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Alzheimer’s disease (AD) has been associated with altered activity of glycogen synthase kinase 3 (GSK3) isozymes, which are pro-
posed to contribute to both neurofibrillary tangles and amyloid plaque formation. However, the molecular basis by which GSK3
affects the formation of A� remains unknown. Our aim was to identify the underlying mechanisms of GSK3-dependent effects
on the processing of amyloid precursor protein (APP). For this purpose, N2a cells stably expressing APP carrying the Swedish
mutation were treated with specific GSK3 inhibitors or transfected with GSK3�/� short interfering RNA. We show that inhibi-
tion of GSK3 leads to decreased expression of APP by enhancing its degradation via an increase in the number of lysosomes. This
induction of the lysosomal/autophagy pathway was associated with nuclear translocation of transcription factor EB (TFEB), a
master regulator of lysosomal biogenesis. Our data indicate that GSK3 inhibition reduces A� through an increase of the degra-
dation of APP and its carboxy-terminal fragment (CTF) by activation of the lysosomal/autophagy pathway. These results suggest
that an increased propensity toward autophagic/lysosomal alterations in AD patients could have consequences for neuronal
function.

The Ser/Thr kinase glycogen synthase kinase 3 (GSK3) has been
shown to be a key regulator in the molecular pathogenesis of

Alzheimer’s disease (AD). The two isozymes of GSK3, � and �,
display nearly identical sequences in their kinase domains, but not
much is known about their isoform-specific function (17).

GSK3 activity might be increased in AD through changes in its
phosphorylation state as well as expression levels, although direct
evidence for this is still limited at present (4, 22). GSK3 has been
proposed to contribute to both neurofibrillary tangles and amy-
loid plaque formation. This is based on evidence that GSK3 phos-
phorylates protein tau and also amyloid precursor protein (APP),
thereby promoting A� production (3). GSK3� transgenic mice
have impaired long-term potentiation (LTP) in CA1, while the
induction of LTP appears to decrease kinase activity as indicated
by phosphorylation of Ser9 (13, 14). In addition, tyrosine phos-
phorylation of GSK3 is increased in AD transgenic mice early in
life by soluble amyloid species (38). Interestingly, exposure of hip-
pocampal neurons to A� has been shown to increase GSK3� ac-
tivity (36). As active GSK3� triggers not only phosphorylation of
tau but also other events that could contribute to cell death, a
major part of AD pathology could result from increased GSK3
activity.

On the other hand, treatment with LiCl, a well-known and
widely used but nonspecific GSK3 inhibitor in cultured neuronal
cells and Tg2576 mice, resulted in different outcomes, from re-
duced A�40 and A�42 loads (23, 34, 35) to increased A� genera-
tion (6, 8). A recent study treating the double transgenic APP/Tau
mouse model with a novel specific GSK3 inhibitor resulted in
lower levels of tau phosphorylation, decreased A� deposition and
plaque-associated astrocytic proliferation, neuronal protection,
and prevention of memory deficits (31). Combined data point to
a damaging cycle of amyloid generation and GSK3 activation, but
the molecular mechanisms by which GSK3 affects the formation
of A� and neurofibrillary tangles remain unknown.

In this study, our aim is to define the molecular and cellular
basis for GSK3 effects in APP processing. We have found that
GSK3 affects the degradation of APP and its carboxy-terminal
fragments (CTFs) by inducing lysosomal biogenesis and conse-
quently altering A� generation. This potential neuroprotective
effect of GSK3 inhibition in AD is relevant in a disease that is
characterized by autophagy dysfunction (21).

MATERIALS AND METHODS
Reagents and antibodies. Antibodies used were 6E10 (against A�1-16)
from Covance; 4G8 (against A�17-24) from Covance; 140 (against the
carboxy terminus of APP) (described earlier [37]); 5313 (against the N
terminus of APP), a kind gift from Christian Haass (Munich University);
and monoclonal anti-�-actin, -LAMP-1, and -LC3 antibodies from Ab-
cam. Antibodies against FLAG, p62, transcription factor EB (TFEB), and
ATG5 were purchased from Sigma. Anti-beclin-1 (anti-BEC1) antibody
was purchased from BD Biosciences. Monoclonal GSK3�/� was from
Biosource. Tissue culture reagents were obtained from Invitrogen. GSK3
inhibitors VIII and XI were obtained from Calbiochem. PS1 proteasome
inhibitor was from Zymed Laboratories. 3-Methyladenine (3-MA),
MG132, and all other chemicals were purchased from Sigma.

Cell culture. A murine neuroblastoma cell line stably transfected with
the APP-695 Swedish mutation (K595N/M596L) was used and is referred
to here as N2asw (provided by Gopal Thinakaran, University of Chicago).
Cells were maintained in a selective and undifferentiated state using the
antibiotic G-418 at a final concentration of 0.2 mg/ml in Dulbecco’s mod-
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ified Eagle’s medium (DMEM) and OPTI-MEM (GIBCO) supplemented
with 5% fetal bovine serum (FBS) and penicillin-streptomycin.

Chinese hamster ovary (CHO) cells inducibly expressing the C-termi-
nal fragment of APP (APP-CTF) (C99) were obtained from Satoru
Funamoto (Doshisha University, Japan). Cells were cultured in F12 me-
dium containing 10% FBS, penicillin-streptomycin, and 250 �g/ml zeo-
cin. For �-CTF expression, cells were incubated overnight with 1 �g/ml
tetracycline. HEK-293 cells stably transfected with the LC3-green fluores-
cent protein (LC3-GFP) construct were obtained from Sharon Tooze
(Cancer Research UK, London, United Kingdom) (7). Cells were grown
in DMEM supplemented with 10% FBS and penicillin-streptomycin. All
cell lines were grown in a 5% CO2 incubator at 37°C.

Cells were treated with two cell-permeable, isotype-specific inhibitors
(Calbiochem GSK3 inhibitors VIII and XI) and with LiCl, a nonspecific
GSK3 inhibitor (Sigma). The Calbiochem inhibitors were dissolved in
dimethylsulfoxide (DMSO) and used at the concentrations stated in the
figures. To verify the inhibition of GSK3 and to determine the appropriate
concentrations of GSK3 inhibitors to be used in our assay, we previously
proved that the levels of �-catenin expression were increased by incuba-
tion with these inhibitors by Western blotting of nuclear fractions of
N2asw cells (data not shown).

Cells were transfected using the standard calcium phosphate method
with Fugene (Roche) or Lipofectamine 2000 (Invitrogen). The following
plasmid constructs were used: GFP-LC3 (from Stefan Grimm, Imperial
College, London, United Kingdom) and TFEB cDNA (from Andrea Bal-
labio, Telethon Institute of Genetics and Medicine, Naples, Italy). Short
interfering RNA (siRNA) for GSK3�/� was obtained from Cell Signaling,
BEC1 siRNA was purchased from Qiagen, and TFEB siRNA and ATG5
siRNA were from Dharmacon.

Western blotting. Cell lysates and brain homogenates were extracted
with radio immunoprecipitation assay buffer (1% Triton X-100, 1% so-
dium deoxycholate, 0.1% SDS, 150 mM NaCl, and 50 mM Tris-HCl, pH
7.2) supplemented with Roche Complete protease inhibitor cocktail.
Equal amounts of protein (20 to 50 �g) samples were separated in SDS-
PAGE gels, followed by immunoblotting with primary antibodies, and
were detected with horseradish peroxidase (HRP)-conjugated secondary
antibody in 5% nonfat dried milk in Tris-buffered saline with Tween
(TBST). Membranes were developed using ECL (GE Amersham, United
Kingdom) reagents and Hyperfilm ECL autoradiography film in an auto-
mated developer from Konica (SRX 101A). The intensity of the bands was
quantified by densitometric scanning with ImageJ (NIH) and normalized
to �-actin.

Determination of secreted A� and APP ectodomain. Soluble APP
(sAPP) and A� secreted into the medium were obtained by harvesting the
medium from N2asw cells. The volume of medium used was adjusted to
protein concentrations measured in total cell lysates. An aliquot of the
medium was run on a NuPage 4 to 12% Tris-glycine gel (Invitrogen), or
A� was pulled down overnight at 4°C using Sepharose-protein A (Zymed)
and 4G8, a monoclonal antibody recognizing amino acids 17 to 42 of
human A� (Covance). Samples were then loaded in NuPage 4 to 12%
Tris-glycine gels and transferred onto nitrocellulose membranes. The
membrane was boiled in 1� phosphate-buffered saline (PBS) for 5 min,
blocked with nonfat milk, and incubated with 6E10 antibody (a mono-
clonal antibody recognizing amino acids 1 to 17 of human A�; Covance)
at 1/1,000. Total APPs were detected with antibody 5313 against the N
terminus of APP. Membranes were incubated with HRP-conjugated sec-
ondary antibody in 5% nonfat dried milk in TBST and developed using
ECL (GE Amersham, United Kingdom).

Subcellular fractionation. Cultured N2asw cells were mechanically
broken in hypotonic buffer (10 mM Tris, 1 mM EDTA, 1 mM EGTA) with
Roche Complete Mini protease inhibitor cocktail. Samples were then cen-
trifuged at 5,000 rpm for 5 min. The supernatant containing the mem-
brane and cytosol fractions was then centrifuged for 45 min at 13,000 rpm
at 4°C.

Analysis of APP CTFs. Membranes were separated by electrophoresis
using 4 to 12% NuPage gels, and the CTFs were analyzed by immunoblot-
ting with antibody 140 and developed as detailed earlier (30).

Enzymatic activity. The enzymatic activity of �-secretase was mea-
sured by a fluorimetric reaction (R & D Systems) using a fluorimeter
(Spectramax Gemini) using approximately 75 �g of protein lysate per well
(18).

Electron microscopy. N2asw cells incubated on coverslips were
washed thrice in serum-free DMEM and fixed in 4% paraformaldehyde
and 1% glutaraldehyde in 0.1 mol/liter sodium cacodylate buffer (pH 7.2)
overnight at room temperature. Following fixation, coverslips containing
cells were treated with reduced 1% osmium followed by 1% tannic acid.
Samples were processed for en face embedding in epon resin. Ultrathin
sections were collected from a depth of approximately 2 �m, stained with
2% aqueous solution of uranyl acetate and Reynold’s lead citrate, and then
observed using a transmission electron microscope (Tecnai G2 Spirit;
FEI). Images were captured on a digital camera (Eagle; FEI). The number
of lysosomes per cell was counted for at least 30 cells per condition in
images taken at a magnification of � 67,900 (64 mm2).

Immunocytochemistry. N2asw and HEK-293 cells were seeded on
glass coverslips and treated with inhibitor VIII overnight. For immuno-
cytochemical detection of APP and lysosomes, antibodies 140 and LAMP1
were used. Briefly, coverslips were blocked in 3% bovine serum albumin
(BSA) in 0.025% saponin. Primary antibodies were anti-APP (140) at
1/500 and anti-LAMP1 at 1/200, and they were incubated for 1 h at room
temperature (RT) in 1% BSA– 0.025% saponin. After five 5-min washes,
Alexa Fluor secondary antibodies (488 and 594) were incubated for 1 h at
RT in 1% BSA– 0.025% saponin. For TFEB staining, cells were fixed in
methanol. Cells were counterstained with 4=,6-diamidino-2-phenylin-
dole (DAPI) and mounted with ProLong (Invitrogen). Z-stacks were cap-
tured on a Leica LAS AF SP5 confocal microscope with a 63� optical oil
immersion lens and 2.5� digital zoom with a sequential scan between
channels. Briefly, 5 randomly selected fields were captured per treatment
and analyzed using ImageJ and the Imaris 7.3.0 CoLoc plugin.

Lysotracker staining. Organelles with low internal pH were labeled
by Lysotracker Red DN-99 (Invitrogen) to a final concentration of 75
nM for 2 h. This medium was aspirated and washed once quickly in
PBS to remove unbound Lysotracker and finally fixed in 2% parafor-
maldehyde (PFA) for 15 min. Coverslips were counterstained with
DAPI and mounted in ProLong antifade (Invitrogen) and left to cure
overnight before sealing. As an internal control, bafilomycin A1 was
used (see Fig. 5A).

Pulse-chase experiments. Pulse-chase experiments were performed
as described previously (29). N2asw cells were starved in methionine-free
medium, pulsed in 20 �M [35S]methionine (PerkinElmer and ICIS) for
20 min, and chased for up to 8 h with DMEM with excess methionine. Cell
lysates were immunoprecipitated with antibody 6E10 and run in 10% SDS
gels. Gels were dried at 85°C, and the signal was enhanced with 1 M
sodium salicynate. Gels were exposed to Amersham Hyperfilm MP (GE
Healthcare). APP levels in cell lysates were quantified by densitometric
scanning with ImageJ (NIH) and calculated as the percentage of expres-
sion for each time point relative to that at time point 0.

Statistics. Data were statistically analyzed with GraphPad Prism 5 by
using either one-way analysis of variance (ANOVA) (followed by either a
Dunnett’s test when referring to the control only or Tukey’s post hoc test
otherwise) or the Student t test.

RESULTS
Effects of GSK3 inhibition on A� generation. To confirm
whether GSK3 affects A� generation, we measured A� levels by
Western blotting in media from N2asw cells incubated in the ab-
sence or presence of various GSK3 inhibitors. The concentrations
used were based on published reports to avoid cell toxicity (2). We
observed a significant decrease in A� by incubation with the spe-
cific commercial GSK3 inhibitors VIII and XI (Fig. 1A). In con-
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trast, LiCl did not reduce A� generation. GSK3�/� knockdown by
siRNA (Fig. 1B) confirmed the reduction in A� generation ob-
served with the specific inhibitors (Fig. 1C).

We then determined whether GSK3 inhibition affected
�-secretase activity by measuring the levels of soluble APP�
(sAPP�) in media. Inhibition of GSK3 by inhibitor VIII led to a
significant decrease in total sAPP (Fig. 1D), in particular sAPP�
(Fig. 1E). However, the activity of �-secretase measured by a flu-
orescence assay did not show any changes (Fig. 1F), which indi-
cates that the reduction of sAPP� is due to a decrease in the sub-
strate (total full-length APP) rather than a change in �-secretase
activity.

GSK3 affects the levels of full-length APP. Because GSK3 in-
hibition affects the secretion of sAPP�, we determined whether
the reductions in sAPP� and A� also involved changes in its pre-
cursor protein, APP, by measuring the expression of full-length
APP in cell lysates from N2asw cells. Western blotting experi-
ments using an antibody against the carboxy terminus of APP
demonstrated a reduction in the expression of full-length APP in
cells incubated with the GSK3 inhibitor VIII (Fig. 2A). The same
results were observed in cells transfected with GSK3�/� siRNA
(Fig. 2B). To investigate whether the downregulation of APP was a
consequence of decreased transcription, experiments were per-

formed in the presence of actinomycin D (a transcriptional inhib-
itor), which showed further reductions in APP levels in the pres-
ence of GSK3 inhibitor (Fig. 2C), indicating that the effect of
GSK3 inhibition on APP was indeed independent of transcrip-
tional regulation. In addition, semiquantitative PCR analysis was
performed, demonstrating no changes in APP mRNA levels (data
not shown).

We then examined whether GSK3 inhibition caused any alter-
ation in the stability of APP by pulse-chase experiments. Cells
transfected with GSK3�/� siRNA showed a more rapid APP re-
duction than control cells (Fig. 2D). Therefore, these results indi-
cate that GSK3 inhibition influenced the APP degradation rate
(Fig. 2D).

We thus investigated the possibility that GSK3 activity stimu-
lates an alternative, proteasome-dependent processing pathway of
APP. N2asw cells were incubated with GSK3 inhibitors in the
presence or absence of the proteasome inhibitor MG132 or PS1.
Because both inhibitors did not completely abolish the effect of
GSK3 inhibition, we concluded that proteasomal degradation was
not entirely responsible for the effects of GSK3 on APP degrada-
tion (Fig. 2E and F).

GSK3 inhibition affects the degradation of APP via au-
tophagy. We then explored the hypothesis that GSK3 inhibition

FIG 1 GSK3 inhibition reduces A� generation independently of �-secretase. (A) Representative Western blot and quantification of secreted A� (4 kDa) in media
from N2asw cells treated overnight with vehicle (DMSO) or various GSK3 inhibitors, including inhibitors VIII (5 �M) and XI (10 �M; Calbiochem) and lithium
chloride (20 mM) (n � 12). Cntrl, control. (B) Representative Western blot of GSK3�/� showing reductions in GSK3 expression after transfection with GSK3�/�
siRNA (10 nM). (C) Secreted A� was also reduced in media from cells transfected with GSK3�/� siRNA (n � 9). (D) Total sAPP in media from cells treated with
GSK3 inhibitor VIII (5 �M) (n � 9). (E) Levels of the secreted sAPP� (96 kDa) fragment were determined in media from cells treated with GSK3 inhibitors,
including inhibitors VIII (5 �M) and LiCl (5 mM) (n � 18). (F) Enzymatic activity of �-secretase was monitored by a commercial fluorometric assay in
membrane preparations from N2asw cells using GSK3 inhibitor VIII (5 �M) (n � 9). Bars represent means � standard errors of the means (SEM). Asterisks
represent significant differences between control and treated cells (determined by one-way ANOVA, Tukey’s post hoc test, or Student’s t test). *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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favors APP degradation via the autophagy pathway. The effects of
GSK3 on autophagy induction have been highly controversial (12,
25, 27, 28). Therefore, to determine whether GSK3 inhibition af-
fected autophagy formation, we next incubated N2asw cells trans-
fected with a LC3-GFP construct with GSK3 inhibitor VIII. LC3 is
a selective marker for autophagy, which appears diffuse in normal
conditions (LC3-I) and becomes punctate when it is lipidated and
cleaved to form LC3-II that is associated with membranes of au-
tophagy (19). As shown in Fig. 3A, inhibition of GSK3 increased
the formation of LC3-positive puncta. To support these data, a
stable HEK-293 cell line with LC3-GFP was used, and it exhibited
the same effects as those of N2asw cells (Fig. 3B). Quantification of
LC3-II puncta in HEK-293 cells showed a significant increase by
GSK3 inhibition (Fig. 3B). To further validate these results, N2asw
cells were incubated with increasing concentrations of GSK3 in-
hibitor VIII. Cell lysate proteins were separated by gel electropho-
resis and blotted with anti-LC3 antibodies (Fig. 3C). Quantifica-
tion of the LC3-I (18 kDa) and LC3-II (16 kDa) bands showed that
N2asw cells respond to serum deprivation by the formation of
LC3-II, and that GSK3 inhibitor VIII treatment is associated with
increased conversion of LC3-I into LC3-II (Fig. 3C). To determine
whether inhibitor VIII-induced accumulation of LC3-II is caused
by enhanced formation of autophagic vacuoles or the blockage of

autophagic vacuole degradation, we treated cells with inhibitor
VIII in the absence or presence of the inhibitors of lysosomal
proteolysis, leupeptin (200 �M) and NH4Cl (20 mM), for 4 h. As
shown in Fig. 3D, LC3-II levels were further accumulated in the
presence of lysosome protease inhibitors, indicating an enhance-
ment of the autophagy flux (20). These results were also supported
when the degradation of p62, another protein whose levels are
decreased with increased autophagy flux, was drastically reduced
upon GSK3 inhibitor application (Fig. 3E).

We then tested whether or not the effect of GSK3 on APP is
maintained under conditions in which autophagy is inhibited.
Cells incubated in the presence of the autophagy inhibitor
3-methyladenine (3-MA) partially reversed the effect of the GSK3
inhibitor on the expression of full-length APP (Fig. 4A). To fur-
ther advance our understanding of the role of autophagy in the
degradation of APP in response to GSK3 inhibition, we studied
the consequences of autophagy disruption by treating N2asw cell
cultures with BEC1 siRNA. An increase in APP expression was
detected in BEC1 knockdown N2asw cells (Fig. 4B), suggesting
that APP degradation involves autophagy. In addition, BEC1 de-
ficiency prevented the effect of GSK3 inhibition on APP degrada-
tion (Fig. 4B). This conclusion is supported by the finding that

FIG 2 Inhibition of GSK3 affects the stability of full-length APP. (A) Representative Western blots and quantification of APP protein expression levels in N2asw
cells treated with GSK3 inhibitor VIII (5 �M) (n � 9). (B) Representative Western blots and quantification of APP protein expression in N2asw cells transfected
with GSK3�/� siRNA (n � 9). (C) Representative Western blots and quantification of APP protein expression in the presence of actinomycin D (1 �g/ml) shows
a decrease in the presence of inhibitor VIII (n � 3). (D) Pulse-chase analysis of N2asw cells transfected with GSK3�/� siRNA. Cells were labeled with
[35S]methionine for 10 min and chased for the indicated time periods. APP was immunoprecipitated from cell lysates using 6E10 antibody (n � 4). (E)
Representative Western blots and quantification of APP protein expression levels in N2asw cells treated with GSK3 inhibitor VIII (5 �M) with or without the
proteasomal inhibitor MG132 (50 �g/ml) overnight (n � 9). (F) Representative Western blots and quantification of APP protein expression levels in N2asw cells
treated with GSK3 inhibitor VIII (5 �M) with or without the proteasomal inhibitor PS1 (10 �g/ml) overnight (n � 6). Bars represent means � SEM. Asterisks
represent significant differences between control and treated cells (determined by one-way ANOVA, Tukey’s post hoc test, or Student’s t test). *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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knockdown of Atg5 attenuated the effect of GSK3 inhibition on
APP (Fig. 4C).

Because it was previously demonstrated that autophagy is also
effective in the clearance of APP-CTFs (37, 39), we determined
whether inhibition of GSK3 reduced CTF levels as well. N2asw
cells incubated with GSK3 inhibitor VIII showed decreased levels
of CTF expression, and again this effect did not occur after silenc-
ing Atg5 expression (Fig. 4D). In addition, a reduction was ob-
served in CHO cells permanently transfected with a C99 fragment
after specific GSK3 inhibition (Fig. 4E).

An efficient autophagic process relies on the fusion of autopha-
gosomes with lysosomes and activity of lysosomal hydrolases (32).
Treatment with leupeptin (100 �M for 7 h) to inhibit lysosomal
cysteine proteases significantly reduced the stimulated degrada-
tion of APP by GSK3 inhibition (Fig. 4F).

GSK3 inhibition induces lysosomal biogenesis. To determine
whether GSK3 indeed affected the lysosomal system, we first per-
formed immunofluorescence labeling of lysosomes with Lyso-
tracker (Fig. 5A) or antibodies against LAMP-1 (Fig. 5C). Inter-

estingly, GSK3 inhibition led to a striking increase in lysosomal
staining. To further confirm our findings, electron microscopy
studies were conducted on N2asw cells in the absence or pres-
ence of GSK3 inhibitor VIII (Fig. 5B). In agreement with the
immunofluorescence results, we observed that GSK3 inhibi-
tion increased the number of lysosomes, in particular primary
lysosomes (Fig. 5B).

To explore whether APP localization in lysosomes was altered
after GSK3 inhibition, we performed double immunofluores-
cence labeling with APP and LAMP-1 antibodies. Costaining of
LAMP-1 and APP revealed limited localization of APP and/or its
CTFs in lysosomes. APP was mainly detected in juxtanuclear com-
partments, which is indicative for the Golgi complex. The low
levels of APP in lysosomes might result from efficient degradation
of APP in these compartments, which is consistent with previous
reports (37) (Fig. 5C). Exposure to GSK3 inhibitor VIII increased
accumulation of APP in lysosomes (Fig. 5C).

It was recently reported that the transcription factor EB
(TFEB), which coordinates lysosomal formation (26), could func-

FIG 3 GSK3 inhibition induces autophagy pathway. (A) GSK3 inhibition induces autophagy. N2asw cells transfected with LC3-GFP cDNA were incubated for
18 h in serum-free media containing GSK3 inhibitor VIII (5 �M) and visualized with an epifluorescence microscope, and images were captured with a digital
camera (�20 magnification). (B) HEK-293 cells stably transfected with LC3-GFP cDNA were incubated for 18 h in serum-free media containing GSK3 inhibitor
VIII (5 and 10 �M) and visualized with Z-stacks from a Leica LAS AF SP5 confocal microscope (�63 optical magnification and 2.5� digital zoom). Quantifi-
cation of punctum LC3 vesicles in those cells shows increased numbers with specific GSK3 inhibition. (C) Representative Western blot and quantification of LC3
in N2asw cells. Cells were incubated in serum-free media containing different concentrations of GSK3 inhibitor VIII, with or without the autophagy inhibitor
3-MA (500 �M) or the autophagy inducer rapamycin (20 �M) for 16 h. The intensity of the LC3-I and LC3-II bands was measured, and results are expressed as
the ratio of LC3-II to total LC3 and LC3-II with respect to �-actin values (n � 9). (D) Autophagy flux was determined in N2asw cells by incubation with or
without the inhibitors of lysosomal proteolysis, leupeptin (200 �M) and NH4Cl (20 mM), for 4 h. The LC3-II/�-actin ratio was quantified and is represented (n �
4). (E) Representative Western blot and quantification of APP, p62, and �-actin of cell lysates from N2asw cells incubated for 18 h in serum-free media containing
GSK3 inhibitor VIII (5 �M) or DMSO. Bars represent means � SEM. Asterisks represent significant differences between control and treated cells (determined
by one-way ANOVA, Tukey’s post hoc test, or Student’s t test). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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tion as a regulator of autophagy (33). Interestingly, GSK3 was
identified as a potential kinase that phosphorylates TEFB (33). To
investigate the relationship between GSK3 signaling and TFEB, we
incubated N2asw cells transfected with Flag-tagged TFEB with
GSK3 inhibitor VIII. Immunostaining of TFEB showed that GSK3
inhibition resulted in efficient TFEB nuclear translocation (Fig.
6A). In addition, we performed Western blotting of TFEB FLAG
tag in nuclear extracts from cells treated with vehicle or with the
inhibitor VIII, observing an increase of TFEB in the nuclear frac-
tion when GSK3 was inhibited (Fig. 6B). The same results were
obtained when we examined the endogenous TFEB nuclear trans-
location (Fig. 6C). To evaluate the relevance of TFEB on APP
degradation, we decreased TFEB expression by siRNA in N2asw
cells. Compared to control cells, silencing of TFEB attenuated the
reduction in APP expression induced by GSK3 inhibition
(Fig. 6D), supporting the hypothesis that TFEB nuclear transloca-
tion is essential to mediate the effects of GSK3 inhibition on APP
degradation.

Taken together, these results suggest that the effect of GSK3
inhibition on APP involves enhanced lysosomal/autophagosomal
activity due to an increase in lysosome biogenesis induced by
TFEB transcriptional regulation.

DISCUSSION

Activation of GSK3 is found in a number of degenerative diseases,
including AD, Parkinson’s disease, Huntington’s disease, schizo-
phrenia, and diabetes (10, 13). Factors such as excessive caloric
diet, hypertension, and aging, which have been associated with
deficiency in insulin signaling and higher GSK3 activity, could
affect the accumulation of aggregated proteins that are involved in
neurodegenerative disorders, such as AD (17). Therefore, GSK3
has become an interesting target, since it links aging, metabolic
disease, inflammation, protein aggregation, and cell death (13).
Because brain GSK3 activity is increased in AD brains, this could
have consequences for protein aggregation, A� generation, tau
phosphorylation, and synaptic loss.

Over the last decade, there has been a lot of debate on the effects
of GSK3 inhibition by LiCl as a therapeutic tool for AD based on
studies using LiCl in different cell lines and animal models of AD.
Some reports have shown beneficial effects of lithium in lowering
A� load (23, 34, 35); however, there are many other studies that
suggest that LiCl either has no effect or can aggravate A� produc-
tion (6, 8). This inconsistency is likely due to the nonspecific ac-
tion of LiCl. In this study, we tested two commercial cell-perme-
able and highly selective inhibitors of GSK3, with the advantage of

FIG 4 GSK3 inhibition induces APP and CTF degradation via autophagy/lysosomal pathway. (A) Representative Western blot and quantification of APP
expression in N2asw cells incubated with the autophagy inhibitor 3-MA (500 �M) (n � 4). FL, full length. (B) Representative Western blot and quantification
of full-length APP expression of N2asw cells transfected with the control or siRNA for BEC1 in the presence or absence of GSK3 inhibitor VIII (5 �M) (n � 9).
(C) Representative Western blot and quantification of APP full-length expression of N2asw cells transfected with control siRNA or siRNA for ATG5 in the
presence or absence of GSK3 inhibitor VIII (5 �M) (n � 8). (D) Representative Western blot and quantification of total CTFs of APP in N2asw cells transfected
with control siRNA or siRNA for ATG5 treated with GSK3 inhibitor VIII (5 �M) (n � 3). (E) Representative Western blot and quantification of CTF (12 kDa)
levels in CHO cells stably transfected with APP-C99 and treated with GSK3 inhibitor VIII (5 �M) (n � 8). (D) Inhibition of lysosomal proteases with 100 �M
leupeptin resulted in increased stability of APP (n � 4). Bars represent means � SEM. Asterisks represent significant differences between control and treated cells
(determined by one-way ANOVA, Tukey’s post hoc test, or Student’s t test). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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inhibiting at the micromolar range and showing no cross inhibi-
tion with the structurally related cyclin dependent kinases, which
is characteristic of most GSK3 inhibitors (3), and compared them
to LiCl. We observed a reduction in the levels of A� by specific
GSK3 inhibitors but not by LiCl. We confirmed the results by
reducing GSK3 levels using siRNA, which showed the same effects
detected by pharmacological inhibition of GSK3.

Several hypotheses to explain the effects of GSK3 inhibition on
APP processing have been raised. The first one supported the idea
that GSK3� inhibition affected �-secretase activity (23, 34). This
hypothesis was interesting mainly because PS1 appears to bind
�-catenin, which is one of the main targets of GSK3 (42). How-
ever, these results have not been reproduced by other groups, and
we too were unable to detect differences in the APP intracellular
domain (AICD) levels in a �-secretase activity assay (data not
shown).

On the other hand, other reports have attributed the decrease
in A� by GSK3 inhibition to differences in APP phosphorylation,
since a decrease in the levels of the phosphorylated form of
APPThr668 in mice treated with lithium was noticed (24). The
fact that GSK3 has multiple targets might explain the differences
described in the literature regarding GSK3 inhibition on A� gen-

eration. In this study, we found a decrease in the levels of full-
length APP and its CTFs by specific GSK3 inhibition, which was
not due to changes in APP transcription. We further demon-
strated that APP could be degraded at a higher rate when GSK3 is
inhibited. We first explored the possibility that GSK3 induces an
increase in proteasomal degradation and observed that inhibition
of the proteasome partially reversed the effects of GSK3 inhibi-
tion. Because there is an active cross talk between proteasome and
autophagic pathways in APP degradation (43), we analyzed the
implications of autophagy on the effect of GSK3 inhibition. APP is
internalized and processed through the lysosomal/endocytic
pathway. It was demonstrated that autophagic vesicles contain A�
and APP-CTFs (5, 16, 37, 39, 41). However, it remains controver-
sial whether full-length APP is processed in autophagy. Recently,
it was shown that APP can be found accumulated in autophagic
compartments and that APP and its paralogue APLP1 are sub-
strates for autophagy (16, 43). It also was found that BEC1 reduces
cellular APP levels, and its deficiency alters APP metabolism (16).
However, another study disagrees and showed no changes in APP
after induction of autophagy by drugs such as rapamycin (5). Our
results suggest that inhibition of autophagy by 3-MA and trans-
fection with BEC1 siRNA reduced the effect of GSK3 inhibition on

FIG 5 GSK3 inhibition increases lysosomal biogenesis. (A) Staining with Lysotracker in N2asw cells in the presence or absence of GSK3 inhibitor VIII (5 �M).
The quantification of the number of vesicles per cell shows a clear increase in organelles with low internal pH after GSK3 inhibition. As an internal control,
bafilomycin A1 (10 nM) was used. (B) Electron micrographs �6500 of N2asw cells incubated for 18 h in deprived medium in the absence or presence of GSK3
inhibitor VIII (5 �M). Micrographs show representative pictures of primary lysosomes (PL), mature lysosomes (ML), and increased numbers of primary
lysosomes in cells treated with GSK3 inhibitor. The total number of lysosomes per cell was counted for at least 30 cells/condition, and the average number of
vesicles per cell is represented in the graphs. (C) Double immunostaining of APP (with antibody against its C terminus) and LAMP-1 in cells treated with DMSO
or GSK3 inhibitor. Bars represent means � SEM. Asterisks represent significant differences between control and treated cells (Student’s t test). *, P � 0.05; ***,
P � 0.001.
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APP degradation, supporting the role of autophagy in APP pro-
cessing. The concomitant inhibition of GSK3 and autophagy by
ATG5 knockdown also precluded the GSK3-induced degradation
of APP. Taken together, these experiments demonstrate the im-
plication of autophagy in the GSK3-mediated effects on APP me-
tabolism.

However, the role of GSK3 in autophagy induction has raised a
lot of speculation. LiCl was reported to induce autophagy by an
mTOR-independent mechanism via reduction of IMPase, lower-
ing levels of IP3 (27). On the other hand, other groups have dem-
onstrated that LiCl treatment inhibits mTOR (1, 12). Still, the
effect of LiCl was thought to be mediated by a GSK3-independent
mechanism (9), because there are indications that GSK3 activa-
tion inhibits the mTOR pathway (11, 15, 28). In contrast, other
studies have reported that GSK3 inhibition induces autophagy by
increasing Bif-1 levels (40) or have not found any change (25). The
use of different cell lines, incubation times, GSK3 inhibitors, and
culture conditions (with or without serum) could explain all of
these different outcomes. Interestingly, our results show that spe-
cific GSK3 inhibition led to the activation of the lysosomal-au-
tophagic network in neuronal cells by increasing the number of
lysosomes. The master gene that regulates lysosomal biogenesis,
TFEB, can be phosphorylated by GSK3 at serine 142. Intriguingly,
TFEB phosphorylation at this particular serine by ERK2 affects the
trafficking of this transcription factor, retaining TFEB in the cyto-
sol (33). We show here that inhibition of GSK3 leads to the nuclear
localization of TFEB, which results in stronger induction of the
autophagic-lysosomal system. In addition, TFEB knockdown re-

versed the effects of GSK3 inhibition on APP levels. It is worth
noting that the turnover of APP does not need to be mediated by
autophagy, because APP can be directly targeted and processed in
lysosomes (37).

Having in mind the complexity of GSK3, here we describe new
mechanisms (proteasomal degradation, autophagic degradation,
and lysosomal degradation not mediated by autophagy) by which
GSK3 could regulate APP turnover. Most importantly, we show a
new role of GSK3 as a regulator of lysosomal biogenesis which
could have important consequences in neurodegenerative dis-
eases, such as AD. Lysosomes contain hydrolases, such as cathep-
sins, which are involved in the degradation of A�. In fact, im-
paired clearance of autophagy and their contents by lysosomes
might be an important factor in the development of the pathology
(21). Alterations of GSK3 levels during aging and in AD therefore
could have implications in the functionality of autophagic-lyso-
somal pathways and affect neuronal survival and A� levels. This is
relevant because there is evidence of disturbed endosomal-lyso-
somal system function in AD (21).
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