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Abstract. Alzheimer’s disease (AD) is the major age-associated form of dementia characterized by gradual cognitive decline.
Aberrant cleavage of the amyloid-� protein precursor (A�PP) is thought to play an important role in the pathology of this
disease. Two principal A�PP processing pathways exist: amyloidogenic cleavage of A�PP resulting in production of the soluble
N-terminal fragment sA�PP�, amyloid-� (A�), which accumulates in AD brain, and the A�PP intracellular domain (AICD)
sA�PP�, p3 and AICD are generated in the non-amyloidogenic pathway. Prevalence of amyloidogenic versus non-amyloidogenic
processing leads to depletion of sA�PP� and an increase in A�. Although sA�PP� is a well-accepted neurotrophic protein,
molecular effects of this fragment remains unknown. Different studies reported impaired protein degradation pathways in AD
brain, pointing to a role of disturbed proteasomal activity in the pathogenesis of this disease. Here we studied the possible
role of sA�PP� in Bag3-mediated selective macroautophagy and proteasomal degradation. Employing human IMR90 cells,
HEK 293 cells, and primary neurons, we demonstrate that sA�PP� prevents the proteotoxic stress-induced increase of Bag3 at
the protein and at the mRNA level indicating a transcriptional regulation. Intriguingly, p62 and LC3, two other key players of
autophagy, were not affected. Moreover, the formation and the accumulation of disease-related protein aggregates were signifi-
cantly reduced by sA�PP�. Interestingly, there was a significant increase of proteasomal activity by sA�PP� as demonstrated by
using various proteasome substrates. Our findings demonstrate that sA�PP� modulates Bag3 expression, aggresome formation,
and proteasomal activity, thereby providing first evidence for a function of sA�PP� in the regulation of proteostasis.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common
neurodegenerative disorder, which is clinically char-
acterized by a gradual decline of cognitive function
and development of dementia. Although familiar forms
of AD have mostly an early age of onset, the spo-
radic forms of this disease are strictly age-associated.
AD is characterized by two distinct neuropathological
hallmarks, an accumulation of extracellular amyloid
plaques and intracellular neurofibrillary tangles [1, 2].
The amyloid-� protein precursor, A�PP, whose pro-
cessing at the �, �, and caspase cleavage sites results
in the generation of four pro-AD-peptides: soluble
A�PP beta (sA�PP�), �CTF, which in turn can
be cleaved to amyloid-� (A�), and the intracellu-
lar domain AICD as well as Jcasp [3]. In contrast,
cleavage at the � site produces the trophic peptide
soluble A�PP alpha (sA�PP�) and the inhibitor of
A�PP �-site cleavage, alpha-C-terminal fragment of
A�PP (�CTF) [4, 5]. The molecular switch between
neurotrophic � cleavage and the neurotoxic combined
�-/, �- as well as caspase cleavage is considered to
play an important role in the etiology and pathogen-
esis of AD. Soluble sA�PP� is proposed to have
neurotrophic and neuroprotective properties, possi-
bly counteracting the neurotoxic effects of A� [6, 7].
Accordingly, loss of sA�PP� was observed in patients
with AD pathology as compared to aged-matched
controls [8–10]. Strategies directed at increasing the
activity of non-amyloidogenic processing of A�PP
through �-secretase, have been suggested to be a
promising therapeutic approach [11]. Two regions on
the peptide sequence of sA�PP� are identified as
being required for its neuroprotective activity, the
N-terminal E1 and E2 domain respectively, both of
which contain heparin binding activity [12]. The abil-
ity of sA�PP� to bind heparin sulphate proteoglycans
through its heparin binding site within the E1 domain
is thought to define its neuroprotective properties
[12]. The neuroprotective and neurotrophic effect of
sA�PP� was demonstrated in various in vivo and in
vitro experimental models [13, 7]. However, the exact
intracellular molecular targets of sA�PP� -mediated
cytoprotection are not yet fully defined. Recent studies
demonstrated that sA�PP� -dependent neuroprotec-
tion involves activation of the pro-survival PI3K/Akt
pathway and inhibition of stress-triggered JNK acti-
vation [14, 15]. Intriguingly, inhibition of JNK/cJun
signaling decreases the expression of the co-chaperone
protein Bag3 [16]. Bag3 is a member of the Bcl-2-
associated athanogene family that can be stimulated

during cellular responses to stressful conditions, such
as oxidative stress and proteasome inhibition [17].
Our previous investigations demonstrated an expres-
sion switch from Bag1 to Bag3 during cell aging.
While Bag1 is involved in proteasomal degradation
in young cells Bag3 induces a selective macroau-
tophagy pathway during cellular aging and oxidative
stress [17]. Lysosomal activity is essential for com-
plete degradation of cargo in the autophagic pathway.
Given the fact that the pathology of AD is accompa-
nied by a lysosomal dysfunction (for review, see [18]),
we have investigated the potential effect of sA�PP�
on the crosstalk between proteasomal and autophagic
protein degradation machineries. Employing primary
fibroblasts IMR90, HEK 293 as well as rat primary
hippocampal neurons, we investigated the efficacy of
sA�PP� on the intracellular adaptation to proteotoxic
stress. Our results demonstrate that sA�PP� prevents
the upregulation of Bag3 protein and Bag3-mediated
aggresome formation induced under conditions of pro-
teasomal stress. This sA�PP� -induced reduction of
Bag3 levels was accompanied by a significant increase
of the proteasomal activity. Interestingly, this activity
could be observed in young IMR90 cells and primary
neuronal cultures, but not in aged IMR90 revealing
differential effects of sA�PP� in young and aged cells.

Our data support the view that the increased gener-
ation of sA�PP� as a product of �-secretase cleavage
may enhance the turnover of damaged/accumulated
proteins via modulation of proteasomal activity. These
findings provide a completely novel function of
sA�PP� in enhancing the cellular capacity to adapt
to proteotoxic stress, thereby contributing to the cyto-
protective activity of A�PP.

MATERIALS AND METHODS

Materials

MG-132 was purchased from Calbiochem and
Bafilomycin A1 from LC Laboratories. Both com-
pounds were dissolved in DMSO. Proteasome
substrate SUC-LLVY-AMC was from Enzo. Cell
culture media and supplements were from Invitro-
gen unless otherwise stated. FuGENE Transfection
Reagent was from Promega.

Cell culture

Primary human fibroblasts IMR90 were purchased
from Coriell Institute for Medical Research and human
embryonic kidney cells (HEK 293) were from the
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American Type Culture Collection (ATCC). HEK 293
cells stably expressing a GFP-based UPS reporter (d2-
GFP) was established in our laboratory and used as
described previously [17].

IMR90 cells were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM) with low glucose (1 g/L)
and 1 mM sodium pyruvate and supplemented with
10% heat-inactivated fetal calf serum (FCS), antibi-
otics, and antimycotics. At subconfluency, cells were
passaged by trypsinization. Population doubling lev-
els (PDL) were calculated as (logCh -logCs)/log (2),
where Ch and Cs are defined as the cell number har-
vested and seeded, respectively. The aged phenotype
was identified by use of a senescence-associated galac-
tosidase staining kit (Cell Signaling), following the
manufacturer’s instructions.

HEK 293 cells were cultivated in DMEM with
high glucose (4.5 g/L) supplemented with 10% heat-
inactivated FCS, 1 mM sodium pyruvate, antibiotics,
and antimycotics.

Cell survival assay

Young and aged IMR90 cells were seeded into
96-well plates with 104 cells per well in 0.1 ml
medium. Following 24 h of cultivation cells were pre-
treated with different concentrations of sA�PP� for
24 h. Afterwards, they were challenged with 0.5 �M
MG-132 and cultivated for 72 h. Cell viability was
quantified by measuring the metabolic activity by cel-
lular tetrazole reduction as published previously [19].
For that, MTT solution (0.5 mg/ml) was added to
the cultures for 4 h, after which the cells were lysed
with 0.1 ml solubilization solution (40% dimethylfor-
mamide, 20% sodium dodecyl sulfate (SDS), pH 4.0
adjusted with acetic acid). Approximately 6 h later, the
absorbance of the reduced MTT formazan crystals was
measured photometrically at 560 nm (Multiskan from
Thermo Fisher Scientific, Waltham, MA, USA).

Transient transfections

HEK 293 cells were transfected with SOD1G85R-
GFP plasmid using FuGENE Transfection reagent
according to the manufacturer’s instructions. HEK 293
cells were seeded on glass cover slips for 24 h and then
transfected with 1 �g plasmid.

For knock down experiments, IMR90 cells were
transiently transfected with small interfering RNA
(siRNA). For that, cell suspension was transfected
with 60 �g siRNAs by electroporation and then was
seeded in 96 well plates. The experiment was per-

formed 24 h post transfection. The following siRNA
sequences were used: GCAAAGAGGUGGAUU-
CUAA (dTdT) and UUAGAAUCCACCUCUUUGC
(dTdT) for Bag3 (purchased from Sigma) and AUU-
CUCCGAACGUGUCACG (dTdT) (purchased from
MWG Eurofins) as a control “non-sense” RNA.

Immunoblotting

Cells were harvested with lysis buffer (50 mM
Tris-HCl, pH 6.8; 2% sodium dodecyl sulfate and
10% sucrose plus protease- and phosphatase inhibitor)
and briefly sonicated. Protein concentration was
determined using BCA kit (Pierce) according to man-
ufacturer’s protocol. 20 �g of total cell lysate were
loaded on 12% SDS-PAGE and separated with Mini
protean III system (Bio-Rad). Afterwards, proteins
were transferred onto nitrocellulose membrane by
electroblotting. Following 30 min incubation with 5%
low fat milk to block non-specific binding sites,
membranes were incubated with the following pri-
mary antibodies: rabbit anti-Bag3 (1 : 500, Proteintech
group); mouse anti-Lamp2 (1 : 500, Abcam); rabbit
anti-LC3b (1 : 500, Sigma-Aldrich); mouse anti-Nrf2
(1 : 500, Abcam); guinea pig anti-p62 (1 : 500; Pro-
gen); rabbit anti-proteasome 19S (1.500; Abcam) and
20S (1 : 500, Santa Cruz Technology); rabbit anti-
ubiquitin (1 : 500; Dako). The cBAG antibody was
raised in rabbits against human BAG domain in
BAG1M (aa 151–263) and was used as previously pub-
lished [17]. This antibody was kindly provided by Prof.
Ulrich Hartl (Department of Cellular Biochemistry,
Max-Planck-Institute of Biochemistry, Martinsried,
Germany). Anti-�-tubulin (1 : 1000; Sigma-Aldrich)
immunoreactive signal was used as a control for equal
protein loading. Primary antibodies were detected with
horseradish peroxidase conjugated secondary antibod-
ies. All antibodies and the low fat milk powder used
were in Tris-buffered saline/Tween-20 (TBST). The
densitometric analysis of the immunoreactive bands
was performed using Image J Software. After den-
sitometric quantification, the obtained absolute values
were first normalized to tubulin, which was used as a
control for equal protein loading.

Immunocytochemistry

HEK 293 cells were grown on glass cover slips
coated with 0.1 mg/ml poly-L-ornithine (MW 30–70
kDa, Sigma) and fixed with 4% paraformaldehyde.
Unspecific epitopes were blocked with 3% BSA and
cells were subsequently permeabilized with 0.1%
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Triton X-100. At this point, cells were incubated
overnight with primary antibody (rabbit anti-Bag3
diluted 1:100 with PBST) in PBS containing 1% BSA.
After that, cells were incubated with AlexaFluor647
conjugated secondary antibody. Cell nuclei were coun-
terstained with 4, 6-diamidino-2-phenylindole (DAPI)
(l �g/mL in PBS for 20 min). Cells were analyzed and
photographed using a confocal laser-scanning micro-
scope LSM710 (Zeiss).

Quantitative real-time RT-PCR

Total RNA was isolated using Nucleospin RNA
II Kit (Machery-Nagel) and complementary DNA
(cDNA) was synthesized with Omniscript RT Kit
(Qiagen). Both kits were used according to the manu-
facture’s instructions.

qPCR were performed with 1 �l cDNA, 100 pM
of forward and reverse primer (MWG Eurofins),
12.5 �l SensiMix SYBR and Fluorescein Kit (Bioline),
and 10.5 �l water in the iCycler (Bio-Rad). Primer
sequences are listed below in Table 1.

After initial denaturation (95◦C, 15 min), the con-
ditions of the PCR were 20 s 95◦C, 20 s 60◦C,
and 30 s 72◦C for 35 cycles. The first PCR cycle
with a fluorescence signal above the threshold (Ct)
was determined. The results were normalized to
a housekeeping gene glycerinaldehyde-3-phosphate
dehydrogenase (GAPDH).

Measurement of proteasome activity

IMR90 and HEK 293 cells were washed with
ice cold PBS, trypsinized and collected by cen-
trifugation at 200 g for 4 min. The resulting cell
pellet was re-suspended in hypotonic buffer (10 mM
HEPES, 10 mM potassium acetate, 1.45 mM mag-
nesium acetate, and 1 mM DTT) and incubated for
30 min. Afterwards lysates were passed ten times

Table 1
Primer sequences used for RT-PCR

GAPDH forward 5′- GCA CCA CCA ACT GCT TAG CAC -3′
GAPDH reverse 5′- CAC CAC CTT CTT GAT GTC ATC -3′
Bag3 forward 5′- TGG GAG ATC AAG ATC GAC CC -3′
Bag3 reverse 5′- GGG CCA TTG GCA GAG GAT G -3′
p62 forward 5′- TGC CCA GAC TAC GAC TTG TG -3′
p62 reverse 5′- AGT GTC CGT GTT TCA CCT TCC -3′
PSMB5 forward 5′- AGG TTC TGG CTC TGT GTA TGC -3′
PSMB5 reverse 5′- CAT CTC TGT AGG TGG CTT GGT -3′
PSMB6 forward 5′- GAG GCA TTC ACT CCA GAC TG -3′
PSMB6 reverse 5′- CAA ACT GCA CGG CCA TGA TA -3′
PSMB7 forward 5′- TGC AAA GAG GGG ATA CAA GC -3′
PSMB7 reverse 5′- ACA ACC ATC CCT TCA GTT GC -3′

through a 25-gauge needle and centrifuged at 640 g
for 5 min. The supernatants were collected and the con-
centration of potassium acetate was adjusted to 90 mM.
The protein concentration was determined using BCA
kit (Pierce) according to manufacturer’s protocol and
2.5 �g of protein was mixed with assay buffer (15 mM
HEPES, 130 mM potassium acetate, 1.5 mM magne-
sium acetate, 1.5 mM calcium chloride, 2 mM DTT,
and 8 mM ATP) and 0.1 mM SUC-LLVY-AMC. The
generated fluorescence was measured in a black 96-
well-plate at 37◦C every hour using the Victor3 V
Multilabel counter (Perkin Elmer) equipped with
excitation 360 nm and emission 460 nm fluorescence
filter pair.

Expression and purification of sAβPPα

and AβPP fragment E1

The yeast Pichia pastoris GS115 cells were used
as expression system for sA�PP� and the A�PP
fragment E1 (aa 18–189). P. pastoris cells were
transfected with pBLHIS-SX-based expression vectors
encoding for 6xHis-tagged sA�PP� and 6xHis-
tagged E1.

For expression of sA�PP� and A�PP E1, the
yeast cells were cultivated in BMGY-Media (1%
yeast-extract, 2% peptone, 100 mM monopotassium
phosphate buffer, 1.34% yeast nitrogen base, 0.0004%
biotin, and 1% glycerol) at 30◦C with continuous shak-
ing at 300 rpm. After the culture reached the log phase,
the yeast cells were harvested by centrifugation at
1500 g for 5 min and resuspended in BMMY media
(1% yeast-extract, 2% peptone, 100 mM monopotas-
sium phosphate buffer, 1.34% yeast nitrogen base,
0.0004% biotin and 1% methanol). After incubation
for one day at 30◦C with 300 rpm shaking the super-
natant was collected by centrifugation at 1,500 g for
10 min. sA�PP� and A�PP E1 were purified by fast
protein liquid chromatography (FPLC). Bio-scaleTM

Mini ProfinityTM IMAC column (Bio-Rad) was used
in the Biologic Duo Flow machine (Bio-Rad). After
equilibration of the column with binding buffer A
(300 mM potassium chloride, 50 mM potassium phos-
phate, and 5 mM imidazole), the supernatant was
loaded onto the column. After washing with bind-
ing buffer A fusion proteins were eluted with elution
buffer (300 mM potassium chloride, 50 mM potassium
phosphate, 250 mM imidazole). Protein concentration
was determined using Pierce 660 nm Protein Assay
kit (Thermo Scientific) following the manufacturer’s
instructions.
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Primary neuronal culture

Primary embryonic (E17) neuronal cultures from
Sprague Dawley rats were prepared as previously
described [19, 20]. In brief, rats were dissected,
hippocampi and cortex tissue pieces were collected
separately and digested for 20 min in PBS containing
0.1% trypsin and 0.02% EDTA at 20◦C, after which
the contained cells were gently dissociated and non-
dissociated matter, was filtered through Nybolt mesh.
After centrifugation at 200 g for 4 min, the cell pellet
was resuspended in Neurobasal medium containing 0.1
B27 supplement, 1 mM glutamax, and 5 g/mL gentam-
icin. For cultivation, the cells were seeded in plates that
had been pre-coated with 0.1 mg/mL poly-L-ornithine
(MW range 100–200 kDa, from Sigma). Experiments
were carried out after 7 days of differentiation in vitro.

Statistical analysis

All data are expressed as mean ± standard devi-
ation (SD) of the indicated number of independent
experiments performed. Statistically significant differ-
ences between the treatment groups were identified
by one-way ANOVA followed by Tukey’s multi-
ple comparisons test. Significant differences between
treatment groups are indicated with single symbols
denoting p ≤ 0.05, double symbols denoting p ≤ 0.01
and triple symbols denoting p ≤ 0.001.

RESULTS

sAβPPα prevents the upregulation of Bag3 after
proteasomal stress in young but not in aged
IMR90 cells

Since the maintenance of intracellular protein home-
ostasis is essential for cellular viability and function,
activation of pro-survival pathways by sA�PP� might
be exerted partially through the modulation of pro-
tein degradation machinery. To test this hypothesis,
we examined the effect of sA�PP� and its N-
terminal domain A�PP E1 on Bag3 after proteasomal
inhibition. MG-132 was used as a well-established pro-
teasome inhibitor and a known trigger for autophagy.
Human primary fibroblasts IMR90 in different stages
of replicative senescence were used. These cells repre-
sent a well-characterized model of cellular aging [21,
22]. Young (PDL 30) cells were pre-treated with dif-
ferent concentrations of recombinantly expressed and
isolated sA�PP� or A�PP E1 for 15 h and challenged
with 0.5 �M MG-132. Subsequent analysis of the cells

by means of western blotting revealed a significant
induction of Bag3 by MG-132, which was prevented
by sA�PP� in a concentration dependent manner start-
ing at 25 nM. However, the strongest influence was
detected at 100 nM concentration of sA�PP� (Fig. 1A,
B). Accordingly, sA�PP� showed a dose-dependent
protective effect against proteotoxic stress as detected
by increased cell survival (Fig. 1C). A�PP E1 was used
as control peptide that was likewise recombinantly
expressed and purified. A�PP E1 had no significant
effect on cell survival (Fig. 1D). Importantly, a sole
addition of sA�PP� and A�PP E1 had no significant
consequence on Bag3 protein levels as well as on cell
survival (Fig. 1). In order to investigate a direct involve-
ment of Bag3 on the observed effect of sA�PP� we
performed siRNA-mediated knock down experiments
for Bag3 protein expression. Interestingly, sA�PP�-
mediated effect on cell survival under conditions of
proteotoxic stress was observed also in the absence of
Bag3 indicating that this effect is independent of Bag3
expression (Fig. 1E).

Interestingly, analysis of young and aged IMR90
cells revealed that the observed effect of both peptides
on Bag3 after proteasome inhibition in young IMR90
cells was not confirmed in aged IMR90 cells indi-
cating that young and aged cells use different stress
response (Fig. 2A-D). Importantly, the steady-state
level of Bag3 protein was significantly higher in aged
cells as compared to young cells (Fig. 2G, H). This
result is in compliance with our previous work report-
ing a Bag1/Bag3 expression switch in aged IMR90
cells [17]. In order to investigate whether the influence
of sA�PP� on Bag3 expression levels might be exerted
on the transcriptional level, we performed quantita-
tive real-time PCR in young and aged IMR90 cells
treated under the same conditions as described above.
Indeed, application of sA�PP� together with a pro-
teotoxic stress significantly reduced the mRNA levels
of Bag3 indicating to a transcriptional regulation of
Bag3 expression by sA�PP� (Fig. 2E). Consistent
with western blotting analysis, there was no significant
effect of sA�PP� in aged IMR90 cells (Fig. 2F).

sAβPPα prevents Bag3 upregulation in primary
cortical and hippocampal neurons

In order to investigate the influence of sA�PP� on
differentiated neuronal cells, we have employed pri-
mary neurons isolated from hippocampus or cortex.
The hippocampal and cortical cultures were pre-treated
with or without 100 nM sA�PP�. 24 h later the
cells were exposed to proteotoxic stress with 10 �M
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Fig. 1. Dose dependent effects of sA�PP� under MG-132-induced proteotoxic stress. A) IMR90 cells were pre-treated with different concen-
trations of sA�PP� for 15 h. After that cells were challenged with MG-132 for 24 h. At this point, cells were harvested and total cell lysate
was analyzed using western blotting and immunodetected with anti-Bag3 antibody. Tubulin was used as a loading control. B) Densitometric
quantification of the immunoreactive bands from (A). The absolute values measured were first normalized to tubulin and the resulting values
were normalized to vehicle-treated control, which was set as 100%. Data represent mean ± SD from quadruplicate experiments. Statistically
significant differences versus MG-132 only-treated cells are indicated by asterisks: ∗p ≤ 0.05 and ∗∗p ≤ 0.01. C, D) Young IMR90 cells were
pre-treated with different concentrations of sA�PP� or A�PP E1 for 24 h. After that cells were challenged with a proteasome inhibitor MG-132
for 48 h. Subsequently cells viability was determined using calorimetric MTT assay. The absolute values measured were normalized to untreated
control, which was set as 100%. Data represent mean ± SD from triplicate experiments. Statistically significant differences versus MG-132
only-treated cells are indicated by an asterisk: ∗p ≤ 0.05. E) IMR90 cells were transfected with indicated siRNAs for 24 h. After that cells
were pre-treated with 100 nM concentration of sA�PP� and 24 h later the cell viability was determined using MTT cell survival assay. The
efficiency of siRNA-mediated knock down was checked by detection of Bag3 immunoreactivity. Statistically significant differences versus
MG-132 only-treated cells are indicated by ∗p ≤ 0.05 and ∗∗p ≤ 0.01.
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Fig. 2. sA�PP� prevents Bag3 induction under conditions of proteotoxic stress in young IMR90 cells at protein and mRNA levels. A, C,
E) Young (PDL <30) and (B, D, F) aged IMR90 (PDL >48) cells were pre-treated with 100 nM sA�PP� and A�PP E1 15 h prior to the
administration of 0.5 �M proteasome inhibitor MG-132 for 24 h. Afterwards, the cells were harvested and total cell lysates were subjected for
protein extraction and western Blot analysis (A, C) or for mRNA isolation (E, F). Protein extracts were analyzed by western blotting using
anti-Bag3 and anti-Tubulin antibodies. C, D) Quantitative densitometric analysis of immunoblots in which Bag3 immunoreactive signal was first
normalized to tubulin and the resulting values were normalized to vehicle-treated control, which was set as 100%. Significant differences versus
MG-132-only treated controls are marked by double asterisks; p ≤ 0.01. Data represent mean ± SD from quadruplicate determinations. E, F)
The relative mRNA levels were determined by quantitative PCR analysis. The date represent mean ± SD from four independent determinations;
statistically significant difference is denoted with triple asterisks; p < 0.001. G) Determination of the steady-state levels of Bag3 by analyzing
the total cell lysates from young (PDL <30) and aged IMR90 (PDL >48) cells by means of western blotting using anti-Bag3 and anti-tubulin
antibodies, which was used as a control for equal protein loading. H) Quantitative densitometric analysis of Bag3 protein levels from three
independent experiments. For that the Bag3 immunoreactive signal was measured and the values were normalized to tubulin. Bag3 protein level
in young IMR90 cells was set as 100%. Significant differences in Bag3 levels between aged and young cells is indicated by double asterisks;
p ≤ 0.01.
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Fig. 3. sA�PP� prevents Bag3 induction under conditions of proteotoxic stress in primary cortical and hippocampal neurons. Primary neuronal
cultures from cerebral cortex or hippocampus were pre-treated with sA�PP� or A�PP E1 after 7 days in vitro for 15 h. At this point, cells
were challenged with or without 10 �M MG-132 and harvested 24 h later. The total cell lysates were immunoblotted using anti-Bag3, anti-p62,
anti-ubiquitin antibodies. A) A representative blot showing the immunoreactive bands from cortical neurons (left six lanes and hippocampal
neurons (right six lanes); B, C) Densitometric analysis of the immunoreactive bands for cortical and hippocampal neurons. The absolute
measured values for Bag3, p62, ubiquitin were first normalized to tubulin and then normalized to vehicle-treated control which was set as 100%.
Data represent mean ± SD from triplicate experiments. Statistically significant differences versus MG-132 only-treated cells are indicated by
asterisks: ∗p ≤ 0.05 and ∗∗p ≤ 0.01.

MG-132 for 48 h. Our results demonstrate a significant
induction of MG-132-induced Bag3 expression in pri-
mary neurons from both brain regions, which could be
prevented by sA�PP� as analyzed by western blotting.
Moreover, we measured a significant reduction of pro-
tein ubiquitination indicating an increased proteasome
activity in sA�PP� -treated neuronal cultures (Fig. 3).

sAβPPα has no influence on the downstream
markers of autophagy after proteotoxic stress

The Bag3-mediated selective macroautophagy
involves the activation of different downstream tar-
get proteins. We examined the effect of sA�PP� and
A�PP E1 on the two autophagy-related proteins p62
and Lamp2. The protein p62 is a well described recep-
tor for autophagy substrates triggering the degradation

of polyubiquitinated proteins by simultaneously bind-
ing these proteins and LC3 [23]. Analysis of protein
levels for p62 in young IMR90 cells revealed that
there was no discernible effect of sA�PP� on this pro-
tein (Fig. 4A-D). However, the mRNA levels of p62
decreased after proteasomal stress with sA�PP� simi-
lar to that of Bag3 (Fig. 4E). In contrast, pre-treatment
with A�PP E1 did not lead to significant reductions in
the mRNA levels of both genes (Fig. 4F).

Additionally, we investigated whether sA�PP�
exerts any effect on LC3-II, which is a promi-
nent autophagosomal marker triggering the fusion
of autophagosomes with lysosomes. Given the high
turnover rate for LC3-II, we also blocked the
autophagic flux by treating the cells with 0.5 �M
Bafilomycin A (BafA) for 4 h. Western blot analysis
of LC3-II protein levels indicated a slight decrease in



J. Renziehausen et al. / sAβPPα Effect on Protein Degradation Pathway 887

Fig. 4. sA�PP� significantly reduces Bag3 induction after proteasome inhibition in IMR90 cells, whereas a downstream member of autophagy
p62 remained unaltered. Young IMR90 cells (PDL <30) were pre-incubated for 15 h with 100 nM concentration of (A, C) sA�PP� and (B, D)
A�PP E1, prior to the addition of 0.5 �M MG-132. 24 h later, the cells were processed and analyzed by western blotting using anti-Bag3, anti-p62
and for control anti-tubulin antibodies as shown in (A, B). C, D) Densitometric quantification of the immunoreactive protein bands for Bag3 and
p62, correspondingly. The absolute values measured were first normalized to tubulin and the resulting values were normalized to vehicle-treated
control, which was set as 100%. E, F) Quantitative PCR analysis of the cells treated as in (A) and (B). All data represent mean ± SD from
quadruplicate determinations. Asterisks indicate statistically significant differences versus MG-132-only treated cells: ∗p ≤ 0.05; ∗∗p ≤ 0.01;
∗∗∗p ≤ 0.001.

MG-132-induced increase in autophagic flux in young
IMR90 cells treated with sA�PP� under proteasomal
stress conditions (Fig. 5A, B). Nevertheless, this effect
was not statistically significant.

sAβPPα prevents MG-132-induced perinuclear
aggresome formation

Upon inhibition of the proteasomal degradation
pathway, damaged or misfolded proteins accumulate

and may form large perinuclear aggresomes and
aggresome-targeted proteins are degraded by
autophagy. Two proteins, Bag3 and vimentin, are
well-described markers of aggresomes due to their
direct localization to these perinuclear structures.
We examined the effect of sA�PP� on aggresome
formation in HEK 293 cells after proteasomal
stress with MG-132. Immunocytochemistry for Bag3
demonstrated a significantly reduced protein level after
treatment with sA�PP� (Fig. 6A, C). Moreover, aggre-
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Fig. 5. Influence of sA�PP� on autophagic flux as measured by LC3-II. Young IMR90 cells (PDL <30) were pre-incubated for 15 h with 100
nM concentration of sA�PP� prior to the addition of 0.5 �M MG-132. 24 h later, the total cell lysates were processed and analyzed by western
blotting using anti-LC3 antibody in the presence or absence of bafilomycin A. A) Representative blot from three independent experiments; (B)
Quantification of LC3-II immunoreactive bands by subtracting LC3-II without bafilomycin treatment from LC3-II with bafilomycin treatment.
The values were normalized to tubulin, which was used as a loading control. The data represent mean ± SD from triplicate determinations.

some formation was also analyzed by immunostaining
of vimentin that is a well-established indicator of per-
inuclear aggresome formation. Under the conditions
of increased autophagy, there was a strong aggregation
and redistribution of the vimentin from cytosol to
the perinuclear compartment detected indicating the
formation of perinuclear aggresomes. Co-treatment
with sA�PP� prevented MG-132-induced accumula-
tion of vimentin-positive aggregates (Fig. 6B, D). In
parallel, we quantified the protein levels of Bag3 and
p62 under proteotoxic stress. Similar to IMR90 cells
and primary neurons there was a significant reduction
in Bag3 protein, whereas p62 remained mostly
unchanged (Fig. 6E, F). The accumulation of LC3-II
was likewise unchanged (Fig. 6G, H). Similar to
IMR90 cells we could detect an increased cell survival
in HEK 293 cells in the presence of sA�PP� under
conditions of proteotoxic stress (Fig. 6I).

sAβPPα reduces mutant SOD1 protein
aggregation

Our previous data revealed a significant reduction
in aggresome formation in the presence of sA�PP�
under conditions of proteotoxic stress. In order to fur-
ther investigate the protective activity of sA�PP� in
a disease-associated cell culture model, we employed
cells expressing a mutant form of superoxide dismu-
tase SOD1G85R fused to GFP [25]. This mutation in
SOD1 protein induces familial forms of amyotrophic
lateral sclerosis (ALS), and mice overexpressing
SOD1G85R develop an ALS-like neuropathology that
is associated with inclusion body formation in motor
neurons of the spinal cord [26]. HEK 293 cells
were transiently transfected with mutant SOD1-GFP

and subsequently immunostained with anti-vimentin.
Mutant SOD1-GFP expressing cells showed cytoplas-
mic, pre-aggresomal, and aggresomal localization of
SOD1G85R -GFP. Inhibition of the proteasome with
MG-132 increased the number of cells with pre-
aggresomal and aggresomal mutant SOD1G85R-GFP.
Pre-treatment with sA�PP� significantly decreased the
number of cells with aggresomal localization of mutant
SOD1G85R -GFP (Fig. 7A, B).

sAβPPα increases the activity of the proteasome

We have recently shown that in aged human cells the
molecular switch from Bag1 to Bag3 goes along with
an increase in macroautophagy and enhanced turnover
of polyubiquitinated proteins [17]. So we examined the
UPS activity by usage of HEK 293 cells stably express-
ing a GFP-based UPS reporter (d2-GFP). Degradation
of d2-GFP was blocked by MG-132 and pre-treatment
with sA�PP� induced an increase in degradation of
d2-GFP (Fig. 8A, B). Employing a well-established
substrate for the 20S proteasome, SUC-LLVY-AMC,
we measured the activity of 20S by monitoring the
consumption rate of this substrate. We found a higher
activity of the 20S proteasome with sA�PP� under
proteasomal stress conditions in young IMR90 cells
and HEK 293 cells (Fig. 8C, E), whereas there was no
change observed in aged IMR90 cells (Fig. 8D).

Based on our previously published finding on the
reciprocal relationship of Bag3 and Bag1 expression
[17], it was feasible to assume whether there was a
change in the expression of Bag1 protein as a response
to the observed Bag3 downregulation. But interest-
ingly, analysis of all Bag1 variants, Bag1L, Bag1 M,
Bag1, and Bag1S, revealed that there was no significant
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Fig. 7. sA�PP� decreases aggresome-targeting of substrates in HEK 293 cells. A) HEK 293 cells were transiently transfected with SODG85R-
GFP. After 48 h cells were pre-treated with 100 nM sA�PP� 15 h prior to the administration of 0.5 �M MG-132 for 24 h. After that cells
were fixed and immunostained with anti-vimentin and analyzed microscopically. Representative photographs of cells with cytoplasmic and
SODG85R-GFP aggresome distribution are shown. Scale bar, 5 �m. B) Analysis and quantification of SODG85R-GFP (green) localization with
aggresome marker vimentin by counting 5 random microscopic fields. Data represent mean ± SD from n = 45 cells. Statistically significant
reduction of toxin-induced aggresome formation is indicated by asterisk: ∗∗∗ p ≤ 0.001.

change in the expression of Bag1 proteins under these
experimental conditions (Fig. 8F, G).

MG-132-induced protein ubiquitination
is attenuated by sAβPPα

To understand whether the detected increase of pro-
teasomal activity by sA�PP� is exerted by increased
protein levels of the proteasome components, we ana-

lyzed key players of the UPS: total ubiquitin, Nrf2,
19S proteasome, and 20S proteasome. Protein levels
of these candidate proteins were investigated in young
and aged IMR90 cells using western blot analysis.
Our results demonstrate that in young IMR90 cells
sA�PP� attenuate the MG-132-induced ubiquitin pro-
tein level (Fig. 9A, C) whereas in aged cells, sA�PP�
had no impact on MG-132 induced protein ubiquiti-
nation (Fig. 9B, D). Importantly, the protein levels of

Fig. 6. sA�PP� prevents MG-132-induced perinuclear aggresome formation in HEK 293 cells. HEK 293 cells were pre-treated with 100
nM sA�PP� and A�PP E1 or vehicle for 24 h before administration of 10 �M MG-132. After 8 h, the cells were fixed, immunostained
with anti-Bag3 antibody and anti-vimentin antibody and subsequently analyzed microscopically. A, B) Representative pictures of the cells
photographed at 200 x magnification. C) Quantification of fluorescence intensity of Bag3 immunofluorescence by automated image analysis of
randomly taken photographs from each treatment, which was subsequently divided by the cell number using DAPI as a nuclear counterstain.
The values were normalized to vehicle-treated control, which was set as 100%. Data represent mean ± SD. Statistically significant reduction of
toxin-induced increase in Bag3 immunofluorescence is indicated by asterisk: ∗∗p ≤ 0.01. (a.u., arbitrary units). D) Quantification of randomly
taken photographs from 10 �M MG-132-treated cells with or without sA�PP� by counting the cells with vimentin-positive aggresomes and
subsequently normalizing the values to the number of cells, which was estimated by the number of nuclei (DAPI). Data represent mean ± SD
from n = 150 cells. Statistically significant reduction of toxin-induced aggresome formation is indicated by asterisk: ∗∗p ≤ 0.01. E) HEK 293
cells were pre-treated with 100 nM sA�PP� 15 h prior to the administration of 0.5 �M MG-132 for 24 h. At this point, the cells were harvested
and total cell lysates were analyzed by immunoblotting using antibodies against Bag3 and p62 as described in Materials and methods. Tubulin
was used as a control for equal protein loading. F) Quantitative densitometric analysis of Bag3 and p62 signals in three independent experiments
as presented in (E). The absolute values measured were first normalized to tubulin and the resulting values were normalized to vehicle-treated
control, which was set as 100%. Significant differences versus toxin-only treated controls are marked by an asterisk; p ≤ 0.05. G) HEK 293
cells were pre-treated with 100 nM sA�PP� prior to the administration of 0.5 �M MG-132 for 24 h with and without bafilomycin. After
that cells were harvested and total cell lysates were analyzed using antibody against LC3. A representative LC3 and tubulin blots are shown
where tubulin was used as a control for equal protein loading; (H) Densitometric analysis of LC3-II immunoreactive bands by normalizing the
absolute values first to tubulin. Subsequently LC3-II signal without bafilomycin treatment was subtracted from LC3-II signal with bafilomycin
treatment and the resulting values were normalized to vehicle-treated control, which was set as 100%. The data represent mean ± SD from
triplicate determinations. I) HEK 293 cells were pre-treated with different concentrations of sA�PP� for 24 h. Afterwards cells were challenged
with a proteasome inhibitor MG-132 for 48 h. Subsequently cells viability was determined using calorimetric MTT assay. The absolute values
measured were normalized to untreated control, which was set as 100%. Significant differences versus toxin-only treated controls are marked
by an asterisk; p ≤ 0.05.
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Fig. 8. sA�PP� increases proteasome activity under MG132 treatment. A) HEK 293 cells were transfected with d2-GFP reporter plasmid and
pre-treated with 100 nM sA�PP� prior to addition of 0.5 �M MG-132. The cells were harvested and total lysates were analyzed by Western
blotting using antibody against GFP. B) Quantification of the blot from (A) using densitometric analysis. C-E) Measurement of proteasome
activity by means of SUC-assay, which represents the rate of SUC-LLVY-AMC cleavage as a proteasomal substrate in young IMR90 cells, aged
IMR90 cells and HEK 293 cells, correspondingly. F) IMR90 cells were pre-treated with 100 nM sA�PP� and 15 h later were challenged with
0.5 �M MG-132. 24 h later, total protein lysates were analyzed by western blotting and detected using Bag1 antibody, which directed against
the conserved BAG domain; Bag1S bands are shown separately in an immunoblot with a higher exposure. G) Densitometric analysis of Bag1L,
Bag1 M, Bag1, and Bag1S immunoreactive bands. Data represent mean ± SD from quadruplicate determinations except (F) and (G), which
represent mean ± SD from triplicate determinations. Statistically significant differences versus cells treated with MG-132 alone are indicated
by asterisks:∗p ≤ 0.05 and ∗∗p ≤ 0.01.
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Fig. 9. sA�PP� decreases the levels of MG-132-induced protein ubiquitination. Young (A, C, E, G) and old IMR90 cells (B, D, F, H) were treated
with 0.5 �M MG-132 for 24, with or without addition of 100 nM sA�PP�. After that total cell lysates were analyzed for total protein ubiquitin,
19S and 20S Proteasome and Nrf2 by western blotting. C, H) Densitometric quantification of the western blot analysis of (C, D) the ubiquitin
levels, the (E, F) 19S, 20S and Nrf2 levels from young and old IMR90 cells, correspondingly. G, H) Quantitative PCR analysis of mRNA levels
for components of proteasome PSMB5, PSMB6, and PSMB7. Data represent mean ± SD from triplicate determinations. Statistically significant
differences versus MG-132 only-treated cells are indicated by asterisk: ∗p ≤ 0.05.
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Nrf 2, 19S, and 20S proteasome remained unchanged
in young and old IMR90 cells indicating a lack of reg-
ulation of these proteins by sA�PP� (Fig. 9A, B, E,
F). Quantitative real-time PCR for PSMB5, PSMB6
and PSMB7, three subunits of the 20S proteasome
also confirmed the lack of transcriptional regulation for
sA�PP� in young and old IMR90 cells (Fig. 9G, H).

DISCUSSION

The non-amyloidogenic A�PP cleavage product
sA�PP� is described to have neuroprotective and neu-
rotrophic features [6, 7, 27–32]. Therefore, the decline
of sA�PP� activity in AD patients might contribute
to disease pathology. However, the knowledge about
molecular pathways underlying these effects remains
largely elusive.

Employing young and aged IMR90 cells, human
HEK 293 cells, and primary mixed cortical and hip-
pocampal neurons, we have demonstrated in this
study that sA�PP� increases the proteasome activ-
ity under conditions of proteotoxic stress. Using a
well-established proteasome inhibitor MG-132, we
observed a significant transcriptional induction of
Bag3 protein, which was suppressed by sA�PP�.
Moreover, we observed a significant amelioration in
cell survival under these conditions as it was deter-
mined by a metabolic MTT assay (Fig. 1C).

sA�PP� is an N-terminal fragment of the A�PP,
which is processed by �-secretase ADAM10 via a
so-called non-amyloidogenic pathway. Under physi-
ological conditions, the majority of the predominant
isoform of A�PP695 is processed by �-secretase.
However, during aging and under certain pathologi-
cal stress conditions, there is a molecular switch from
non-amyloidogenic to amyloidogenic pathway leading
to the accumulation of the toxic cleavage products of
A�PP [7].

Despite the fact that sA�PP� is a preferential cleav-
age product of A�PP, the physiological function of
this fragment is not yet fully understood. There are
several studies reporting that sA�PP� can antagonize
neuronal apoptosis [33]. Earlier works propose a role
of sA�PP� in modulation of ion homeostasis by mod-
ulating ion channel function. sA�PP� was described
to activate potassium channels and to suppress NMDA
currents to limit Ca2+ overload and excitotoxic dam-
age in neurons [34–36]. There are two regions in the
sequence of sA�PP� that are proposed to be respon-
sible for its neuroprotective and neurotrophic features:
the N-terminal E1 domain and the E2 domain, both

containing heparin binding activity, whereas the E2
domain is largely ineffective [12]. The neuroprotec-
tive ability of E1 domain is thought to be mediated by
its heparin binding site [37]. The ability of this domain
to bind heparin sulphate proteoglycans is thought to
promote neurite outgrowth from central and peripheral
neurons [38]. This could potentially induce physiolog-
ically important cell signaling events, which are not
yet fully elucidated [39]. Furthermore, an antibody
that binds to this region inhibited sA�PP� mediated
synapse formation [40] and abolishes depolarization-
induced neurite outgrowth [41].

In our present investigation, we employed the full
length sA�PP� and its N-terminal E1 domain (A�PP
E1). Given that A�PP E1 contains only one heparin-
binding domain as compared to full length sA�PP�
and assuming that the heparin-binding domain is
involved in sA�PP� protective effects, we hypothe-
sized that the effect of A�PP E1 might be weaker
than that of sA�PP�. Therefore, we considered it as
a suitable control to investigate the cellular effects of
sA�PP�. As expected, the modulatory effects of A�PP
E1 throughout all experiments in this study were basi-
cally similar to that of sA�PP�, but much weaker than
the significant effects of sA�PP�.

Recent investigations on the role of autophagy in
the pathogenesis of AD found a number of macroau-
tophagic markers such as Atg5, Atg12, and LC3 to be
associated with plaque and neurofibrillary tangles in
AD [42–45]. Studies in an A�PP overexpressing cell
line as well as mouse models reveal that A�PP and A�
peptides localize with LC3 positive autophagosomes
[46, 47]. Important members of the cross-talk between
UPS and autophagy are thought to be the co-chaperone
proteins Bag1 and Bag3 [48]. Our recent work demon-
strates a prevalence of the autophagy pathway over
UPS in naturally aged cells and brain tissue [17].

The maintenance of the intracellular protein home-
ostasis by degrading damaged and unfolded proteins
is essential for cellular viability and function. There
are two major protein degradation pathways in the cell
responsible for stress-induced and constitutive pro-
tein turnover: the UPS and autophagy. Both systems
provide a fine-tuned regulation of the cellular protein
quality control. Impairment of interplay between these
two pathways might lead to an accumulation of dam-
aged and unfolded proteins. The impairment of protein
quality control at different stages may lead to excessive
accumulation of such proteins in the cell and is thought
to be associated with neurodegeneration [45, 49].

We focused our study on the effect of sA�PP�
on protein degradation machinery. Employing a
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well-established model of replicative senescence
IMR90 cells, we have demonstrated a modula-
tory function for sA�PP� on protein degradation
machinery under conditions of proteotoxic stress.
Interestingly, these positive influences of sA�PP�
were observed in young, but not in aged cells. Although
the induction of Bag3 with a proteasome inhibitor
(MG-132) in aged cells was comparable with that in
young cells, sA�PP� was unable to prevent this effect
(Fig. 2). This finding suggests a differential role for
sA�PP� in modulation of the transcription of Bag3
in young and aged cells. This could be due to the
age-associated occurrence of irreversible changes to
the proteasome complex. Moreover, numerous earlier
studies demonstrate significant structural changes to
proteasome complex either due to the oxidation of its
single subunits or due to their disturbed assembly (for
review, see [50]).

Interestingly, other components of the macroau-
tophagy pathway such as p62 and LC3-II remain
largely unaltered in these experiments (Figs. 4 and 5).
In order to investigate the neuronal relevance of mea-
sured effects of sA�PP� on proteasome, we extended
our investigations to neuronal cells. Employing pri-
mary hippocampal or cortical neurons, we indeed
found effects of sA�PP� on the proteotoxic stress
induced Bag3 expression fully comparable to those
observed in IMR90 cells and HEK 293 cells (Fig. 3).

The involvement of Bag3 was further observed
in perinuclear aggresomes induced by a proteasome
inhibitor MG-132. Immunocytochemistry analysis
revealed a strong accumulation of Bag3-positive aggre-
somes, which was significantly reduced by sA�PP�
(Fig. 6A, C). Furthermore, there was a significant
reduction of mutant SOD1 aggregation (Fig. 7). Inci-
dentally, SOD1G85R has been previously shown to
be prone to aggregation [51, 52]. It is plausible to
assume that a pharmacological inhibition of protea-
some by MG-132 leads to induction of Bag-3 mediated
macroautophagy. This is thought to be an adaptation
strategy of the cells in order to control efficient protein
turnover. Surprisingly, sA�PP� prevented this effect
by downregulating the expression of Bag3.

In order to understand this finding that may occur
counterintuitive to some extent, we had a closer look
into the other component of protein degradation, the
proteasome. Employing well-established substrates for
a proteasome such as degradation of d2-GFP and SUC-
LLVY-AMC, we observed a significant enhancement
of the proteasomal activity in the presence of sA�PP�
in two cell systems. The amount of the ubiquitinated
proteins, which is a well-accepted marker for cellular

proteasome activity, was also significantly decreased
(Fig. 8A-D). Interestingly, sA�PP� had no effect on
the protein levels of the key components of the protea-
some such as 19S and 20S as well as three important
subunits of 20S proteasome, PSMB5, PSMB6, and
PSMB7, indicating a direct modulation of the sA�PP�
protective in post-translational fashion. Based on our
previous findings demonstrating the presence of a
reciprocal relationship between Bag3 and Bag1 pro-
teins, it was plausible to assume that sA�PP�-induced
decrease in Bag3 may partially lead to a compen-
satory increase in expression of Bag1. Interestingly,
the analysis of total Bag1 protein family (Bag1L, Bag1
M, Bag1, and Bag1S) demonstrated that Bag1 was
largely unaffected under these experimental conditions
(Fig. 8F, G).

Since Bag3-mediated macroautophagy is one of the
important adaptive responses of the cells under condi-
tions of proteotoxic stress, an alternative interpretation
of the observed effects of sA�PP� is that sA�PP�-
induced increase in proteasome activity may prevent
the induction of Bag3 protein. It is well accepted
that constitutive autophagy plays a central role in the
elimination of unfavorable proteins, independent of
the proteasome system. However, it is not known so
far whether autophagy and proteasome degradation
target a similar set of normal and/or misfolded pro-
teins. It is plausible that due to a high energy demand
the autophagic pathway assists in degrading accumu-
lated proteins when cellular levels of aberrant proteins
overwhelm the disposal capacity of the proteasome.
Therefore, we assume that the cells may descend the
need to induce Bag3-mediated autophagy under the
conditions of increased proteasome activity.

In conclusion, our study suggests that the effect
of sA�PP� is exerted at least partly through the
modulation of the proteasome activity. These data pro-
vide insights into the molecular pathways downstream
of sA�PP� and suggests a novel function for this
A�PP cleavage product. Moreover, we demonstrate
that sA�PP� may have differential effects in young
and aged cells.

An interesting question arising in this context is how
sA�PP� being a soluble extracellular protein fragment
of A�PP affects intracellular proteostasis. A previ-
ous elaborated publication demonstrated that sorting
protein-related receptor containing LDLR class A
repeats (SORLA or LR11) may act as sA�PP� recep-
tors [53]. Others reported that sA�PP� might modulate
membrane tethered A�PP dimerization, which might
trigger the intracellular signaling [54]. However,
future experiments will be required to decipher the
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intracellular molecular mechanisms underlying the
protective sA�PP� activity.
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