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Abstract⎯Experimental evidences indicate that heat-shock protein 70 (HSP70) can serve as a prospective
therapeutic agent to treat Alzheimer’s disease (AD). It has demonstrated a neuroprotective effect in vivo on
mice models of AD. Moreover, HSP70 decreases oxidative stress in neurons induced by amyloid-β (Aβ42) and
its more toxic form with isomerized Asp7 (isoAβ42). The dysfunction of Ubiquitin-proteasome system (UPS)
is observed in AD. UPS is responsible for the degradation of the majority of cellular proteins and plays an
important role in protecting cells from oxidative stress. Here, we have shown that the incubation of human
neuroblastoma cells SK-N-SH with isoAβ42 increases the activity of intracellular proteasomes, which are the
principal elements of the UPS. On the contrary, the proteasomal activity was decreased in isoAβ42-treated
cells in the presence of exogenous HSP70. These results highlight the existence of an interplay between Aβ
peptides, proteasomes, and HSP70.
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Alzheimer’s disease (AD) is a severe neurodegen-
erative disorder associated with accumulation of amy-
loid beta peptide (Aβ) plaques in neurons and intercel-
lular space in brain [1]. Posttranslational modifica-
tions contribute to aggregation and toxic properties of
amyloid peptides, as well as to their degradation [2–7].
Isomerization of Asp7 in Aβ42 (isoAβ42) is a very fre-
quent modification [2, 8]. Compared to Aβ42, isoAβ42
aggregates better and exhibits more prominent cyto-
toxic and amyloidogenic properties [9–11].

AD is accompanied by the oxidative stress in neu-
rons [12], which might be caused by both Aβ42 and
isoAβ42 [13, 14]. An essential tool for protecting cells
from oxidative stress and for maintaining homeostasis
is represented by chaperone proteins, in particular by
the heat-shock protein 70 (HSP70) [15–17]. HSP70
accumulates in the brains of AD patients, which is
considered to be a sign of organism’s adaptive reac-
tions [18]. Exogenous HSP70 is thought to be useful in
AD therapy [19]. A prominent neuroprotective effect
of the intranasal recombinant HSP70 was observed in
the murine model of AD [19]. Furthermore, exoge-
nous HSP70 decreases the cytotoxic effect of Aβ42 and
isoAβ42 in vitro [13, 14]. The effect of HSP70 is asso-
ciated with the protection of cells from oxidative stress

and the inhibition of apoptosis [13, 14]. However, the
effect may be broader. Indeed, HSP70 slows down the
aggregation of amyloid peptides [20] and regulates the
rate of protein degradation, as well as functional status
of cellular proteasomes [21, 22].

Another typical feature of AD is the disturbed pro-
tein degradation and malfunction of the ubiquitin-
proteasome system (UPS) [23, 24]. The experimental
data show that intracellular amyloid peptides are the
most toxic and therefore the most important in patho-
genesis of AD [25]. Aβ42 is synthesized and accumu-
lated inside the cell and, as a substrate of UPS, it is
degraded by the 20S proteasome [26]. 20S protea-
some, the major UPS component, is a multisubunit
protein complex that hydrolyses most intracellular
proteins [27]. The free 20S proteasome particles as
well as 20S proteasomes associated with the 11S regu-
latory particles hydrolyze damaged and oxidized pro-
teins [28]. Furthermore, upon binding to the 19S reg-
ulatory particle the 20S proteasome forms 26S protea-
some, which selectively degrades ubiquitinated
substrates [27]. All proteasomes exhibit three catalytic
activities, i.e. chymotrypsin-like, trypsin-like and
caspase-like activities [27]. Recently we demonstrated
that Aβ42 and isoAβ42 decrease activity of free 20S pro-
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teasomes, but increase activity of the 20S proteasomes
capped with regulatory particles [29]. Despite the
importance of UPS for a cell’s adaptation to oxidative
stress and the impact of individual HSP70 and amy-
loid peptides of functioning of proteasomes, their
combined effect has not yet been studied.

We have determined the effect of isoAβ42 and exog-
enous HSP70 on the activity and subunit content of
proteasomes in human neuroblastoma cells SK-N-
SH. HSP70 has been shown to have no effect on the
activity of proteasomes, whereas the treatment of neu-
roblastoma cells with isoAβ42 results in the increased
proteasome activity. However, in HSP70-treated SK-
N-SH cells isoAβ42 reduced the proteasome activity.
The putative molecular mechanism of interaction
between HSP70, proteasomes, and isoAβ42 has been
considered.

MATERIALS AND METHODS

Human neuroblastoma cells SK-N-SH (ATCC®

HTB-11) were cultured in RPMI 1640 (Sigma
Aldrich, Germany) supplemented with 10% FCS
(fetal calf serum) (Sigma Aldrich), 2 mM L-gluta-
mine, antibiotics (penicillin/streptomycin) at 37°С,
5% СО2, and 95% humidity.

The synthetic peptide isoAβ42: [H2N]-DAEFRH-
[isoD]SGYEVHHQKLVFFAEDVGSNKGAIIGL-
MVGGVVIA-[COOH] was obtained from Biopeptide
(United States). The peptide was processed according
to [30]. Cold hexafluoropropanol (HFIP) (Fluka,
United States) was added to dry isoAβ42 at final con-
centration of 1 mM and incubated for 60 min at room
temperature. Then the solution was placed on ice for
10 min and transferred into non-siliconized micro-
centrifuge tubes (0.56 mg of peptide per tube). The
tubes were dried in a vacuum using Eppendorf Con-

Fig. 1. Changes in the proteasome activity in SK-N-SH cells induced by isoAβ42 and HSP70. (a) Analysis of aggregation status
of isoAβ42 by native 15% PAGE in Tris/glycine buffer. Loading: 2 μg of the peptide. Gel was stained with colloidal silver. M is
Molecular weight marker Prestained Protein Ladder (Fermentas, Lithuania). After reconstitution isoAβ42 is represented mostly
by the trimers and other low-molecular oligomers. (b) Analysis of HSP70 purity by 4–20% gradient PAGE. Loading: 0.4 μg of
protein. Gel was stained with Roti-blue quick protein stain (Roth, Germany). M—Molecular weight marker Prestained Protein
Ladder (Fermentas). Sample contains intact HSP70 and no protein contaminants. (c) Analysis of chymotrypsin-like (light bars)
and caspase-like (dark bars) proteolytic activities of the proteasomes in lysates of SK-N-SH cells treated with isoAβ42 and/or
HSP70. Mean ± SD of five independent experiments is shown. Significance of difference was estimated by Student t-test and
indicated with asterisks: *p < 0.05; **p < 0.01. (d) The effect of isoAβ42 and/or HSP70 on the level of 20S proteasome subunits
and Rpt6 subunit of 19S regulator. The results of immunoblotting with lysates of SK-N-SH cells, untreated and treated with
isoAβ42 and/or HSP70 for 24 h are shown. A panel of antibodies against proteasome subunits and 19S regulator was used (see
table). Control (1); cells treated with HSP70 (2); isoAβ42 (3); isoAβ42 after preliminary incubation with (4) HSP70 for 2 h.
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centrator 5301 (Eppendorf, Germany). The dried pep-
tides were stored at –80°C. To obtain a fresh 5 mM
isoAβ42 solution, 25 μL 100% anhydrous DMSO

(Sigma Aldrich) were added to 0.56 mg of the peptide
and incubated for 1 h at room temperature. Cells were
treated with peptides dissolved in serum-free growth
medium.

The aggregation status of the peptide was analyzed
by polyacrylamide gel electrophoresis (PAGE) in 15%
gel, in Tris/glycine buffer under native conditions,
then the gel was stained with silver using Pierce Silver
Stain kit for mass spectrometry (Thermo, United States)
according to the manufacturer’s protocol (Fig. 1а). The
human recombinant HSP70 was obtained according
to [31]. The protein was expressed in armyworm cells
(Spodoptera frugiperda), purified on Ni-NTA-agarose
column (Qiagen, Germany) according to the manu-
facturer’s instructions. Protein quality and purity was
estimated in 4–20% gradient SDS-PAGE in Tris/gly-
cine buffer. The gel was stained with Roti-Blue quick
(Roth, Germany) (Fig. 1b).

The SK-N-SH cells were harvested from culture
flasks using trypsin-EDTA solution (Sigma-Aldrich)
and washed twice with culture medium. The pellet was
resuspended and the cells were counted, diluted in
serum-free culture medium, and transferred into glass
tubes. Then, the cells were treated with either HSP70
(5 μg/mL) or isoAβ42 (5 μM) for 24 h. Combined

treatment of cells with HSP70 and isoAβ42 was per-

formed as follows: cells were incubated for 2 h with
5 μg/mL HSP70, then 5 μM isoAβ42 were added, and

cells were incubated for 24 h at 37°С and 5% СО2. Fol-

lowing incubation, cells were placed in an ice bath for
15 min, centrifuged, and washed tree times in Hanks’
Balanced Salt solution (HBSS) (Sigma-Aldrich). The
pellet was resuspended in HBSS; cells were counted
and centrifuged; and the supernatant was collected,
frozen in liquid nitrogen, and stored at –80°С.

To measure proteasomes activity and determine
their subunit content cells were thawed and homoge-

nized as follows: 3 × 106 cells in 200 μL homogeniza-
tion buffer (50 mM Tris-HCl (pH 7.5), 100 mM NaCl,
5 mM MgCl2, 1 mM EDTA, 1 mM dithiothreitol,

10% glycerol, 10 mM Na2S2O5 and 2 mM ATР). The

homogenate was incubated on ice for 10 min, then
centrifuged (30 min, 16000 g), and the supernatant
was collected. The total protein content was measured
by Lowry assay [32]. Chymotrypsin-like and caspase-
like activities of proteasomes were measured by hydro-
lysis of f luorogenic substrates Suc-LLVY-AMC and
Z-LLE-AMC (both from Enzo, United States) using
VersaFluor Fluorometer (Bio-Rad, United States).
Activity was estimated in samples that contained 2, 4,
6, 8, and 10 μL of clarified homogenate in the activity
assay buffer [33]. At the same time, activity was esti-
mated in samples pretreated with 10 μM of the prote-
asome inhibitor MG132 (Sigma-Aldrich). The
obtained results were scaled to 1 μL, multiplied by the

equalisation factor (calculated regarding to the total
protein concentration in samples), then mean value
and standard deviation were calculated. The subunit
content of proteasomes in cell lysates was analyzed by
the immunoblotting. Proteins were separated by the
12% SDS-PAGE in Tris/glycine buffer and transferred
onto the nitrocellulose membrane (Bio-Rad). The
efficiency of transfer was verified by staining of the
membrane with 0.1% Ponceau Rouge (Sigma-
Aldrich). To reveal the proteasome subunits, the
membranes were incubated with primary antibodies
(see table) for 2 h, then washed with 0.1% Tween-20
(Fisher, United States) in PBS, and incubated with
the appropriate secondary antibodies conjugated to
horseradish peroxidase (see table). Detection was per-
formed with ECL Prime (GE Healthcare, United
States). To normalize signals the membranes were
washed with the antibody detachment buffer (PBS,
2% SDS, 100 mM β-mercaptoethanol), and with PBS
afterwards. The membranes were incubated with anti-
β-actin primary antibodies (see table), then washed
and incubated with the appropriate secondary anti-
bodies conjugated to HRP (see table).

RESULTS AND DISCUSSION

In the presence of exogenous HSP70 chymotryp-
sin- and caspase-like activities of the proteasomes in
SK-N-SH cells did not differ from the activities in
control cells (Fig. 1c). Treatment with isoAβ42

increased both activities by ~18–20% compared to
control (Fig. 1c). In SK-N-SH cells isoAβ42 is known

to induce oxidative stress [14]. One of the mechanism
of cell’s adaptation to the oxidative stress is the de novo
synthesis of the proteasome subunits and subsequent
assembly into catalytically active complexes [21, 34].
To characterize the alterations of proteasome quantity
in response to isoAβ42 treatment the immunoblotting

with antibodies to a set of proteasome subunits was
performed (Fig. 1d). The isoAβ42 peptide was shown

to have almost no effect on either the quantitative or
subunit content of proteasomes. Previously, we
revealed that isoAβ42 could directly regulate the activ-

ity of proteasomes [29]. Interactions of the 26S and
20S proteasomes with the 11S regulator isoAβ42

increases their activity and reduces the activity of free
20S proteasomes. The cells have more proteasomes
with regulators than free 20S proteasomes [35], which
might cause the observed integral effect of increased
proteasome activity in the presence of isoAβ42.

In cells pretreated with HSP70, isoAβ42 reduces the

chymotrypsin- and caspase-like activity of protea-
somes by approximately 20% compared to the control.
However, the reduction of the caspase-like activity
compared to the control was not statistically signifi-
cant. Compared to cells treated with only isoAβ42, the

reduction of activities was 33 and 32%, respectively
(Fig. 1c). The 26S proteasomes were recently shown to
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temporarily dissociate into the 20S proteasomes and
19S regulators under oxidative stress, which results in
the rapid increase in proteasomes capable of degrading
damaged and oxidized proteins [21]. HSP70, which
stabilizes free 19S regulators, plays an important role
in this process [21]. Furthermore, exogenous HSP70
rapidly penetrates into the cells [36]. We suggest that
26S proteasomes dissociate in cells pretreated with
HSP70 in the response to oxidative stress induced by
isoAβ42. Therefore, the ratio of 20S proteasomes with

regulators and free proteasomes shifts towards free 20S
proteasomes. According to our data, isoAβ42 reduces

activity of 20S proteasomes [29]. Therefore, the
observed reduction of proteasome activity in cells
under combined treatment with HSP70 and isoAβ42

might be explained by the increase of 20S proteasome
content and reduction of their activity in response to
the peptide treatment. The obtained results demon-
strate that HSP70 is involved in the regulation of UPS
in neuroblastoma cells in response to the amyloid pep-
tide treatment.
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