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ABSTRACT
The proteasome is the key player in targeted degradation of cellular proteins and serves as a
therapeutic target for treating several blood malignancies. Although in general, degradation of
proteins via the proteasome requires their ubiquitination, a subset of proteins can be degraded
independently of their ubiquitination by direct interaction with subunits of the 20S proteasome
core. Thus, investigation of the proteasome-associated proteins may help identify novel targets of
proteasome degradation and provide important insights into the mechanisms of malignant cell
proteostasis. Here, using biochemical purification of proteasomes from multiple myeloma (MM)
cells followed by mass-spectrometry we have uncovered 77 proteins in total that specifically
interacted with the 20S proteasome via its PSMA3 subunit. Our GST pull-down assays followed by
western blots validated the interactions identified by mass-spectrometry. Eleven proteins were
confirmed to bind PSMA3 only upon apoptotic conditions induced by a combined treatment with
the proteasome inhibitor, bortezomib, and genotoxic drug, doxorubicin. Nine of these eleven
proteins contained bioinformatically predicted intrinsically disordered regions thus making them
susceptible to ubiquitin-independent degradation. Importantly, among those proteins five inter-
acted with the ubiquitin binding affinity matrix suggesting that these proteins may also be
ubiquitinylated and hence degraded via the ubiquitin-dependent pathway. Collectively, these
PSMA3-interacting proteins represent novel potential substrates for 20S proteasomes upon
apoptosis. Furthermore, these data may shed light on the molecular mechanisms of cellular
response to chemotherapy.
Abbreviations: BD: bortezomib/doxorubicin treatment; CDK: cyclin-dependent kinases; CHCA: α-
cyanohydroxycinnamic acid; IDP: intrinsically disordered proteins; IDR: intrinsically disordered
regions; IPG: immobilized pI gradient; MALDI TOF/TOF: matrix-assisted laser desorption/ionization
time-of-flight tandem mass-spectrometry; MM: multiple myeloma; ODC: ornithine decarboxylase;
PI: proteasomal inhibitors; PSMA: alpha-type 20S proteasome subunits; PTMs: post-translational
modifications; SDS-PAGE: sodium dodecylsulphate polyacrylamide gel electrophoresis; UIP: ubi-
quitin-independent proteasomal proteolysis.

ARTICLE HISTORY
Received 26 February 2018
Revised 14 May 2018
Accepted 21 June 2018

KEYWORDS
Proteasome-interacting
proteins; PSMA3; multiple
myeloma; bortezomib;
doxorubicin; combined
treatment

Introduction

The 26S proteasome is a multi-subunit ribonu-
cleoprotein complex found in both nuclei and
cytoplasm of all eukaryotic cells. It consists of a
barrel-shaped 20S core flanked by either one or
two regulatory 19S complexes. The main func-
tion of cellular proteasomes is the cleavage of
proteins labeled with polyubiquitin chains,
through limited and controlled proteolysis. All
three proteolytic activities of the proteasome
(caspase-, trypsin-, and chymotrypsin-like) are
associated with beta subunits of the 20S core

(β1, β2, β5). On the contrary, the alpha-type
subunits are shown to play structural role [1].
Recently, we and other groups have shown that
alpha-subunits possess with endo-ribonuclease
activity thereby controlling expression levels of
several important transcription factors [2].
Furthermore, proteasomes were shown to
associate with RNA. The RNA component of
proteasomes is represented by a heterogeneous
fraction of nucleic acid molecules ranging from
20 to 120 nucleotides, recently shown to also
contain miRNAs [3].
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The regulatory complexes participate in the sub-
strate recognition and unfolding and control the
size of proteolysis products. The data accumulated
over the past decades point to 26S proteasomes as
universal intracellular instruments carrying an
integrated set of diverse biochemical functions.
Although mostly recruited as a whole, a protea-
some is able to utilize one or more of its functions
depending on a set of specific post-translational
modifications [4].

An ever-increasing number of studies suggests that
certain intracellular proteins can undergo protea-
some-mediated proteolysis without the ubiquitin
mark involved. In that case, the specificity of degrada-
tion is mediated by binding between the proteasome
and the substrate protein via additional interactions
with accessory proteins. Furthermore, certain amino
acidsmotifs for proteasome-specific degradationmust
be intrinsically present in the substrate protein itself.
To expose such signals to the catalytic subunits of 20S
complexes the substrate proteins are unfolded using
ATPase activity of 19S proteasomes. Alternatively, the
substrate proteins can be intrinsically disordered to
provide such an access to beta-subunits. Noteworthy,
approximately 20% of all cellular proteins can be
degraded in vitro by the 20S proteasome directly due
to the presence of extended disordered regions in their
sequences [5]. However, this large number of proteins
cannot undergo spontaneous unregulated degrada-
tion in the living cell implying that some level of
targeting specificity takes place. This is likely achieved
through the interaction between the proteasome and
its substrate proteins. To this end, several proteins
including ornithine decarboxylase (ODC) and the
IκBα subunit of the NF-kB transcription factor were
shown to undergo specific degradation by the 20S
proteasome [6]. Furthermore, the major tumor sup-
pressor in vertebrates, p53, was also demonstrated to
undergo ubiquitin-independent degradation [7].
Importantly, since p53 and related proteins, p73 and
p63, affect expression of many genes not only directly,
but also indirectly, via regulation of micro-RNAs,
studying the mechanisms of proteasome-mediated
degradation of these proteins is still topical [8,9]. A
similar mechanism of degradation was shown for an
important CDK inhibitor p21WAF1/CIP1. The latter
contains the degradation sequence located at the car-
boxyl terminus of the protein that interacts with
PSMA3 subunit of the 20S proteasome core [10,11].

pRb and EGR-1 also interact with PSMA3, which
apparently results in their degradation [12,and 13,
respectively]. Therefore, PSMA3 may be considered
as a gateway to the 20S proteasome core. Taking into
consideration that all these substrates participate in
cancer-related signaling pathways, the identification
of PSMA3-associated proteins may be important for
understanding of aberrations in the complex network-
ing during the tumor development.

Because the proteasome is considered as a key
player in variety of cellular regulatory pathways
[14,15], inhibition of its activity draws attention
as a promising therapeutic target for treating var-
ious cancers. Multiple myeloma (MM) is a tumor
specific to plasma cells. The characteristic feature
of these cells is production of large amounts of
abnormal antibodies. Although the disease is con-
sidered as incurable, admission of proteasomal
inhibitors (PI) and PI-based combination thera-
pies resulted in temporary remission of patients.
The molecular mechanism for this phenomenon is
several fold: first, multiple myeloma cells are more
susceptible to proteasome inhibitors when com-
pared to normal plasma cells [16]. Second, highest
efficacy of proteasome inhibitors is achieved for
the cells exhibiting high rates of protein synthesis.
This means that the tumor cells experience con-
stant proteotoxic stress and are therefore more
sensitive to the inhibition of proteasomes.
Accordingly, when the proteasome activity is
blunted in MM cells that actively produce abnor-
mal antibodies, malfunctioning proteins may start
to accumulate inside the cell, with a high chance of
activation of cellular unfolded protein response
that eventually triggers apoptosis [17].

With that inmind, the proteasomal activity appears
instrumental for MM cell survival and hence, for the
outcome of therapeutic treatment. Importantly, we
have shownpreviously that genotoxic stress attenuates
the activity of proteasomes via multiple post-transla-
tional modifications, including phosphorylation [4].
Thus, the detailed characterization of proteasome-
related interactome under genotoxic stress conditions
may assist in better understanding of the chemother-
apy-related molecular events that guide MM cells to
apoptosis. Finally, revealing the proteins that bind to
the 20S proteasome core may uncover new adapter
proteins that target biologically significant regulators
for degradation. The latter may additionally broaden
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our knowledge of the protein utilization pathways in
cancer cells.

Results

Identification of PSMA3-interacting proteins by
GST pull-down approach and proteomics. The aim
of this work was to conduct the comparative investi-
gation of the repertoire of proteins associated with
proteasomes in MM cells upon the conditions of
normal growth and apoptosis induced with genotoxic
drug, doxorubicin. To enrich the population of the
labile proteins after genotoxic stress we treated the
RPMI 8226 cells with doxorubicin simultaneously
with bortezomib (BD), which specifically inhibits
trypsin- and chymotrypsin activities of the protea-
some (Figure 1). Separate analysis of the cytoplasmic
and nuclear fractions allowed us to distinguish the
differences in protein composition in the cytoplasm
andnucleus ofMMcells upon genotoxic stress. In fact,
we observed a drastic difference in protein expression
patterns in the cytoplasm samples of B/D-treated ver-
sus non-treated cells several (Figure 1, panel C).
Importantly, the concentrations of drugs that we
used in this study were selected to specifically induce
apoptosis and avoid necrosis of the cells. The effects of
different concentrations of drugs on cell death were
monitored by flow cytometry using Annexin V and

propidium iodide staining (Supplementary Fig. 1 and
data not shown).

To identify the PSMA3 interacting proteins we
employed GST-PSMA3 pull-down technique
(Figure 1b). GST beads were used as negative control
(Figure 1a). The GST-PSMA3 bound proteins from
cytoplasm and the nucleus non-treated and treated
with BD were analyzed by 2D electrophoresis
(Figure 2(a-d), respectively). Some pKa shifts for cer-
tain proteins were also observed, indicating possible
changes in post-translational modifications of these
proteins.

We have identified 46 PSMA3-bound proteins
from control RPMI8226 cells and 31 – from cells
after combined treatment. 20 proteins were common
for both groups, 26 – unique for control cells
(Table 1) and 11 were detected in BD-treated cells
(Table 2) only (Figure 3). The last group is repre-
sented by several cytoskeleton proteins (myosin
heavy chain 9, beta 4B tubulin, 47 kDa actin-binding
protein), hnRNPs (A1, H2, H3), hemoglobin subunit
alpha, histone H2B, coiled-coil domain-containing
protein 27, ELAV-like protein 1 and tumor suppres-
sor candidate gene 1 protein.

It was possible that several PSMA3-interacting
proteins may be degraded both by ubiquitin-inde-
pendent (via the 20S proteasome) and ubiquitin-
dependent (via the 19S sub-complex) pathways. To
test such possibility we performed the binding assay

Figure 1. SDS-PAGE electrophoregram of GST-bound proteins (a), PSMA3-bound proteins (b) and cytosol/nuclear extracts (c). “M”
lanes: protein molecular mass marker (in kilodaltons).
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of ubiquitinylated proteins with the recombinant
HDAC6 ubiquitin interacting domain (HUID)
fused to GST. Interestingly, we found five proteins
(LSP1, HBA1, HIST1H2BL, HNRNPA1, and
ELAVL1) from the validated set of PSMA3 interac-
tors to be associated with HUID suggesting that
these proteins may be ubiquitinylated

(Supplementary Table 4). Future studies should
determine whether ubiquitination affects these inter-
actions and whether these proteins can also be
degraded via interactions with subunits of the 19S
sub-complex of 26S proteasome. Irrespective of ubi-
quitinylation, six other proteins (TUSC1,
HNRNPH3, HNRNPH2, CCDC27, TUBB4B, and

Figure 2. 2D electrophoregrams of PSMA3-bound proteins from both cytosol (a, b) and nuclear (c, d) extracts of RPMI8226 multiple
myeloma cells (control ones (a, c) and after bortezomib/doxorubicin combined treatment (b, d)). Isoelectric focusing was performed
in 11 cm IPG strips pH 3–11NL (GE), second dimension was carried out in Hoefer Ruby 600 electrophoresis unit (GE). Gels were
stained with Coomassie G250. “M” lane: protein molecular mass marker (in kilodaltons).
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MYH9) apparently interacted with PSMA3 directly,
because they were absent from the HUID
interactome.

Identification of potential ubiquitin-indepen-
dent proteolysis substrates using the bioinfor-
matics approach. To undergo rapid degradation
via ubiquitin-independent mechanism the target
protein must contain an unstructured region
(> 30 amino acids in length) [18–20]. Such regions
are referred to as intrinsically disordered regions
(IDRs). Proteins with entirely disordered
sequences (intrinsically disordered proteins,
IDPs) do also exist [21]. Bearing this idea in

mind, we have evaluated the degree of intrinsic
disorder of the identified PSMA3-interacting pro-
teins using DynaMine (http://dynamine.ibsquare.
be) [22,23], GlobProt (http://globplot.embl.de)
[24] and CSpritz (http://protein.bio.unipd.it/
cspritz/) [25] servers. The analysis revealed that
half or the proteins that interact with PSMA3
intrinsically carry sufficiently long disordered frag-
ments and thereby can potentially be considered as
substrates for ubiquitin-independent proteasomal
degradation. The full list of the identified proteins
(with IDR-containing members marked) is shown
in Supplementary Table 1.

Table 1. Unique proteins from control RPMI8226 cells interacting with PSMA3.
UniProt ID Protein name Gene Name Molecular mass (Da)/pI Number of peptides (95%)

1 Q9UL46 Proteasome activator 28 subunit beta PSME2 27,402/5.54 2
2 P24534 Elongation factor 1-beta EEF1B2 24,764/4.5 4
3 Q15365 Poly(rC) binding protein Alpha-CP1 PCBP1 37,498/6.66 3
4 Q99623 Prohibitin-2 PHB2 33,296/9.83 1
5 P26641 Elongation factor 1-gamma EEF1G 50,119/6.25 4
6 P31689 DnaJ (Hsp40) homolog, subfamily A, member 1 DNAJA1 44,868/6.65 2
7 Q05639 Elongation factor 1-alpha 2 EEF1A2 50,470/9.11 6
8 Q9BQE3 Tubulin alpha-1C chain TUBA1C 49,895/4.96 6
9 P07437 Tubulin beta-2 chain TUBB2C 49,831/4.79 9
10 P78371 T-complex protein 1 subunit beta CCT2 57,488/6.01 6
11 P60709 Actin, cytoplasmic 1 ACTB 41,737/5.29 6
12 Q99832 T-complex protein 1 subunit 7 (eta) CCT7 59,367/7.55 2
13 P49368 T-complex protein 1 subunit gamma CCT3 60,534/6.1 2
14 P08238 Heat shock 90kDa protein 1, beta HSP90AB1 83,264/4.97 3
15 Q06323 Proteasome activator complex subunit 1 PSME1 28,723/5.78 1
16 Q9C098 Serine/threonine-protein kinase DCLK3 73,814/9 1
17 P20807 Calpain-3 CAPN3 94,254/5.81 1
18 P19971 Thymidine phosphorylase TYMP 49,955/5.36 1
19 P06748 Nucleophosmin NPM1 32,575/4.64 3
20 P07910 Heterogeneous nuclear ribonucleoprotein C (C1/C2) HNRNPC 33,670/4/95 4
21 Q15637 Splicing factor 1 SF1 68,330/9.07 2
22 P23246 Splicing factor, proline- and glutamine-rich SFPQ 76,149/9.45 2
23 Q9Y4L1 Hypoxia up-regulated protein 1 HYOU1 111,335/5.16 2
24 P51991 Heterogeneous nuclear ribonucleoprotein A3 HNRNPA3 39,595/9.1 1
25 P14866 Heterogeneous nuclear ribonucleoprotein L HNRNPL 64,133/8.46 1
26 Q9UJZ1 Stomatin-like protein 2, mitochondrial STOML2 38,534/6.87 1

Table 2. Unique proteins from bortezomib/doxorubicin-treated RPMI8226 cells interacting with PSMA3.
UniProt ID Protein name Gene Name Molecular mass (Da)/pI Number of peptides (95%)

1 P68371 Tubulin beta-4B chain TUBB4B 49,831/4.79 7
2 P35579 Myosin heavy chain 9 MYH9 226,532/5.5 6
3 P33241 47 kDa actin binding protein LSP1 37,192/4.69 2
4 P69905 Hemoglobin subunit alpha HBA1 15,258/8.72 1
5 Q99880 Histone H2B type 1-L HIST1H2BL 13,950/10.31 1
6 P09651 Heterogeneous nuclear ribonucleoprotein A1 HNRNPA1 38,747/9.17 8
7 Q15717 ELAV-like protein 1 ELAVL1 36,092/9.23 1
8 Q2TAM9 Tumor suppressor candidate gene 1 protein TUSC1 23,390/11.18 1
9 P31942 Heterogeneous nuclear ribonucleoprotein H3 HNRNPH3 36,926/6.37 1
10 P55795 Heterogeneous nuclear ribonucleoprotein H2 HNRNPH2 49,264/5.79 1
11 Q2M243 Coiled-coil domain-containing protein 27 CCDC27 75,354/5.53 1

The intensity of cells’ color reflects the possibility of the protein to be a potential substrate for ubiquitin-independent proteolysis due to harboring
long-stretched disordered region (more than 30 amino acids in length).
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Western blot analysis of PSMA3-interacting
proteins. To validate the identities of the
PSMA3-interacting proteins we performed
Western blotting using the same samples
(Figure 4) showed in Figure 1 (1D SDS-PAGE).

To confirm the in vitro interactions of cellular
proteins with GST-PSMA3 we performed LC-
MALDI mass-spectrometry on the proteins asso-
ciated with purified proteasome samples from
RPMI8226 MM cells (274 and 246 proteins were
identified, respectively; see Supplementary tables 2
and 3) followed by Western blotting (Figure 5).

Heterogeneous nuclear ribonucleoproteins
belong to a large family of RNA-binding proteins.
They play role in pre-mRNA processing and are
important in mRNA export, localisation, transla-
tion, and stability [26]. Importantly, changes in the
expression and distribution patterns of these pro-
teins differ from each other. Whereas HNRNPK
and HNRNPL showed similar distribution in all
samples, the level of HNRNPK was attenuated in
cell extracts after the treatment with BD (Figure 4).
This result may be explained by the fact that
HNRNPK participates in the TP53 response to

Figure 3. Venn’s diagram of proteins identified by MALDI TOF/
TOF mass-spectrometry.

Figure 4. Western blotting of PSMA3-bound proteins.
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DNA damage and is susceptible to DNA damage
response signaling [27]. On the other hand,
HNRNP A2/B1 and C1/C2 were found mostly in
the nuclear extracts. Interestingly, these proteins
were able to interact with PSMA3 only after BD
treatment, suggesting that they may undergo post-
translational modifications to gain this property.

Intriguingly, we also detected changes in the
abundance of the ELAVL1 protein (also known
as HuR). This is another RNA binding protein
that recognizes AU-rich sequences located in the
3ʹ-UTRs of target genes and protects the respec-
tive mRNAs from degradation [28–30]. ELAVL1
also plays role in regulation of IL-3 expression
[31]. Abundance of ELAVL1 decreased in both
cytoplasm and nucleus after the combined treat-
ment (Figure 4, column 3). This was concomitant
with the increased level of PSMA3 in the nucleus
(Figure 4, column 2).

Similar distribution patterns were observed for
HSPA8 (HSP70), and HSPA5 (GRP78) proteins,
which are involved in the correct folding of pro-
teins and degradation of misfolded proteins. These
proteins also bound PSMA3 only in the nuclear
fraction of drug-treated cells (Figure 4).
Intriguingly, HSP70 was already reported to inter-
act with the 19S regulatory particle [32] and can be
degraded by the 20S proteasome [33].

Thus, we have identified two populations of
proteins that bind the alpha-type PSMA3 subunit
of the 20S complex either under normal condi-
tions or after bortezomib/doxorubicin treatment.
Most of these proteins contain IDRs, which makes
them susceptible to protease-mediated regulation.
Therefore, it is likely that these PSMA3-interacting
proteins may undergo ubiquitin-independent
degradation via the 20S core proteasome complex.
This catalog of PSMA3 interactome may be a
valuable tool for prediction of the protein stability
for specific candidates upon genotoxic stress in
MM cancer cells.

Discussion

In the present work, we have identified a number
of proteins bound to the PSMA3 subunit of the
20S proteasome core after combined bortezomib/
doxorubicin (BD) treatment of human RPMI8226
multiple myeloma cells. The bioinformatics analy-
sis revealed about 60% of the aforementioned pro-
teins contain long-stretched intrinsically
disordered regions that were shown previously to
be the characteristic feature of substrates for ubi-
quitin-independent proteasomal degradation [34].
We specifically focused on the proteins that inter-
act with the proteasomal outer core subunit
PSMA3 because a number of reports suggested
that this particular subunit is the linchpin for
various proteins to undergo ubiquitin-indepen-
dent degradation in the proteasome, including
several important oncogenes and tumor suppres-
sor proteins [18,35,36]. Alterations in the degrada-
tion dynamics of these proteins may have
tumorigenic consequences and these changes may
be important for understanding the molecular
mechanisms in cancer cells. Indeed, we were able
to identify several important interactors with GST-
PSMA3 (Tables 1, 2).

Moreover, our bioinformatics analysis suggested
that many identified PSMA3-interacting proteins
contain intrinsically disordered regions (IDRs),
which makes such proteins susceptible for proteo-
lytic degradation (including the proteasome-depen-
dent one). Among the identified IDR-containing
proteins is the group of heterogeneous nuclear
RNPs that deserves special attention. The proteins

Figure 5. SDS-PAGE electrophoregram (a) and Western blotting
against specific antibodies to proteins identified by mass-spec-
trometry (b) of proteasomes and proteasomal interactome from
both control and BD-treated RPMI8226 cells. “M” lane: protein
molecular mass marker (in kilodaltons).
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of this group not only play role in RNA processing,
but also function as transcription factors [37]. For
example, HNRNPA1 was reported to take part in
the regulation of the cell cycle and proliferation for
oral squamous cell carcinoma [38]. HNRNPK was
also shown to alter the malignant potential of cancer
cells and its aberrant cytoplasmic localization was
associated with a negative prognosis for tumor
development and an aggressive cell phenotype
[39]. Thus, a large number of hnRNPs associate
with proteasomes both in the nucleus and cyto-
plasm of MM cells. Importantly, we validated the
identities of PSMA3-interacting proteins revealed
by mass-spectrometry by western blotting
(Figure 4). We were able to confirm that most of
hnRNPs do bind PSMA3 both as a recombinant
protein and as a part of the biochemically isolated
proteasome (Figure 4, and data not shown).
Collectively, these results suggest that cycling of
hnRNPs may be important for RNA metabolism
of MM cells and therefore the search for modulators
of hnRNPs stability on the protein level could be a
novel therapeutic approach.

In addition, the interaction between the RNA-
binding protein HuR/ELAVL1 and PSMA3 appears
to be functionally significant. Importantly, similar to
HuR, proteasomes are also capable of recognizing
AU-rich sequences [2,40]. Furthermore, PSMA3 was
shown to exhibit RNAse activity on certain substrates
[40,41]. It is tempting to speculate that the interaction
between PSMA3 and ELAVL1 is mediated by RNA
and is important for RNA metabolism in general.

The recently described potential tumor suppressor
TUSC1 was also found in the pool of proteasome-
interacting proteins (Table 2). This protein functions
as a tumor suppressor in a number of human malig-
nancies (stomach cancer, lung cancer and hepatocel-
lular carcinoma) [42–44]. Interestingly, according to
the GeneCards (www.genecards.org) data analysis,
TUSC1 can also interact with ELAVL1.
Noteworthy, TUSC1 was detected as one of the
PSMA3-interacting proteins by mass-spectrometry
only in the nuclear samples from cells treated with
BD (Table 2). This result may indicate that TUSC1 is
involved in the drug treatment response ofMM cells.

The panel of proteins described in this report
looks very interesting as most of these proteins
contain IDRs in their sequences. Therefore, these
PSMA3-interacting proteins may be substrates for

ubiquitin-independent proteolysis. However, it
should be noted that among those eleven proteins
that interact with PSMA3, five of them were also
found in the ubiquitome of MM cells because they
interacted with the ubiquitin-interacting domain of
HDAC6 (Supplementary Table 4). Our results sug-
gest that these proteins may undergo degradation
via both ubiquitin-independent and ubiquitin-
dependent mechanisms. However, the other six pro-
teins that interact with PSMA3 upon apoptosis, are
likely represent novel targets for 20S proteasomes. It
is important to note that only a dozen of such
substrates are known to date. Interestingly, a large
portion of nuclear proteins associate with PSMA3
only after the combined treatment with bortezomib
and doxorubicin (Table 2). Several of the identified
proteins are known as putative biomarkers for a
number of cancers (for example, GRP78, PDIA6)
[45,46], epithelial-mesenchymal transition markers
(VIM) and are considered as perspective therapeutic
targets (HSP70, PHB) [47,48]. Thus, it will be
important to determine whether the forced accumu-
lation of these proteins can cause proteotoxic stress
and sensitize MM cells to genotoxic therapy.

Materials and methods

Cell cultures. Human multiple myeloma
RPMI8226 cells [49] obtained from the Russian
Collection of Cell Cultures (Institute of Cytology
of RAS) were cultured at 37°C in RPMI 1640 med-
ium containing 10% fetal calf serum in the presence
of 0.004% gentamycin. Treatment of cells with the
combination of doxorubycin (2 uM) and bortezo-
mib (10 nM) was conducted for 16 hours.

Isolation of proteasomes. Cells were pelleted by
centrifugation (1000 min−1, 10 min, 4°C) and
stored at −70°C. Proteasomes were isolated from
cell cytosol by centrifugation in sucrose gradient
(15–30%) followed by anion-exchange chromato-
graphy on DEАЕ cellulose [19]. The
peptidase activities of proteasomes were measured
fluorometrically using the following fluorogenic
peptides as substrates: Benzyloxycarbonyl-L-leu-
cyl-L-leucyl-glutamyl-L-7-amino-4-methylcoumar
in – Bz-LLE-AMC (caspase-like activity), t-butox-
ycarbonyl-L-leucyl-L-arginyl-L-arginyl-methylcou
marylamid – Boc-LRR-AMC (trypsin-like)
and N-Succinyl-L-leucyl-L-leucyl-L-valyl-L-
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tyrosine-methylcoumarylamid – Suc-LLVY-AMC
(chymotrypsin-like) (Biomol, UK). All three pepti-
dase activities decreased after bortezomib treatment
of RPMI8226 cells: trypsin-like – 1.5-fold, chymo-
trypsin-like – 3.5-fold and caspase-like – 2.6-fold.

Purification of the fusion proteins GST-
PSMA3, GST-HUID and GST pull-down. The
GST-PSMA3 and GST-HUID expression vectors
were obtained by insertion of the human PSMA3
and polyubiquitin interacting domain of the
human HDAC6 protein (HUID) cDNAs, respec-
tively, into the pGEX-5X vector [50]. The recom-
binant proteins were expressed in the BL21 E. coli
strain by adding 0.2 mM IPTG for 3 hours at 37°C.
The bacterial extracts were clarified by centrifuga-
tion and subsequently incubated with glutathione-
sepharose 4B beads for one hour (GE Healthcare,
USA). To purify the proteins associated with GST-
PSMA3 and GST-HUID both cytosol and nuclear
extracts were prepared from RPMI8226 multiple
myeloma cells and incubated with affinity resins.
GST alone was used as control.

Two-dimensional electrophoresis of protea-
some-associated proteins. Isoelectric focusing
was performed in IPG strips (11 cm long, pH
3–11 NL) in IPG Phor 3 IEF system (GE
Healthcare) followed by SDS-PAGE separation
according to Laemmli [51] with some modifi-
cations. The proteins were visualized by
Coomassie Brilliant blue G250 staining.

Western-blotting. After separation in SDS-
PAGE (AA: 10%, AA/BisAA ratio: 36:1), the pro-
teins were transferred onto PVDF membranes fol-
lowing overnight incubation with specific primary
antibodies. The following antibodies were used:
HSP70 – mAb ADI-SPA-810 (Enzo; http://www.
enzolifesciences.com/ADI-SPA-810/hsp70-hsp72-
monoclonal-antibody-c92f3a-5/), PSMA3 – Mouse
mAb BML-PW8110 (Enzo; http://www.enzolifes
ciences.com/BML-PW8110/proteasome-20s-
alpha7-subunit-monoclonal-antibody-mcp72/),
PSME1 – Rabbit BML-PW8185 (Enzo; http://www.
enzolifesciences.com/BML-PW8185/proteasome-
activator-11s-alpha-subunit-polyclonal-antibody/),
ELAVL1/HuR – Rabbit mAb #12,582 (Cell signal-
ing; https://www.cellsignal.com/products/primary-
antibodies/elavl1-hur-d9w7e-rabbit-mab/12582), β-
Actin – Mouse mAb #3700 (Cell signaling; https://
www.cellsignal.com/products/primary-antibodies/

b-actin-8h10d10-mouse-mab/3700), eEF1A –
Rabbit mAb #3586 (Cell signaling; https://www.cell
signal.com/products/primary-antibodies/eef1a-
d10a5-rabbit-mab/3586), hnRNP A2/B1 – Mouse
mAb #9304 (Cell signaling; https://www.cellsignal.
com/products/primary-antibodies/hnrnp-a2-b1-
2a2-mouse-mab/9304), hnRNP K – Rabbit ab18195
(Abcam; http://www.abcam.com/hnrnp-k-anti
body-ab18195.html), hnRNP C1/C2 – Rabbit
ab97541 (Abcam; http://www.abcam.com/hnrnp-
c1-c2-antibody-ab97541.html), hnRNP L – Rabbit
ab32680 (Abcam; http://www.abcam.com/hnrnp-l-
antibody-ab32680.html), GRP78 – Rabbit ab188878
(Abcam; http://www.abcam.com/grp78-bip-anti
body-ab188878.html).

Mass-spectrometry. Trypsin digested (Trypsin
Gold, Promega, USA) proteins after preliminary
desalting were analyzed by AB Sciex 5800
MALDI TOF/TOF mass-spectrometer (AB Sciex).
Fragment ion MS/MS spectra were searched by
MASCOT search tool against the UniProtKB/
Swiss-Prot protein database using appropriate
parameters.

Bioinformatics. The evaluation of the pro-
tein degree of linear disorder was performed
using four independent sources. Protein back-
bone dynamics prediction servers – DynaMine
(http://dynamine.ibsquare.be) [22,23], GlobProt
(http://globplot.embl.de) [24] and CSpritz
(http://protein.bio.unipd.it/cspritz/) [25] that
exploit different algorithms to predict the
degree of disorder – were used together with
the IDEAL database of experimentally verified
intrinsically disordered proteins [52]. The cut-
off value of a single longest sequence, predicted
to be disordered was taken as 30 amino acids
[53], however some data from different sources
were not in full agreement and therefore
required manual curation based on the data
from literature.
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