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Abstract—The ubiquitin-proteasome system (UPS) performs proteolysis of most intracellular proteins. The
key components of the UPS are the proteasomes, multi-subunit protein complexes, playing an important role
in cellular adaptation to various types of stress. We analyzed the dynamics of the proteasome activity, the con-
tent of proteasome subunits, and the expression levels of genes encoding catalytic subunits of proteasomes in
the human histiocytic lymphoma U937 cell line immediately, 2, 4, 6, 9, 24, and 48 h after a heat shock (HS).
The initial decrease (up to 62%) in the proteasome activity in cellular lysates was revealed, then 10 h after HS
the activity began to recover. The amount of proteasomal α-subunits in the cells decreased 2 h after HS, and
was restored to 24–48 h after HS. Fluctuations in the levels of mRNAs encoding proteasome catalytic sub-
units with the maximum expression 2 h after HS and a gradual decrease to 48 h after HS were observed. The
average estimated number of mRNA copies per cell ranged from 10 for weakly to 150 for highly expressed pro-
teasome genes. Thus, the recovery efficiency of UPS functionality after HS, which reflects the important role
of proteasomes in maintaining cell homeostasis, was evaluated.
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INTRODUCTION

The ubiquitin-proteasome system (UPS) degrades
most intracellular proteins and, thus, participates in
almost all basic metabolic processes and in maintain-
ing cell homeostasis [1]. The core element of the UPS
is the 20S proteasome, a barrel-like structure com-
posed of four rings made of seven subunits each. Each
of the two outer rings consists of seven α-subunits
(α1–7) and performs structural and protective func-
tions, preventing the unregulated access of substrates
to the catalytic chamber formed by the two rings of
β-subunits. Three of the seven β-subunits in each ring
are catalytically active and perform the hydrolysis of
polypeptide chains after acidic (β1), basic (β2), and
hydrophobic (β5) amino acid residues [2]. Further-
more, instead of the constitutive subunits, protea-
somes may contain so-called immune subunits (β1i,
β2i, and β5i), the expression of which is stimulated by
different cytokines (interferon-γ (IFNγ) and tumor
necrosis factor-α (TNFα)) and increases with oxida-
tive stress [3]. The 20S proteasome performs its func-
tions in cells either in its free form or in complexes with

regulators, generating different forms of proteasomes
[4, 5]. The regulators ensure the substrate specificity of
proteasomes and facilitate the substrate penetration,
thus affecting the proteasomal activity. The main
parameter characterizing the functional state of prote-
asomes is their catalytic activity.

Proteasomes play a key role in protecting a cell
from different stresses. Thus, the proteasome-depen-
dent degradation of oxidized and damaged proteins
helps the cells to cope with oxidative stress [6]. Dam-
aged protein species are actively accumulated under
the stress caused by elevated ambient temperatures.
Although the UPS state after a heat shock (HS) was
investigated in a number of works [7–9], changes in
the proteasome activity and proteasome cellular levels
after HS were insufficiently addressed. In this work,
the functional state of proteasomes in the human his-
tiocytic lymphoma U937 cell line was studied before
and within 48 h after HS.

EXPERIMENTAL

Cells. The human histiocytic lymphoma U937 cell
line (courtesy of V.S. Prasolov, Engelhardt Institute ofAbbreviations: UPS, ubiquitin-proteasome system, HS, heat shock.
571



572 MOROZOV et al.
Molecular Biology, Russian Academy of Sciences)
was cultured in the RPMI 1640 medium (Gibco,
United Kingdom) supplemented with 10% fetal bovine
serum (FBS) (HyClone, United Kingdom), 2 mM
L-glutamine, and antibiotics (penicillin/streptomy-
cin) at 37°C, 5% CO2, and 95% humidity.

Heat shock. Before being exposed to HS, the U937
cells were counted in a Goryaev chamber and col-
lected in separate test tubes (1 × 106 cells per tube).
The test tubes were placed in a water bath (43°C) and
incubated for 1 h. After incubation, the cells were
transferred into culture f lasks, placed in an incubator,
and maintained at 37°C, 5% CO2, and 95% humidity.
Before the exposure to HS, immediately after HS, and
2, 4, 6, 9, 24, and 48 h after HS, the cells were har-
vested by centrifugation, counted in a Goryaev cham-
ber, and washed with phosphate buffer (PB). After-
wards, the cells were either frozen at –80°C (for the
proteasome activity assay or RNA isolation) or lysed in
a buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl,
1% NP-40, 5 mM EDTA, a protease inhibitor cocktail
(Complete mini EDTA free (Roche, Switzerland))] at
the ratio of 1 μL of the buffer per 104 cells. Nuclear and
cytoplasmic extracts were obtained with the NE-PER
Nuclear and cytoplasmic extraction reagent kit
(Thermo Scientific, United States) according to the
manufacturer’s instructions.

Assessment of proteasome activity. The chymotryp-
sin-like activity of proteasomes in cell homogenates
was assessed as described earlier [10]. The cells were
thawed and homogenized in the ratio of 1 × 106 cells
per 70 μL of the homogenization 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 ATP]. Total protein content in
the samples was determined using the Lowry method
[11]. The chymotrypsin-like activity of proteasomes
was determined by the hydrolysis of f luorogenic sub-
strate Suc-LLVY-AMC (Sigma-Aldrich, United States)
on a VersaFluor Fluorometer (Bio-Rad, United States).
The activity assays were carried out in triplicates, in
100 μL of a buffer for the activity assay, containing
6 μL of clarified homogenate [12]. To control the pro-
teasome-related specific activity, it was also deter-
mined in the samples containing the homogenate and
added 10 μM of the proteasome inhibitor MG132
(Sigma-Aldrich, United States). The obtained values
were recalculated for 1 μL of the clarified homoge-
nate, multiplied by the normalizing factor (obtained
after estimation of the protein content in the samples).
The mean value and standard deviation were calcu-
lated; then the content (%) was recalculated relative to
the activity in the control cells.

Inhibitory analysis and western blotting. The
dynamics of the proteasome concentration after HS
were also evaluated in lysates of the cells treated with
inhibitors of proteasomal and lysosomal proteolysis.
Before HS, the inhibitors (either a proteasome inhibi-
tor MG132 (Sigma-Aldrich) at a concentration of
5 μM or a lysosomal proteolysis inhibitor chloroquine
(Sigma-Aldrich) at a concentration of 10 μM) were
added to the cell culture medium. Afterwards, the cul-
ture medium was exposed to HS and subsequent
manipulations as described above.

The subunit composition of proteasomes in cell
lysates was analyzed by Western blot. Proteins were sep-
arated with electrophoresis in a 12% denaturing poly-
acrylamide gel (PAAG) containing sodium dodecyl sul-
fate (SDS) in a Tris-glycine buffer and then transferred
onto the nitrocellulose membrane (Bio-Rad, United
States). To monitor the transfer efficiency, the mem-
branes were stained with a 0.1% Ponceau Rouge solu-
tion (Sigma-Aldrich). To identify proteasome sub-
units, the membranes were incubated with primary
antibodies (Table 1) for 2 h, then washed with PBS
containing 0.1% Tween 20 (Fisher Scientific, United
States), and incubated with appropriate horseradish
peroxidase-conjugated (HRP) secondary antibodies
(Table 1). The blots were developed using the ECL
Prime kit (GE Healthcare, UK). To normalize the sig-
nal, the membranes were washed from the antibodies, at
first, with an antibody removal buffer (PBS, 2% SDS,
100 mM β-mercaptoethanol), and then additionally
with PBS. The membranes were incubated with pri-
mary antibodies against β-actin (Table 1), then
washed, and incubated with appropriate secondary
HRP-labeled antibodies (Table 1) and developed as
described above.

Ultracentrifugation. The secretion of proteasomes
via extracellular vesicles (EVs) from the cells exposed
to HS was assessed. For this purpose, the cell culture
medium was replaced with the fresh one, and then
cells were exposed to HS. The cell culture medium was
collected (immediately after HS, as well as 2, 4, 6, 9,
24, and 48 h after HS), centrifuged at 400 g for 5 min,
and then at 5000 g for 5 min. The supernatant was col-
lected after each centrifugation, transferred into a new
tube, and the pellets were discarded. The obtained
samples were centrifuged (100000 g, 2 h) through a
10% sucrose solution in a Beckman Ultima ultracen-
trifuge (Beckman, United States). The pellets were
dissolved in PBS and analyzed with immunoblotting
as described above.

Development of a real-time PCR (RT-qPCR) system.
From the cells exposed to HS and frozen at –80°C, the
total RNA was isolated using the GeneJET RNA Puri-
fication Kit (Thermo Scientific) according to the
manufacturer’s instructions. The RNA concentration
and purity in the samples were determined spectro-
photometrically with a NanoDrop instrument
(Thermo Scientific). To remove DNA, the RNA sam-
ples were treated with the RapidOut DNA Removal kit
(Thermo Scientific). Further, a reverse transcription
reaction was performed using Maxima H Minus
Reverse Transcriptase (Thermo Scientific) and an
oligo(dT)20 primer to obtain cDNA (1.5 μg of the total
MOLECULAR BIOLOGY  Vol. 53  No. 4  2019
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Table 1. Antibodies used in the study

Antibodies Manufacturer

Mouse monoclonal anti-20S proteasome α-subunits (α1,2,3,5,6,7) Enzo, United States
Rabbit polyclonal anti-β5 GeneTex, United States
Rabbit monoclonal anti-β5i Cell signaling, United States
Rabbit polyclonal anti-Hsp70 Courtesy of M.B. Evgen’ev
Mouse monoclonal anti-Rpt6 (Rpt6 subunit of 19S-regulator) Enzo, United States
Rabbit monoclonal anti-β-actin Sigma-Aldrich, United States
Goat anti-mouse IgG (HRP) Enzo, United States
Goat polyclonal anti-rabbit IgG (HRP) Abcam, UK

Fig. 1. Dynamics of chymotrypsin-like activity of proteasomes
in lysates of U937 cells after HS. Proteasome activity was
determined by hydrolysis of fluorogenic Suc-LLVY-AMC
substrate. Experiment was carried out in three replications.
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RNA in the reaction mixture). The expression level of
genes encoding proteasome catalytic subunits
(PSMB5, PSMB6, PSMB7, PSMB8, PSMB9, and
PSMB10), as well as β-actin (Actb) and heat shock pro-
tein 70 (Hsp70, HSPA1A gene), was quantified by the
RT-qPCR assay. Primers for PCR (Table 2) were
selected using the IDT platform (https://eu.idtdna.com)
and the OligoAnalizer tool, considering the criteria
described in [13]. With these primers, the PCR prod-
ucts were obtained. After purification from agarose
gel, the PCR products were cloned (except for
HSPA1A) into the pAL-2T vector, using the Quick TA
kit (Evrogen, Russia). Thus, a set of plasmids with
short gene fragments corresponding to the PCR prod-
ucts was obtained. The plasmids concentrations were
measured utilizing the NanoDrop instrument
(Thermo Scientific). Using the EndMemo online tool
(http://www.endmemo.com/bio/dnacopynum.php),
we determined the copy number of each plasmid per
unit volume. At the next stage, the PCR amplification
efficiency of specific fragments was assessed. Serial
dilutions of plasmids were applied as a template. The
PCR products were separated on a 2.5% agarose gel
(see Supplementary Materials, Fig. 1). In the tests, we
determined the reaction optimal parameters and the
system sensitivity. Then, the amplification efficiency
of each primer pair was estimated by qPCR using the
Luminaris Color HiGreen qPCR Master Mix kit
(Thermo Scientific) and serial dilutions of plasmids
and serial dilutions of cDNA (see Supplementary
Materials, Figs. 2, 3). Reactions with control plasmids
were carried out in the presence of 100 ng of carrier
DNA (salmon sperm DNA (Thermo Scientific)). At
the stage of applying the designed RT-qPCR system
for quantification of expression levels of genes encod-
ing proteasome catalytic subunits, 2 μL of 4 times
diluted cDNA was added per each reaction. Each
experimental point (C, 0, 2, 4, 6, 9, 24, and 48 h) for
all genes was performed in duplicate, and the system
calibration was carried out with serial dilutions of plas-
mids (2, 10, 102, 103, 104, 106, and 107 copies of each
plasmid was added to the reaction). The qPCR was
performed on a LightCycler 480 instrument (Roche).
The output data of the instrument, including the val-
MOLECULAR BIOLOGY  Vol. 53  No. 4  2019
ues of the threshold cycles, were analyzed with Micro-
soft Excel tools. Based on the obtained calibration
curves (the values of the threshold cycles for serial
dilutions of an appropriate plasmid), the number of
transcripts of each gene per unit volume were deter-
mined. Further, the number of transcripts per μg of
the total RNA was calculated, and afterwards, the
average number of gene transcripts per cell was esti-
mated. For this purpose, it was necessary to estimate
the average amount of total RNA per cell. Therefore,
an additional experiment was carried out. RNA was
isolated in triplicate from a known number of cells and
the RNA concentration was measured. The mean
RNA abundance per cell of the U937 line was 12 ± 1 pg.
This value was used in estimating the number of each
gene transcripts per cell. The expression level was nor-
malized to Actb.

RESULTS AND DISCUSSION
Dynamics of Proteasome Activity in U937 Cells after HS

A sharp decrease in the proteasome activity in HS-
exposed U937 cells was demonstrated (Fig. 1). Thus,
immediately after HS, the chymotrypsin-like activity
of proteasomes reached 70% of the initial value, and
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Fig. 2. Analysis of proteasome subunit level in U937 cells after HS. (a) Western blot of lysates of control cells and of cells incubated
for 0, 2, 4, 6, 9, 24, and 48 h after HS with antibodies against proteasome subunits, 19S regulator subunit Rpt6, and Hsp70. At
least two biological replicates were performed, in experiment to study dynamics of content of proteasomal α-subunits, n = 4. Rep-
resentative results are presented for each experiment. (b) Changes in levels of proteasome subunits and proteasome regulator after
HS. Graph is plotted based on average optical density of relevant signals obtained after scanning X-ray films and processing results
with ImageJ software. Mean optical density value in control is denoted as 100%. Curves: (1) Σα; (2) β5; (3) β5i; and (4) Rpt6.
(c) Comparative analysis of content of proteasomal α-subunits in lysates of cytoplasmic and nuclear fractions of control cells and
U937 cells 2 h after HS. (d) Accumulation of Hsp70 in U937 cells after HS. Graph is plotted based on average optical density of
relevant signals obtained after scanning X-ray films and processing results with ImageJ software. Mean optical density value in
control is denoted as 100%.
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2 h after HS, it was 54%. The lowest proteasome activ-
ity level in U937 lysates (38% of the initial level) was
observed 9 h after HS (Fig. 1). Then the activity was
gradually restored to approximately 85% of the control
level 48 h after HS. The experimental results indicat-
ing a decrease in the proteasome activity coincide with
the previous measurements of the proteasome activity
2 h after HS (in RMA cells, 25 min, 42°C) [7]. At the
same time, the proteasome activity profile, deter-
MOLECULAR BIOLOGY  Vol. 53  No. 4  2019
mined by us, differed from the data obtained in human
fibroblasts after they were exposed to HS (for 1 h at 41
or 42°C) [8]. Thus, 5 h after HS, the chymotrypsin-
like activity of proteasomes decreased by approxi-
mately 14% [8], followed by its sharp growth. How-
ever, the data [8] demonstrate a more significant
decrease in the proteasome activity in the cells
exposed to HS at higher temperatures (for example, at
43°C) [8]. Thus, we can see similar dynamics in the
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Fig. 3. Effects of MG132 proteasome inhibitor and lysosomal proteolysis inhibitor chloroquine on accumulation dynamics of pro-
teasomal α-subunits in cellular lysates of U937 after HS. (a) Western blot of cellular lysates with antibodies against proteasomal
α-subunits. Cells were exposed to HS in presence of inhibitors, and then cellular lysates were obtained immediately after HS, as
well as 2, 4, 6, 9, 24, and 48 h after HS. (b) Changes in content of proteasome α-subunits after HS in presence of inhibitors
(Mg—MG132, Chl—chloroquine). Graph is plotted based on average optical density of relevant signals obtained after scanning
X-ray films and processing results with ImageJ software. Mean optical density value in control is denoted as 100%. Curves:
(1) Σα; (2) Σα + MG132; and (3) Σα + Chloroquine. (c) Western blot of samples of culture f luid of U937 cells (100 times con-
centrated by ultracentrifugation) obtained at different intervals after HS. Each sample (20 μL) was applied on gel. (d) Western
blot analysis of lysates of U937 cells after HS in presence of proteasome inhibitor MG132 with antibodies against Hsp70.
(e) Accumulation of Hsp70 in U937 cells after HS in presence of proteasome inhibitor MG132. Graph is plotted based on average
optical density of relevant signals obtained after scanning X-ray films and processing results with ImageJ software. Mean optical
density value in control is denoted as 100%.
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(d)
response of different cells to elevated temperature,
although the dynamics of proteasome activity seem to
be strongly dependent on the HS protocol and type of
cells. Possible reasons of the decline in the activity
may include less efficient proteasome maturation,
post-translational modifications (PTMs) of their sub-
units [7], and a decreased abundance of the existing
assembled complexes. Therefore, we have investigated
the dynamics of the abundance of proteasome sub-
units in cellular lysates after HS.

Dynamics of Proteasome Subunit and Hsp70 Levels
in U937 Lysates after HS

The proteasome content in cellular lysates was
assessed by Western blot with antibodies to the struc-
tural α-subunits (α1, 2, 3, 5, 6, 7) and to the catalytic
subunits β5 and β5i responsible for the chymotrypsin-
like activity of proteasomes. In addition, the content of
Rpt6 subunit of the 19S proteasome regulator was
determined. The amounts of the proteasome subunits
in cellular lysates began to decrease immediately after
HS and reached their minimum 2 h after HS (Figs. 2a,
2b). Afterwards, the content of proteasome subunits
and subunits of the 19S regulator was restored. How-
ever, the abundance of proteasomes recovered
unevenly. Thus, the subunit levels increased within 2–
6 h after HS, followed by stabilization or decreasing by
the 9th h after HS, with the further recovery of the
proteasome abundance (Figs. 2a, 2b). Considering
our method of preparation of cell lysates (gentle lysis
without disrupting the cell nuclei) and the data
MOLECULAR BIOLOGY  Vol. 53  No. 4  2019
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reported in [7] indicating changes in the intracellular
localization of proteasomes after HS, we compared
the proteasome content in the nuclear and cytoplas-
mic fractions prepared from the control cells and from
the cells incubated within 2 h after HS (Fig. 2c). No
significant increase in the proteasome levels in the
nuclei lysates was revealed. Moreover, in the nuclear
fraction of U937 cells, proteasome α-subunits were
practically absent. These results are consistent with
the recently published results, indicating a predomi-
nantly cytoplasmic localization of the active protea-
somes, at least in some cell lines [14]. Although the
data on the decrease in the proteasome abundance dif-
fer from those presented earlier [8], these differences
may be a result of using different cell lines and differ-
ent HS protocols. As an additional control, we
assessed the level of Hsp70 in U937 lysates. It began to
grow sharply 2–4 h after HS and reached a peak around
9 h, then the protein level stabilized and remained at the
same level even 48 h after HS (Figs. 2a, 2d).

Effects of Proteasome and Lysosome Inhibitors 
on the Cellular Proteasome Levels after HS

Under stress conditions, proteasomes are degraded
by autophagy [15, 16]. It is known that exposure to HS
(43°C) increases autophagy, and the autophagy mark-
ers LC3I and LC3II are accumulated within 3–6 h
after HS [17]. To estimate the autophagy contribution
to the observed decrease in the proteasome subunit
content in U937 lysates, HS was performed in the
presence of a lysosomal proteolysis inhibitor, chloro-
quine. It was shown that in the presence of chloro-
quine, the recovery of cellular proteasome subunit lev-
els occurs faster (Figs. 3a, 3b). The amount of protea-
some subunits in lysates of the cells incubated with
chloroquine barely decreased 6 and 9 h after HS,
which might indicate that part of the proteasomes are
degraded in autophagosomes 6–9 h after HS; this,
however, does not fully explain the decrease in the
proteasome subunit level 2–4 h after HS (Figs. 3a, 3b).
It is known that proteasomes could be secreted from
the cells within the extracellular vesicles (EVs) both
under normal and stress conditions [18, 19]. There-
fore, we evaluated the possible release of proteasomes
from the cells via exosomes or microvesicles after HS.
Ultracentrifugation of the cell culture f luid samples
revealed a gradually increasing abundance of the
encapsulated α-subunits of the proteasomes. This
indicates the likely absence of any rapid release of pro-
teasomes via EVs immediately after HS (Fig. 3c).

It can be assumed that the proteasome subunits not
incorporated into the proteasomes can be degraded by
other proteasomes. It was shown that subunit Rpn5 of
regulator 19S was degraded in yeast cells [20]. It is also
known that most of the proteasome subunits are
actively ubiquitinated, and at least some of them
undergo this modification without being incorporated
in the complex [21]. Although proteasomal subunits
MOLECULAR BIOLOGY  Vol. 53  No. 4  2019
are mainly monoubiquitinated, it was recently shown
that this might be quite sufficient for the substrate deg-
radation in proteasomes [22]. Furthermore, HS
induces the active degradation of de novo synthesized
proteins [23]. In our studies, we observed stabilization
in the level of proteasome α-subunits in lysates in the
presence of the MG132 proteasome inhibitor 2 h after
HS. This may be indicative of the degradation of unas-
sembled proteasome subunits in functionally active
proteasomes or indicate the disruption of mechanisms
involved in the degradation of proteasomes themselves.
The latter seems less likely, since the proteasome subunit
levels still continue to decrease when the autophagy is
inhibited (Figs. 3a, 3b). At the same time, a sharp
decrease in the proteasome abundance observed 24 h
after HS may be a result of the autophagy activation
due to the inhibition of proteasomes [24]. The Hsp70
accumulation in cellular lysates was more pronounced
in the presence of MG132 (Figs. 3d, 3e). However, the
most significant increase of the protein content began
4 h after HS (similarly to the experiments without the
inhibitor). These data show the joint effect of the pro-
teasome inhibition and HS, which coincides with the
previously reported results [25–27].

Dynamics of the Proteasome Subunit Genes
mRNA Levels after HS

Using the designed RT-PCR system for quantifica-
tion of the expression levels of proteasome genes, we
estimated the accumulation of specific transcripts in
the cells after HS. We determined the mRNA levels of
the PSMB5, PSMB6, PSMB7, PSMB8, PSMB9, and
PSMB10 genes encoding the subunits β5, β1, β2, β5i,
β1i, and β2i, respectively, and the expression level of
the HSPA1A gene. It was shown that, normally, the
number of transcripts of the proteasome genes in the
U937 cells varies from 10 (PSMB9 and PSMB10
genes) to about 120 (PSMB8) copies per cell (Fig. 4).
These data demonstrate the heterogeneity of the pro-
teasome pool in U937 cells and the prevalence of
intermediate proteasomes containing the set of cata-
lytic subunits β1, β2, β5i, which is in good agreement
with the results of the mass spectrometric analysis
[28]. Immediately after HS the decrease in the mRNA
levels of genes encoding the constitutive proteasome
subunits (β1, β2, β5) was observed. Two hours after
HS, the number of specific transcripts increased, and,
afterwards, decreased. However, 9 h after HS, it began to
grow again, approaching the values measured before
exposure to HS. The increased transcript levels 2 h after
HS could explain the increase in the concentration of
proteasomal subunits 4 h after HS, as revealed earlier
(Figs. 2a, 2b). In the case of the immune subunit genes
PSMB8 and PSMB10 the dynamics of mRNA expression
was different. Thus, after a peak 2 h after HS, a smooth
decline during subsequent 46 h was observed. These data
may, to some extent, explain the extremely slow elevation
of the β5i subunit level (Figs. 2a, 2b). In general, the
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Fig. 4. Accumulation of mRNAs of proteasomal genes in U937 cells after HS quantified by RT-qPCR.
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results of the experiments demonstrate changes in the
cellular proteasome pool and likely increased share of
constitutive proteasomes 24 h after HS. The expression
level of gene encoding Hsp70 was represented by a peak
with a maximum 9 h after HS, when the estimated
mRNA copy number per cell reached about 8.000 and
then it promptly decreased, and after 48 hours, it
approached the control values (see Supplementary
Materials, Fig. 4). It should be noted that the evalu-
ated transcripts levels per cell are approximate values,
since the RNA isolation efficacy or the efficiency and
processivity of the reverse transcriptase were not con-
sidered.

CONCLUSIONS
Additional data on the complex nature of the UPS

adaptation to HS were obtained. Changes in the func-
tional activity of proteasomes after HS are apparently
due to the action of a whole set of factors, including
changes in the expression level of subunits, degrada-
tion of proteasomes and their subunits, disruption in
the assembly of complexes, and the PTMs of protea-
some subunits. Considering the important role of pro-
teasomes in maintaining homeostasis in normal cells
and, especially, in tumor cells, and the development of
methods for thermal tumor ablation [29], the studies
on molecular mechanisms of the UPS adaptation to
HS are capable of providing the necessary information
for modifying the protocols for cancer therapy.
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