any alteration in LC3-I or beclin1 (Fig. 2A,B). The lack
of change in beclin1 expression is in contrast to the single knock-
out profile, indicating that a buildup of LC3-II is one of the first
events on autophagy upon presenilin loss. Additionally, these
data make it unlikely that alterations in autophagy-related pro-
teins from RNAi knockdown are attributable to off-target effects
but instead are attributable to reduction in presenilin expression.
These data provide strong evidence that presenilins are impor-
tant for autophagy in multiple cell types, including in a neuron-
like cell type.

Presenilin-mediated reduction of beclin1 does not cause
buildup of autophagosomes
Given the consistent but unusual finding that presenilin loss re-
duces beclin1 while increasing levels of LC3-II, we determined
whether lowering beclin1 causes LC3-II levels to increase. Hence,
we used a lentiviral shRNA approach to stably knockdown be-
clin1 levels in wild-type fibroblasts and found that reducing be-
clin1 causes a decrease in LC3-I and LC3-II (Fig. 3A,B), which is
consistent with previous findings (Zeng et al., 2006). Therefore,
we conclude that the reduction in beclin1 that occurs with prese-
nilin loss is not leading to their increased in LC3-II and autopha-
gosomes. Most likely, presenilin loss is leading to dysfunction in a
downstream step of autophagy and could be leading to a com-
pensatory decrease in beclin1.

Autophagy-mediated proteolyisis is decreased after loss of
presenilin despite increased autophagosomes
Increases in autophagosomes can indicate either an elevation in
autophagic activity or a disruption of autophagic degradation late

in the pathway at the lysosome, causing
a backup of autophagosomes. Conse-
quently, we monitored the breakdown
of long-lived proteins, considered a sub-
strate of autophagy, by pulse-chase assays,
as a means of gauging general autophagic
activity. As a control, we first confirmed
that high levels of methionine necessary
during the chase period do not inhibit au-
tophagy during the time frame of the assay
(data not shown). Next, we observed ra-
diolabeled soluble, long-lived proteins af-
ter a 4 h chase period. Longer chase time
points were not used because we found
evidence that they began to cause au-
tophagy inhibition attributable to the
high levels of methionine. We found a
modest but significant increase in radiola-
beled proteins in presenilin-null mouse em-
bryonic fibroblasts compared with controls,
whereas differences in the initial amount of
labeled proteins were not found (Fig. 4A,B).
To be sure of this result, we then repeated
this experiment using radiolabeled [H3]L-
valine and measured the percentage prote-
olysis over time. We found a significant
reduction in proteolysis in the PSDKO cells
compared with control cells at every time
point measured (Fig. 4C), confirming the
results of the previous assay. Additionally,
we treated the cells with rapamycin, an acti-
vator of autophagy, and found that, al-

though control cells had an increase in proteolysis because of
treatments, the PSDKO cells did not (Fig. 4D). These data are
consistent with a decreased ability of presenilin-null fibroblasts
to breakdown long-lived proteins, even when autophagy is phar-
macologically activated, most likely because of malfunction in
downstream steps of the autophagic pathway.

No changes in the ubiquitin–proteasome system in
presenilin-null cells
An alternate explanation to account for the decreased proteolysis
but the increased autophagosomes in presenilin-null fibroblasts
would be a deficiency in the other major degradation pathway in
eukaryotic cells, the ubiquitin–proteasome system (UPS). Al-
though the pulse chase, by design, labeled long-lived proteins, it is
still possible for changes in UPS activity to affect the results.
Because there is much crosstalk between autophagy and the UPS,
one might expect to observe a disrupted UPS in addition to dis-
rupted autophagy (Korolchuk et al., 2010).

To determine whether presenilin knock-out cells have altera-
tions in the proteasome, we used Western blotting and immuno-
histochemical analysis to monitor levels and localization of
ubiquitinated proteins, whose levels change if UPS activity is al-
tered (Sun et al., 2006). We could not detect any alterations in
ubiquitinated proteins between control and PSDKO mouse em-
bryonic fibroblasts by Western blot (100 � 11.88 vs 76.88 �
17.56, mean � SEM) or with immunostaining, indicating that
the UPS is unimpaired (Fig. 5A–C).

We next measured proteasome function using fluorogenic
substrates of the proteasome, by transiently transfecting cells
with ZsProSensor, which contains the mouse ornithine decar-
boxylase degradation domain (MODC d410) fused to green flu-

Figure 2. esiRNA mediated knockdown of presenilin in neuroblastomas leads to a buildup of LC3-II. A, B, esiRNA was used to
knockdown levels of PS1 and PS2 in SHSY5Y neuroblastomas. Both treatments led to an increase in LC3-II, whereas LC3-I and
beclin1 were unaltered. Quantification of Western blots in A was performed by densiometric analysis and is presented as percent-
age of control, normalized to actin. Error bars represent � SEM; n � 3– 4; one-way ANOVA analysis, post hoc comparison Tukey’s
honestly significant difference (HSD) test, *p � 0.05.

Figure 3. Knockdown of beclin1 does not cause a buildup of LC3-II. A, B, shRNA was used to stably knockdown beclin1 in
wild-type mouse embryonic fibroblasts. Beclin1 reduction leads to reduction in LC3-I and LC3-II as shown by immunoblot. Quan-
tification of Western blots in A was performed by densiometric analysis and is presented as percentage of control, normalized to
actin. Error bars represent � SEM; n � 4; unpaired Student’s t test, *p � 0.05.
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orescent reef coral protein (Zoanthus
species) (Hoyt et al., 2003). PSDKO cells
displayed no difference in ZsProsensor
fluorescence compared with control cells
(Fig. 5D,E). After that, we used a fluoro-
genic proteasome activity assay for the three
major proteasome activities, chymotrypsin-
like, trypsin-like, and caspase-like activities,
and found no difference between control
and presenilin-null mouse embryonic fi-
broblasts in any of these proteasome acti-
vities (Fig. 5F ). Together, these results
indicate that the buildup of long-lived pro-
teins in presenilin-null cells is not attribut-
able to a deficient UPS system. Therefore,
presenilin loss results in a selective disrup-
tion in autophagy, whereas the proteasome
remains unaffected.

Inhibition of the �-secretase complex
does not alter autophagy-related
proteins
Presenilins are a critical part of the
�-secretase complex, mediating the cleav-
age of many intramembrane proteins
(Selkoe and Wolfe, 2007). Presenilins also
have functions that do not rely on their
�-secretase activity and are therefore
called �-secretase independent. Because
presenilin deletion disrupts �-secretase
activity, a pharmacological approach had
to be used to determine whether the role
of presenilins in autophagy is �-secretase
dependent or independent. Toward this
end, we treated wild-type fibroblasts with
two different types of �-secretase inhibi-
tors for 48 h and monitored the impact of
several critical autophagy-related markers
by Western blot. Notably, we found no
difference in LC3 or beclin1 levels between
treated and untreated cells, although there
was a buildup of APP C-terminal fragments
as shown by CT20 immunoblot (Fig. 6A,B).
To confirm these results, we performed the
same treatments on N2A mouse neuroblas-
tomas for 48 and 96 h. Once more, we found
no difference between treated and untreated
cells in levels of LC3 or beclin1 (Fig. 6C–F).
We confirmed inhibition of �-secretase ac-
tivity attributable to inhibitor treatment
through ELISAs for A�40 and A�42. Both
inhibitors caused a significant decrease in
both species of A�, demonstrating success-
ful inhibition of the �-secretase complex
(Fig. 6G,H). These results are in conjunc-
tion with previous findings that �-secretase
inhibitors are not able to replicate the en-
largement of perinuclear organelles seen
with presenilin loss (Wilson et al., 2004).

Although these data point to a
�-secretase-independent function of pre-
senilins in autophagy, we wanted to fur-
ther test this hypothesis by attempting to

Figure 4. Loss of presenilins decreases proteolysis of long-lived proteins. A, B, PSDKO cells have decreased proteolysis for
long-lived proteins shown by radiolabeled [S 35]L-methionine. Quantification of radiographs in E was performed by densiometric
analysis and is presented as percentage of control. Error bars represent � SEM; n � 3; unpaired Student’s t test, *p � 0.05. Con,
Control; DKO, double knock-out. C, PSDKO fibroblasts again show a decrease in proteolysis for long-lived proteins shown by
radiolabeled [H 3]L-valine measured by scintillation counter. Results are presented as percentage proteolysis. Error bars repre-
sent � SEM; n � 4; unpaired Student’s t test, *p � 0.05. D, PSDKO fibroblasts do not have an increase in proteolysis with
rapamycin treatment (0.2 �M, 12 h time point). Error bars represent � SEM; n � 4; one-way ANOVA, post hoc comparison Tukey’s
HSD, *p � 0.05.

Figure 5. No UPS dysfunction in presenilin-null cells. A, No differences in ubiquitinated proteins by immunoblot were apparent
between wild-type [control (Con)] and presenilin-null [double knock-out (DKO)] fibroblasts (100 � 11.88 vs 76.88 � 17.56).
Quantification of Western blots was performed by densiometric analysis and is presented as percentage of control, normalized to
actin. n � 4; unpaired Student’s t test. B, C, Confocal immunofluorescent microscopy reveals no difference in ubiquitinated
proteins in wild-type (control) and PSDKO fibroblasts. Scale bar, 29 �m. D, E, Transfection with the proteasome reporter ZsPro-
sensor shows no difference in fluorescence intensity between wild-type and presenilin-null cells by confocal microscopy. F, To
assess proteasome activity, lysates of wild-type (control) and presenilin-null fibroblasts were exposed to three proteasome sub-
strates (LLVY-AMC for the chymotrypsin-like, VGR-AMC for the trypsin-like, and LLE-AMC for the PGPH/caspase-like activity). AMC
release was measured and rate of release was quantified as AFU/90 s, revealing no significant differences in proteasome activities
between the two cell types. Error bars represent � SEM; n � 3; unpaired Student’s t test.
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rescue the effect of presenilin knock-out with expression of a
�-secretase dominant-negative presenilin. Therefore, we trans-
fected pcDNA, wild-type PS1, or �TM1-2 PS1 into PS1KO
MEFs. �TM1-2 PS1 expression causes a dominant-negative ef-
fect on �-secretase activity (Murphy et al., 2000). Expression of
wild-type PS1 and �TM1-2 PS1 led to a slight but significant
decrease in LC3-II but did not have an effect on beclin1 (Fig.
6 I, J). These data are in line with previous evidence that the
dominant-negative D257A presenilin-1 mutant can rescue telen-
cephalin accumulations in presenilin-1 knock-out neurons (Es-
selens et al., 2004). Based on these findings, we conclude that the
resulting disruption in autophagy from the genetic ablation of
presenilin is not attributable to the loss of �-secretase activity but

is rather attributable to a �-secretase-
independent function of presenilins.

Rapamycin increases autophagosomes
in both control and PSDKO fibroblasts
Presenilin-null mouse embryonic fibro-
blasts have a buildup of autophagosomes
as reflected by increases in LC3-II and in-
creases in EGFP–LC3 puncta, and, be-
cause of the decreased proteolysis, this is
most likely a result of dysfunction late in
the autophagic pathway. We considered
whether presenilin-null cells could still
actively increase autophagosomes, despite
being defective in autophagy, by using
rapamycin. Rapamycin is a potent inhibi-
tor of mTOR, which is a negative regula-
tor of autophagy. To induce autophagy,
we treated control and presenilin-null fi-
broblasts with rapamycin (0.2 �M, 24 h)
and detected an increase in LC3-II in con-
trol cells, as expected, and a trend toward
an increase in LC3-II in presenilin-null
cells by Western blotting ( p � 0.057) (Fig.
7A,B). Rapamycin treatment also caused
an increase in LysotrackerRed staining
(Fig. 7C–F) and EGFP–LC3 puncta (Fig.
7G–J) in both control and presenilin-null
mouse embryonic fibroblasts. These re-
sults indicate that presenilin-null cells can
still actively increase autophagosomes and
lysosomes but that they are not function-
ing properly to efficiently clear proteins
through the lysosome.

Lysosomal inhibitors fail to increase
LC3-II in PSDKO fibroblasts
The data thus far suggest that genetic
ablation of presenilin leads to au-
tophagic dysfunction late in the path-
way, at the lysosome. To confirm this
hypothesis, we treated the cells with the vac-
uolar ATPase inhibitor bafilomycinA1 and
the microtubule-destabilizing drug nocoda-
zole, both of which will inhibit fusion of au-
tophagosome to lysosome (Yamamoto et
al., 1998; Köchl et al., 2006; Klionsky et al.,
2008). Cells with autophagic dysfunction at
the lysosome will have a buildup in au-
tophagosomes, and inhibition at the lyso-

some will not cause an additional increase in LC3-II/
autophagosomes because the downstream steps of the system are
already not functioning properly. Importantly, we find that
presenilin-null mouse embryonic fibroblasts do not have an addi-
tional increase in LC3-II when treated with bafilomycinA1 or no-
codazole (Fig. 8A–D). These data lead us to conclude a novel
function of presenilins in autophagy at the level of autophagosome–
lysosome interaction or lysosome function.

Discussion
Presenilins are ubiquitous, intramembrane proteins that are
known to have crucial functions in many cellular processes. Here
we report the finding that endogenous, wild-type presenilins are

Figure 6. Inhibiting �-secretase activity has no effect on the levels of key autophagic-related proteins. Two different
�-secretase inhibitors [inhibitor IX at 500 nM (IX) and inhibitor X at 200 nM (X)] were used to assess their effects on key autophagy-
related proteins. A, B, Forty-eight hour �-secretase inhibitor treatments in control fibroblasts had no effect on levels of LC3 and
beclin1 by immunoblot despite a buildup of APP C-terminal fragments. Quantification of Western blots in A was performed by
densiometric analysis and is presented as percentage of control, normalized to actin. Error bars represent � SEM; n � 3; one-way
ANOVA. Veh, Vehicle. C–F, �-Secretase inhibitors have no effect on LC3 or beclin1 after 48 (C, D) and 96 (E, F ) hours of treatment
in N2A cells as shown by Western blot. Quantification of Western blots in C and E was performed by densiometric analysis and is
presented as percentage of control, normalized to actin. Error bars represent � SEM; n � 3– 4; one-way ANOVA. G, H, Inhibitor
concentrations used in A–F at 48 h (G) and 96 h (H ) of treatment inhibit production of both A�40 and A�42 determined by ELISA.
Error bars represent � SEM; n � 4; one-way ANOVA. I, J, Both wild-type (WT) PS1 and a dominant-negative PS1, �TM1-2, were
able to partially rescue the effect of presenilin-1 knock-out on levels of LC3-II. Quantification of Western blots in I was performed
by densiometric analysis and is presented as percentage of control, normalized to actin. Error bars represent � SEM; n � 3– 4;
one-way ANOVA, post hoc comparison Tukey’s HSD, *p � 0.05.
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critical mediators of cellular autophagy.
Genetically ablating presenilins, together
or independently, alters many key au-
tophagic proteins and results in abnormal
buildup in autophagosomes. Notably, in-
creases in LC3-II, indicating a buildup of
autophagosomes, were replicated with
presenilin knockdown in neuroblastoma
cells, demonstrating a role for presenilins
in autophagy in multiple cell types. We
found that presenilin-null cells have de-
creased proteolysis of long-lived proteins,
even when autophagy is pharmacologi-
cally induced, suggesting that they have a
buildup of autophagosomes as a result of
dysfunction in autophagy after autopha-
gosome completion. This conclusion was
validated through the use of lysosomal
inhibitors that did not cause additional
buildup of autophagosomes in presenilin-
null cells despite the ability of these cells
to increase autophagosomes as shown
with rapamycin treatment. Also, we
found this role of presenilin to be
�-secretase independent.

Autophagy is a broad cellular process by
which cytosolic contents are delivered to
the lysosome for degradation. Subcategories
of autophagy described in mammalian
cells include microautophagy, chaperone-
mediated autophagy, and macroautophagy.
Macroautophagy involves the sequestration
of cytosolic contents by a double-membrane structure and degrada-
tion of its contents after fusion with a lysosome and is the type of
autophagy relevant to this work. Autophagy is known to play an
important role in many processes, such as long-lived protein degra-
dation, organelle degradation, aging, neurodegeneration, adapta-
tion to cellular stress, and microbial infection (Mortimore and Pösö,
1987; Ravikumar et al., 2002; Berger et al., 2006; Hara et al., 2006;
Komatsu et al., 2006; Deretic and Levine, 2009; Salminen and
Kaarniranta, 2009).

Presenilins are very important proteins in maintaining proper
cellular and neuronal health, with even conditional forebrain double
knock-out leading to neurodegeneration (Feng et al., 2004; Chen et
al., 2008). Presenilin biology is also directly related to neurodegen-
erative disease as mutations within presenilin can alter �-secretase
function and lead to FAD (Borchelt et al., 1996, 1997; Mann et al.,
1996; Gómez-Isla et al., 1999). These same mutations also lead to
exacerbated lysosomal pathology (Cataldo et al., 2004). One could
postulate that their role in autophagy instigates the early age of onset
found in FAD because of changes in how neurons degrade misfolded
or unwanted proteins. Interestingly, presenilin mutations are also
found in some cases of frontotemporal dementia, but the result of
these mutations to the disease state are, as of now, unknown (Hut-
ton, 2004; Mendez and McMurtray, 2006; Zekanowski et al., 2006;
Bernardi et al., 2009). It is possible that these mutations also lead to
altered autophagy and contribute to the onset and/or progression of
the disease. In addition, common features of many neurodegenera-
tive diseases include protein aggregation and dysfunction in au-
tophagy, so it is possible that presenilins act in many
neurodegenerative diseases through this role.

Presenilins have been implicated in autophagy function pre-
viously. FAD presenilin mutations lead to alterations in lyso-

somal pathology, indicating changes in autophagy (Cataldo et al.,
2004). Also, presenilin-1 knock-out in neurons causes a buildup
of telencephalin, �-synuclein, and �-synuclein within degrada-
tive organelles (Esselens et al., 2004; Wilson et al., 2004). In ad-
dition, presenilin-1 levels increase when autophagy is inhibited,
demonstrating that presenilin expression or degradation is con-
nected to autophagy function (Ohta et al., 2010). Most recently,
presenilin-1 knock-out blastocysts and presenilin-1-deficient
mouse brains were found to be defective in autophagy through
impairment in lysosome acidification (Lee et al., 2010). They also
found acidification deficits in fibroblasts of patients with FAD.
In this work, we present findings that endogenous, wild-type
preseniliin-1 and presenilin-2 are important for overall degrada-
tion through autophagy in multiple cell types and indicate that
presenilins are key regulators of autophagolysosome formation
or lysosome function.

A key alteration found in presenilin knock-out cells is an in-
crease in autophagosomes, demonstrated through increases in
LC3-II and EGFP–LC3 puncta. Traditionally, increases in LC3
are used to indicate heightened autophagy because autophago-
somes increase when autophagy is activated. Given this finding,
we wondered at what step in autophagy does presenilin knock-
out exert its effect and what are the actual functional conse-
quences of the increase in autophagosomes. We addressed the
first question by examining proteins involved in autophagy in-
duction and vesicle nucleation. Interestingly, although activated
mTOR is reduced reflecting an increase in autophagy induction,
the proteins part of the PI3K complex III, beclin1 and UVRAG,
are reduced. Both single and double presenilin knock-outs have
the same reduction in beclin1 whereas LC3-II is increased. In-
creases in beclin1 expression will cause activation of autophagy

Figure 7. Rapamycin further increases autophagosomes and lysosomes in presenilin-null cells. A, B, Rapamycin treatment
leads to increased LC3-II levels in both control and presenilin-null cells. Quantification of Western blots in A was performed by
densiometric analysis and is presented as percentage of control, normalized to actin. Error bars represent � SEM; n � 3; one-way
ANOVA, post hoc comparison Tukey’s HSD, *p � 0.05. Con, Control; DKO, double knock-out; Rap, rapamycin; Veh, vehicle. C–F,
Control and presenilin-null cells treated with rapamycin have increased LysotrackerRed staining compared with vehicle-treated
cells. Scale bars, 14 �m. G–J, Control and presenilin-null fibroblasts treated with rapamycin have increased EGFP–LC3 puncta
compared with vehicle treated. Scale bars, 35 �m.
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(Liang et al., 1999; Spencer et al., 2009), a result that is at odds
with our findings. However, during disease states when au-
tophagy is dysfunctional, there are increases in autophagosomes,
but beclin1 levels are reduced (Pickford et al., 2008). Hence, we
propose that presenilin loss leads to a disease state of autophagy
in which beclin1 levels are reduced but autophagosome numbers
are increased as a result of dysfunction at the lysosome.

Importantly, our data confirm a role for presenilins in au-
tophagy in multiple cell types. We found that even transient re-
duction of presenilin-1 or presenilin-2 was able to cause a
buildup of LC3-II. These results indicate that both presenilins
function in autophagy in multiple cell types. Our data provide the
first evidence of a role for presenilin-2 in autophagy.

To determine the functional consequences of autophagosome
buildup in presenilin knock-out fibroblasts, we examined the
degradation of long-lived proteins. These results confirmed our
hypothesis that presenilin loss leads to a disease state of autophagy as
a significant decrease in the breakdown of long-lived proteins was
observed. Therefore, presenilin loss does not completely stop flux
through the autophagic system but instead causes the system
to become inefficient by disrupting autophagy after autopha-
gosome formation.

Given the autophagic dysfunction in
presenilin knock-out cells, we wanted to
confirm that the dysfunction was occur-
ring after autophagosome formation.
Through rapamycin treatment, presenilin
knock-out cells show ability to actively in-
crease autophagosomes, suggesting that
autophagy up to autophagosome forma-
tion is functionally able in these cells. In-
hibitors of the lysosome bafilomycinA1
and nocodazole do not cause an addi-
tional increase in LC3-II to show that pre-
senilin knock-out does, in fact, result in
dysfunction in autophagy at the lysosome.
With these results, presenilins could ei-
ther be necessary for proper autophagoly-
sosome formation or for proper lysosome
function. In conjunction with this finding,
telencephalin accumulations in presenilin-1
knock-out neurons are not acidified nor do
they have lysosomal components, also dem-
onstrating a possible dysfunction in fusion
(Esselens et al., 2004). The findings of Lee et
al. (2010) demonstrated a deficit in lyso-
somal acidification with presenilin-1
knock-out. In contrast to this, we find in-
creased LysotrackerRed staining in PSDKO
cells, indicating no deficits in lysosomal
acidification, despite robust impair-
ments in autophagic degradation. This dis-
crepancy may arise as a result of the different
cell types used or the fact that both preseni-
lins are absent rather than just PS1. Our data
raise the possibility that presenilins might
function at the lysosome in another manner
besides lysosome acidification. Although
there may be multiple mechanisms at work,
it is clear that both presenilins are required
for efficient autophagic degradation and
that our combined works independently
highlight the important role of

�-secretase-independent presenilin regulation of protein
clearance.

Many presenilin interacting proteins have been identified, in-
cluding the other necessary members of the �-secretase quartet. A
study by the De Strooper group purified tagged presenilins from
PSDKO MEFs and characterized the presenilin interactome
(Wakabayashi et al., 2009). Of note, they confirmed our previous
finding of presenilin interacting with the endoplasmic reticulum
calcium pump SERCA (sarcoendoplasmic reticulum Ca 2�-
ATPase) (Green et al., 2008) but also identified several proteins
involved in membrane trafficking, amino acid transport, and
vacuolar ATPase subunits. It could be that these any groups of
proteins are involved in the regulation of autophagic degradation
by presenilin.

Presenilin knock-out will result in loss of �-secretase activity
(Herreman et al., 2000). �-Secretase has many substrates and
therefore many downstream cellular functions (Parks and Curtis,
2007; Selkoe and Wolfe, 2007), a possible mechanism by which
presenilin loss causes dysfunctional autophagy. We find that
�-secretase inhibitors yield no effect on autophagic protein levels
to indicate that the function of presenilins in autophagy is
�-secretase independent. This result is in conjunction with pre-

Figure 8. Lysosomal inhibitors increase LC3-II in wild-type but not presenilin-null cells. A, B, Immunoblot analysis of wild-type
and PSDKO fibroblasts reveals that treatment with the lysosomal inhibitor bafiloymycinA1 (100 nM) increases LC3-II only in control
but not presenilin-null cells. BafA1, BafiloymycinA1; Con, control; DKO, double knock-out; Veh, vehicle. C, D, Immunoblot analysis
of wild-type and PSDKO fibroblasts with another lysosomal inhibitor, nocodazole (Noc; 50 �M) also increases LC3-II only in control
but not presenilin-null cells. B, D, Quantification of Western blots in A and C was performed with densiometric analysis and is
presented as percentage of control, normalized to actin. Error bars represent � SEM; n � 3; unpaired Student’s t test, *p � 0.05.
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vious findings that telencephalin and synuclein accumulations
found in presenilin-1 knock-out neurons is not replicated with
�-secretase inhibitors and can be rescued with expression of
D257A PS1 mutant (Esselens et al., 2004; Wilson et al., 2004).

Our data combined with others show a role for presenilins in
the regulation of protein turnover through the autophagosome–
lysosome system by mediating autophagosome–lysosome inter-
action or lysosome function. Our data indicate a dysfunction in
the breakdown of overall long-lived proteins with presenilin
knock-out and, unlike other studies, demonstrate a role for both
presenilin-1 and presenilin-2 in autophagy.
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