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Abstract: Proteasome inhibitors are among the most potent classes of drugs in multiple myeloma treatment. One 
of the main challenges in myeloma therapy is acquired resistance to drugs. Several theories have been proposed to 
describe the mechanisms responsible for resistance to the most commonly used proteasome inhibitors bortezomib 
and carfilzomib. This study aimed to describe functional differences between sensitive myeloma cells (MM1S WT) 
and their daughter cell lines resistant to either bortezomib (MM1S/R BTZ) or carfilzomib (MM1S/R CFZ), as well as 
between both resistant cell lines. Bortezomib- and carfilzomib-resistant cell lines were successfully generated by 
continuous exposure to the drugs. When exposed to different drugs than during the resistance generation period, 
MM1S/R BTZ cells showed cross-resistance to carfilzomib, whereas MM1S/R CFZ cells were similarly sensitive to 
bortezomib as MM1S WT cells. Following proteomic profiling, unsupervised principal component analysis revealed 
that the MM1S/R BTZ and MM1S/R CFZ cell lines differed significantly from the MM1S WT cell line and from each 
other. Canonical pathway analysis showed similar pathways enriched in both comparisons - MM1S WT vs. MM1S/R 
CFZ and MM1S WT vs. MM1S/R BTZ. However, important differences were present in the statistical significance 
of particular pathways. Key alterations included the ubiquitin-proteasome system, metabolic pathways responsible 
for redox homeostasis and the unfolded protein response. In functional studies, both drugs continued to reduce 
chymotrypsin-like proteasome activity in resistant cells. However, the baseline activity of all three catalytic domains 
of the proteasome was higher in the resistant cells. Differences in generation of reactive oxygen species were identi-
fied in MM1S/R BTZ (decreased) and MM1S/CFZ cells (increased) in comparison to MM1S WT cells. Both baseline 
and drug-induced activity of the unfolded protein response were higher in resistant cells than in MM1S WT cells 
and included all three arms of this pathway: IRE1α/XBP1s, ATF6 and EIF2α/ATF4 (downstream effectors of PERK). 
In conclusion, contrary to some previous reports, resistant MM1S cells show upregulation of unfolded protein re-
sponse activity, reflecting the heterogeneity of multiple myeloma and prompting further studies on the role of this 
pathway in resistance to proteasome inhibitors.
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Introduction

Multiple myeloma (MM) is a blood cancer 
caused by malignant transformation of plasma 
cells. In recent years, tremendous progress has 
been achieved in the treatment of this disease; 
however, MM still remains incurable [1]. While 
the vast majority of patients respond well to 
first-line treatment, relapses are inevitable, and 
with each subsequent regimen of therapy, 

remissions are more difficult to achieve and last 
for less time [2], attributed to complex altera-
tions in cell biology leading to acquired resis-
tance to treatment.

Proteasome inhibitors (PIs) are among the  
most potent and commonly used antimyeloma 
agents. Currently, there are three approved 
drugs in this class - bortezomib, carfilzomib and 
ixazomib [3-5]. These drugs all take advantage 
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of the extremely high protein synthesis rate 
present in MM cells. By blocking different  
proteasome subunits (bortezomib reversibly 
blocks β5, carfilzomib irreversibly blocks β5, β2 
and β1, and ixazomib reversibly blocks β5 and 
β1) the drugs expose MM cells to fatal proteo-
toxic stress [6]. Despite being so potent in tar-
geting the Achilles heel of MM, PIs are also  
susceptible to acquired resistance that devel-
ops over time. Several potential mechanisms 
responsible for this phenomenon have been 
proposed in recent years, including mutations 
in the protein encoding proteasome subunit 
β5c (PSMB5) [7], alterations in cell metabolism 
[8] and changes in unfolded protein response 
(UPR) pathway activity [9].

Recently, mutations in PSMB5 that lead to a 
decreased ability of PIs to block the protea-
some have been confirmed in a very small per-
centage of MM patients and therefore are not 
considered a key pathogenetic driver of resis-
tance to this class of drugs [10]. A more promis-
ing explanation includes complex changes in 
MM cell metabolism leading to an increase in 
antioxidant capacity, accomplished by en- 
hanced glycolysis, decreased activity of path-
ways responsible for lipid biosynthesis and 
overproduction of antioxidant proteins [8, 9, 
11, 12]. Redox homeostasis is critical for 
appropriate protein folding in the endoplasmic 
reticulum (ER) and thus can significantly affect 
UPR pathway activity [13].

The UPR is an adaptive pathway triggered in 
response to increased ER stress caused by the 
overaccumulation of misfolded proteins [14]. 
There are three arms of this pathway, repre-
sented by three proteins acting as signal trans-
ducers (PERK, IRE1, ATF6). These molecules 
reside in the ER membrane and, under physio-
logical conditions, are kept inactive due to  
binding BiP/Grp78 protein to their intraluminal 
sites. When misfolded proteins accumulate in 
the ER lumen, BiP dissociates from the trans-
ducers, leading to their activation and initiation 
of the UPR. Three pathways act simultaneously 
to counteract ER stress by attenuating global 
protein synthesis, enhancing cell folding capac-
ity and increasing the ability to destroy mis- 
folded proteins. The UPR aims to restore 
homeostasis; however, when proteotoxicity 
overwhelms the adaptive abilities of cells, the 
pathway initiates apoptosis - this situation 

occurs in sensitive cells after exposure to PIs 
[15]. Several studies suggest that PI-resistant 
cells are characterized by decreased UPR activ-
ity, namely, one of the three main regulatory 
switches, the IRE1/XBP1 axis [9, 16, 17].

However, some assumptions proposed in the 
IRE1/XBP1-low model have recently failed to 
be reproduced, and there is still a knowledge 
gap regarding differences in resistance mecha-
nisms to different types of PIs [18].

Herein, we present the results of a comprehen-
sive proteomic and functional comparison of 
MM cells with acquired resistance to bortezo-
mib or carfilzomib, the two most commonly 
used PIs. We describe several differences at 
the proteome level that result in functional 
alterations between the two cell lines and 
attempt to unravel the association of UPR activ-
ity with resistance to PIs.

Materials and methods

Cell culture

The MM1S human multiple myeloma cell line 
was purchased from American Tissue Culture 
Collection (CRL-2974™, ATCC, Manassas, VA, 
USA). Cells were cultured in Roswell Park 
Memorial Institute (RPMI)-1640 medium sup-
plemented with 10% fetal bovine serum (FBS), 
100 U/mL penicillin, and 100 mg/mL strepto-
mycin. To generate resistance to bortezomib 
(S1013, Selleck Chemicals, Houston, TX, USA) 
or carfilzomib (S2853, Selleck Chemicals), 
MM1S cells were continuously coincubated 
with increasing concentrations of the drugs for 
12-24 months. Resistance was defined as at 
least a 2-fold increase in the half maximal 
inhibitory concentration (IC50) following a 24- 
hour incubation with the drugs, and the resis-
tance factor was calculated by dividing the IC50 
value of the resistant line by the IC50 of the sen-
sitive line. After confirming the resistance sta-
tus of the cells, all subsequent experiments 
were performed after a 14-day washout period 
in drug-free medium.

Cell viability assay

The changes in viability of both sensitive and 
PI-resistant cell lines in response to bortezomib 
and carfilzomib were measured using a com-
mercially available colorimetric assay (Cell 
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Counting Kit-8, CCK-8, Sigma, St. Louis, MO, 
USA) according to the manufacturer’s instruc-
tions. The absorbance of the culture medium 
with cells was measured at 450 nm and 600 
nm using a GloMax microplate reader (GloMax 
Multi Detection System, Promega, Madison, 
WI, USA). Two independent experiments were 
performed in triplicate, and the results are pre-
sented as the mean ± standard deviation (SD). 
The IC50 value was calculated by curve fitting 
using quadratic regression.

Proteomics

Protein preparation and nano-liquid chroma-
tography-tandem mass spectrometry (LC-MS/
MS) analysis: The cell pellets (5×105 cells)  
were obtained from MM1S WT cells and cells 
that were able to grow in 6 nM bortezomib 
(MM1S/R BTZ) and in 8 nM carfilzomib 
(MM1S/R CFZ). The pellets were homogenized 
using a Precellys24 homogenizer (Bertin In- 
struments, Montigny-le-Bretonneux, France). 
Next, the samples were sonicated on ice for  
10 min using an ultrasonic bath. The samples 
were centrifuged, and the supernatants were 
used for protein concentration assays (bicin-
choninic acid (BCA) Protein Assay Kit, Thermo 
Fisher Scientific, Waltham, MA, USA). Ten micro-
grams of protein mixture was reduced with 5.6 
mM DTT for 5 min at 95°C and then alkylated 
with 5 mM iodoacetamide for 20 min at room 
temperature (RT). The samples were digested 
with 0.2 µg of trypsin (Promega) overnight at 
37°C. The samples were analyzed by nanoLC-
MS/MS using a Dionex UltiMate 3000 RSL- 
Cnano System coupled with a Q-Exactive 
Orbitrap mass spectrometer (Thermo Fisher 
Scientific) in one batch as described [19]. 
Following LC-MS/MS analysis, the raw files 
were analyzed to evaluate the quality of the 
performed runs by Proteome Discoverer (PD), 
version 2.2.0.388 (Thermo Fisher Scientific). 
The reproducibility of the biological and techni-
cal replicates was assessed by scatter plotting, 
and the correlation coefficient was determined 
based on the label-free quantification (LFQ) 
intensities. Only samples with Pearson correla-
tion coefficients above 0.8 were included in the 
quantitative surveys.

Quantitative analysis of proteomic data

The raw files were quantitatively analyzed by PD 
software with the Sequest engine. The identifi-

cation of proteins at ≤ 1% false discovery rate 
(FDR) was performed against the UniProt com-
plete human proteome set using the following 
parameters: a tolerance level of 10 ppm for  
MS and 0.08 Da for MS/MS, and two missed 
cleavages were allowed. The carbamidomethyl-
ation of cysteines was set as a fixed modifica-
tion, and the oxidation of methionine was 
allowed as a variable modification. The analysis 
of the samples was based on the normalized 
PD intensities. Only proteins detected in all 
samples were considered in the quantitative 
analyses (no missing values). The fold changes 
in the level of the proteins were assessed by 
comparing the mean intensities among all 
experimental groups. Statistical analyses were 
performed using Perseus 1.6.1.3. The data 
were statistically analyzed using Student’s 
unpaired t-test, and more than two groups were 
compared using one-way analysis of variance 
(ANOVA) with FDR correction. Statistical signifi-
cance was accepted as q < 0.05. A protein  
was considered to be differentially expressed if 
the difference between at least 2 groups was 
statistically significant (q < 0.05) and the fold 
change was ≥ 2. Only differentially expressed 
proteins (DEPs) identified with a minimum of 2 
unique peptides were accepted. Multivariate 
analyses were carried out by untargeted princi-
pal component analysis (PCA) and hierarchical 
clustering. For hierarchical clustering and heat-
map visualization, data were normalized to the 
z-score.

Bioinformatic analysis

Bioinformatic analysis was conducted using 
Ingenuity Pathway Analysis software (Ingenuity 
Systems, Redwood City, CA, USA). All identified 
DEPs were annotated according to their Gene 
Ontology in the canonical pathway and biologi-
cal function. Then DEPs (q value < 0.05; fold 
change ≥ 2; ≥ 2 unique peptides) were subject-
ed to enrichment analysis to determine the top 
canonical pathways and biological functions 
associated with the observed differences in 
protein profiles. Enrichment analysis was per-
formed using the right-tailed Fisher’s exact test 
with Benjamini-Hochberg (B-H) multiple correc-
tions. Based on the obtained p value, this test 
estimates the probability that the association 
between a set of molecules and a function or 
pathway is not random. 
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Proteasome activity

Proteasome chymotrypsin-like, trypsin-like and 
caspase-like activities (reflecting the function 
of proteasome β5, β2 and β1 subunits, respec-
tively) were measured using a commercially 
available kit - Cell-Based Proteasome-Glo™ 
3-Substrate System (G1180, Promega) accord-
ing to the manufacturer’s instructions. The cell 
lines, both PI-sensitive and -resistant, were 
incubated for 4 and 6 hours in drug-free medi-
um and different concentrations of bortezomib 
and carfilzomib (10, 20, 50 nM). The lumines-
cence was measured using a GloMax micro-
plate reader (GloMax Multi Detection System, 
Promega). Two independent experiments were 
performed in duplicate, and the results are pre-
sented as the mean ± SD.

Apoptosis

PI-resistant and -sensitive cell lines were cul-
tured in different concentrations of bortezomib 
and carfilzomib (0, 5, 10, 50 nM). Next, apopto-
sis was assessed by measuring caspase-3 
activity using a commercially available Caspa- 
se-3 Assay Kit (ab39401, Abcam, Cambridge, 
UK) according to the manufacturer’s instruc-
tions. The absorbance was measured at 405 
nm after 2 and 6 hours of incubation using a 
BioTek microplate reader (ELx808, BioTek, 
Winooski, VT, USA). Two independent experi-
ments were performed in duplicate, and the 
results are presented as the mean ± standard 
deviation (SD).

Reactive oxygen species (ROS) generation

ROS generation in PI-resistant and -sensitive 
cells, baseline and in response to 6 hours of 
coincubation with different concentrations of 

bortezomib and carfilzomib (10, 20, 50 nM), 
was assessed by measuring the hydrogen  
peroxide concentration using a commercially 
available kit - ROS-Glo™ H2O2 Assay (G8820, 
Promega) according to the manufacturer’s 
instructions. The luminescence was measured 
using a GloMax microplate reader (GloMax 
Multi Detection System, Promega). Two inde-
pendent experiments were performed in dupli-
cate, and the results are presented as the 
mean ± SD.

Western blot

After incubation of both sensitive and 
PI-resistant cells with different concentrations 
of PIs (0, 5, 10, 50 nM) for 2 and 6 hours,  
cells were lysed with radioimmunoprecipita- 
tion assay (RIPA) buffer (150 mM sodium chlo-
ride, 1% Triton X-100, 0.5% sodium deoxycho-
late, 0.1% sodium dodecyl sulfate (SDS), 50 
mM tris (hydroxymethyl) aminomethane (TRIS) 
pH 8.0) with protease inhibitor cocktail (Lab 
Empire, Rzeszow, Poland). Protein concentra-
tion was assessed with the Bradford method 
[20]. Forty micrograms of total protein was 
denatured in 6× Laemmli buffer with 50 mM 
dithiothreitol (DTT) and loaded per lane of 
4-15% polyacrylamide gel (Mini-PROTEAN TGX 
Stain-Free gels, Bio-Rad, Hercules, CA, USA). 
After SDS-polyacrylamide gel electrophoresis 
(PAGE), proteins were transferred to a 0.2 µm 
nitrocellulose membrane using a Trans-Blot 
Turbo Transfer System (BioRad, Mixed MW pro-
tocol). The membranes were blocked in 5% 
nonfat dry milk in tris-buffered saline with 
Tween (TBS-T) (0.1% Tween-20) for 1 h (RT). The 
primary and secondary antibody concentra-
tions together with the time of incubation are 
listed in Table 1.

Table 1. Characteristics of antibodies used in Western blot experiments
Primary Abs Secondary Abs

Manufacturer Cat. no Antigene Dilution Manufacturer Cat. no Dilution
Cell signaling 9722 anti-eIF2a 1/1000 Cell signaling 7074 1/3000
Cell signaling 11815 anti-ATF-4 1/1000 Abcam ab97051 1/35000
Cell signaling 83418 anti-XBP-1s 1/1000 Abcam ab97051 1/5000
Abcam ab122897 anti-ATF6 1/1000 Sigma A9917 1/5000
Cell signaling 12721 anti-NRF2 1/1000 Abcam ab97051 1/3000
Abcam ab37073 anti-IRE1 0.4 ug/ml Abcam ab97051 1/50000
Abcam ab48187 anti-phospho-IRE1 1/1500 Abcam ab97051 1/50000
Abcam ab9485 anti-GAPDH 1/10000 Abcam ab97051 1/40000
Invitrogen PA5-29444 anti-alpha Tubulin 1/5000 Abcam ab97051 1/20000
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For protein detection, Clarity Western ECL 
Substrate (Bio-Rad) was used, and the images 
were scanned with the ChemiDoc XRS+ System 
and analyzed with Image Lab 6.0 (BioRad, 
both). The relative protein abundance in each 
sample was calculated using the “Relative 
quantity” tool implemented in Image Lab soft-
ware, with glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) or alpha-Tubulin used as a 
reference.

Statistical analysis

P value was calculated by the Student t test  
for variables that followed normal distribution 
whereas for other the Mann-Whitney U test was 
applied. The calculations were made using 
Prism 9 (GraphPad, San Diego, CA, USA) soft- 
ware. 

Results

Bortezomib-resistant MM cells show cross-
resistance to carfilzomib

After continuous exposure to increasing con-
centrations of bortezomib or carfilzomib, we 

generated, from native MM1S WT cells, cell 
lines with acquired resistance to PIs - MM1S/R 
BTZ (cocultured with increasing concentrations 
of bortezomib) and MM1S/R CFZ (cocultured 
with increasing concentrations of carfilzomib). 
The resistance factor of MM1S/R BTZ cells 
equaled 2.93 - following 24-hour exposure to 
bortezomib IC50 equal to 15.2 nM for MM1S WT 
and 44.5 nM for MM1S/R BTZ. For the MM1S/ 
R CFZ cell line, the resistance factor was 2.77; 
after exposure to carfilzomib, the IC50 was 8.3 
nM for MM1S WT and 23.0 nM for MM1S/R 
CFZ. When exposed to different PIs than dur- 
ing the resistance generation period, MM1S/R 
BTZ cells were highly resistant to carfilzomib 
(IC50 = 43.5 nM), whereas MM1S/R CFZ (IC50 = 
24.0 nM) cells were similarly sensitive to bort-
ezomib as MM1S WT cells. The results are pre-
sented in Figure 1.

Proteomic profiling of bortezomib- and carfil-
zomib-resistant cells reveals different magni-
tudes of enrichment among similar pathways

Proteomic analysis identified 176 and 191 pro-
teins significantly up-regulated, in comparison 

Figure 1. Effects of bortezomib and carfilzomib treatment on the viability of sensitive and resistant cells. Cells were 
continuously cultured for 24 hours with increasing concentrations of both drugs.
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to MM1S WT, in the MM1S/R BTZ and MM1S/R 
CFZ cell lines, respectively. In the same experi-
ments 175 and 158 proteins were significantly 
down-regulated. Unsupervised PCA performed 
on the total number of proteins identified in 
three analyzed cell lines revealed that MM1S/ 
R BTZ and MM1S/R CFZ differ significantly 
from MM1S WT cells and from each other, 
pointing toward different adaptations acquired 
in response to continuous bortezomib and 
carfilzomib exposure (Figure 2C). Canonical 
pathway analysis showed similar pathways 
enriched in both comparisons - MM1S WT vs. 
MM1S/R CFZ and MM1S WT vs. MM1S/R BTZ; 
however, important differences were present in 
terms of the statistical significance of particu-
lar pathways and the number of differentially 
expressed proteins (DEPs) associated with 
them (Figure 2A). The sirtuin signaling pathway 
was most enriched in bortezomib-resistant 
cells and among the top 4 pathways in carfilzo-
mib-resistant cells. For the latter, the most sig-
nificant difference was noted in EIF2 signaling, 
and interestingly, this pathway was the least 
significantly enriched in MM1S/R BTZ cells. 
Metabolic adaptations were observed in both 
MM1S/R BTZ and MM1S/R CFZ cells and 
included deregulation in glycolysis, gluconeo-
genesis, oxidative phosphorylation, tricarboxyl-
ic acid cycle and pathways associated with 
mitochondrial dysfunction - changes described 
previously as responsible for enhancing the 
ability of cells to counteract oxidoreductive 
stress [8, 9]. The unfolded protein response 
was enriched in both resistant MM1S cell lines. 
Both analyses showed important alterations in 
the protein ubiquitination pathway, which was 
further confirmed by comparing the accumula-
tion of particular members of this pathway 
(Figure 2B), highlighting changes in the abun-
dance of proteasome subunit-building proteins 
between all analyzed cell lines. Based on the 
abovementioned results and previous reports 
from the literature [21, 22], we focused on the 
functional analysis of proteasome function, 
redox homeostasis and UPR pathway activity.

Bortezomib and carfilzomib continue to block 
chymotrypsin-like activity of the proteasome in 
resistant cells

Following the proteomic results, we functionally 
validated changes in proteasome activity in  
all three experimental cell lines (MM1S WT, 

MM1S/R BTZ, MM1S/R CFZ). Carfilzomib and 
bortezomib preferentially block the β5 protea-
some subunit responsible for chymotrypsin- 
like activity. The baseline activity of all three 
domains (chymotrypsin-, trypsin- and caspase-
like) was significantly higher in the resistant 
cells. Our results also showed that in MM1S/R 
CFZ and MM1S/R BTZ, the drugs retained their 
ability to block the β5 subunit (Figure 3). 
Nevertheless, the relative reduction in chymo-
trypsin-like activity after incubation with 50 nM 
concentrations of the drugs was higher in sen-
sitive than in resistant cells - 65% for MM1S/
WT and bortezomib, 45% for MM1S/R BTZ, 
96% for MM1S/WT and carfilzomib, 77% for 
MM1S/R CFZ. Carfilzomib and bortezomib do 
not block the function of the β2 and β1 sub-
units in either resistant or sensitive cells. The 
relative reduction of trypsin- and caspase-like 
activity was as follows: for bortezomib, respec-
tively: -7% and 28% for MM1S WT, -1% and 24% 
for MM1S/R BTZ; for carfilzomib: 27% and 36% 
for MM1S WT, 20% and 18% in the case of 
MM1S WT/R CFZ.

Subsequently, we examined the dynamics of 
proteasome inhibition, apoptosis and cell via-
bility after different durations of exposure to 
bortezomib and carfilzomib (Figure 4). Inhibi- 
tion of chymotrypsin-like activity of proteasome 
starts early and remains stable during incuba-
tion. Caspase-3 activity was increased after 6 
hours of incubation of the MM1S WT cell line 
with the highest concentration of drugs (p = 
0.0004 for CFZ and p = 0.007 for BTZ). No sig-
nificant changes in apoptotic activity in res- 
ponse to PIs were observed in MM1S/R BTZ or 
MM1s/CFZ cell lines. Significant changes in  
cell viability were detectable after 24 hours of 
incubation with drug concentrations ranging 
from 10 nM to 50 nM (p < 0.01, Figures 1 and 
4).

Bortezomib- and carfilzomib-resistant cells dif-
fer in generation of reactive oxygen species

Several disruptions in pathways associated 
with the generation of reducing equivalents 
were described at the proteome level. To 
assess how these alterations affect the redox 
status of myeloma cells, we measured the gen-
eration of hydrogen peroxide induced by carfil-
zomib and bortezomib. Trend for lower signals 
in comparison to MM1S WT were seen in 
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Figure 2. Results of proteomic analysis. A. Canonical pathway analy-
sis. The charts of the top statistically enriched pathways according 
to the -log10 B-H-corrected p value calculated in Ingenuity Pathway 
Analysis (IPA; Fisher’s test). Numbers indicate the number of DEPs 
associated with each pathway. The same pathways were enriched in 
both comparisons, but the statistical significance was different. B. 
Heatmap representing identified proteins and members of the ubiq-
uitination pathway. C. Unsupervised PCA performed on the total num-
ber of proteins identified in all experimental groups.
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MM1S/R BTZ cells (p > 0.05), whereas MM1S/ 
R CFZ cells in drug-free medium generate more 
ROS than sensitive cells (p < 0.0001). Drug-in- 
duced ROS generation increased only in MM1S 
WT cells after incubation with high concentra-
tions of carfilzomib (p = 0.015 for 50 nM carfil-
zomib vs. medium), in PI-resistant cell lines and 
after incubation with bortezomib, drug concen-
tration did not affect the results (Figure 5).

PI-resistant cells show similar upregulation in 
unfolded protein response pathway activity

To further investigate adjustments in the activ-
ity of the unfolded protein response pathway, 
the relative abundance of key proteins associ-
ated with this network was measured. The 

measurements included baseline status in a 
drug-free medium as well as changes arising 
over time after incubation with carfilzomib or 
bortezomib at different concentrations (Figure 
6). In general, a higher level of accumulation of 
all analyzed proteins was observed in resistant 
lines compared to their sensitive counterparts. 
At baseline, MM1S/R BTZ and MM1S/R CFZ 
cells showed similar alterations when com-
pared to MM1S WT cells. The accumulation of 
XBP1s and IRE1 was higher in PI-resistant cells 
than in their sensitive counterparts. For the 
ATF6 effector arm, the protein accumulation 
was higher in carfilzomib-resistant cell lines. 
Downstream effectors of PERK showed dis-
crepant results. ATF4 was overrepresented in 
both resistant cell lines, while eIF2α protein 

Figure 3. Proteasome activity after treatment with bortezomib and carfilzomib. Chymotrypsin-, trypsin- and caspase-
like protease activities were measured after 6 hours of incubation with the drugs.
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Figure 4. Changes in proteasome activity and cell viability over time. A. Chymotrypsin-like protease activity is blocked 
after 4 hours of incubation with drug and remains stable after 6 hours. Trypsin- and caspase-like activities remained 
intact at both timepoints. B. Proteasome inhibition by 50 nM bortezomib and carfilzomib triggers apoptosis in sensi-
tive cells after 6 hours of incubation. C. Cell viability was not affected after 4 hours of incubation.
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abundance, in comparison to MM1S WT, was 
consistently higher only in MM1S/R CFZ.

Measuring the abundance of UPR proteins at 
different time points and different drug concen-
trations enabled dynamic characterization of 
adaptations in the UPR present in resistant cell 
lines. In both resistant cell lines, higher activity 
of the three effector arms of the UPR was 
observed; however, there were some differenc-
es between carfilzomib- and bortezomib-resis-
tant cells. In MM1S/R BTZ, IRE1 abundance 
decreased with time of exposure and with 
increasing drug concentrations. This change 
was followed by an increase in the abundance 
of downstream effectors of this arm - pIRE1 
and XBP1s. In MM1S/WT CFZ, we did not 
observe such changes for IRE1 or similarly for 
pIRE1. However, an increase in abundance  
was seen for XBP1s. Enhancement of the activ-
ity of the second arm, initiated by PERK phos-
phorylation, in resistant cell lines was detect- 
ed to a lesser extent. A tendency was seen in 
the increase in the abundance of the down-
stream effector protein ATF4 at both analyzed 
time points for bortezomib-resistant cells and 
after 2 hours of incubation in carfilzomib-resis-
tant cells. There were no clear tendencies in 
the abundances of two other analyzed pro- 
teins in this pathway - eIF2α and NRF2. Finally, 
ATF6 consistently increased with drug concen-
tration in the MM1S/R BTZ cell line to a higher 
extent than in sensitive cells. These changes 
were also observed in MM1S/R CFZ cells.

Altogether, these results show that PI-resistant 
cells generated in this project exhibit higher 
UPR activity than sensitive cells, present both 

at baseline and in response to carfilzomib or 
bortezomib treatment and includes all three 
axes of UPR signaling.

Discussion

Several studies in recent years have aimed to 
describe the mechanisms responsible for resis-
tance to bortezomib and carfilzomib, leading  
to different, sometimes contradictory, conclu-
sions. This confusion can be attributed to bio-
logical discrepancies between experimental 
cell lines that, as was recently proven, differ 
significantly in reflecting processes occurring in 
vivo in myeloma cells from patients [23]. The 
MM1S cell line that we used in this project is 
among those that most closely resemble actual 
patient tumors. PI-resistant cells generated 
from MM1S were not extensively studied in the 
past, with the exception of ixazomib-resistant 
cells [24].

Our results show that while sharing several  
similarities, bortezomib- and carfilzomib-resis-
tant myeloma cells acquire different adapta-
tions. These discrepancies result in the unidi-
rectional cross-resistance observed in our 
experiments. Intriguingly, this unidirectional 
cross-resistance applies only to MM1S/R BTZ 
being resistant to carfilzomib, which can be 
attributed to more mechanistic causes of car- 
filzomib resistance observed in vitro, linked to 
p-glycoprotein overexpression [25]. Our results 
also showed lower ROS generation in bortezo-
mib-resistant cells. We do not provide any 
direct explanation for this phenomenon in our 
study, but this can be linked to the higher 
enrichment of glycolysis and the tricarboxylic 
acid cycle in MM1S/R BTZ cells than in MM1S/R 

Figure 5. Reactive oxygen species generation. Bortezomib-resistant cells exhibit lower concentrations of hydrogen 
peroxide in comparison to sensitive cells. The amount of hydrogen peroxide after 6 hours of incubation was not af-
fected by the drug concentration. Statistically significant differences are marked with (*).
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Figure 6. UPR pathway activity. Western blots present the abundance of key proteins involved in UPR signaling and its change as a function of drug concentration 
(bortezomib - left panel, carfilzomib - right panel) and time of incubation (2 and 6 hours). Bar graphs show the relative quantity of the analyzed proteins.
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CFZ cells. The activity of these pathways pro-
vides reducing equivalents (e.g., nicotinamide 
adenine dinucleotide phosphate (NADPH)), 
leading to the increased capability of MM1S/R 
BTZ cells to maintain redox homeostasis and 
allowing for resistance to both drugs. In clinical 
practice, carfilzomib is usually utilized after 
bortezomib-based therapies, and the activity of 
bortezomib in patients exposed previously to 
carfilzomib has not been investigated. Being 
aware of all the limitations of our study, we 
speculate that such a reverse strategy appears 
to be interesting to explore in the future.

Similar to previous reports, our results suggest 
that both bortezomib and carfilzomib retain the 
ability to block the chymotrypsin-like activity of 
the proteasome [26]. However, the baseline 
activity of all three catalytic sites of the pro- 
teasome is significantly higher in PI-resistant 
cells, so even in the presence of β5 subunit 
inhibition, the chymotrypsin-like activity re- 
mains much higher than in the sensitive cells. 
Intriguingly, proteomic results suggest that this 
effect may be mediated by different adapta-
tions in the ubiquitin-proteasome pathway in 
bortezomib-resistant cells than in carfilzomib-
resistant cells. Nevertheless, the net effect of 
higher proteasomal activity remains the same 
for both cell lines. We identified a similar upreg-
ulation of proteasome activity in a previous 
study conducted on MM patient-derived plas-
ma cells [12].

In proteomic profiling, the sirtuin signaling path-
way was identified as the most dysregulated in 
bortezomib-resistant cells and important in 
carfilzomib-resistant cells. Sirtuins are enzymes 
with histone deacetylase activity coordinating 
the expression of genes responsible for a pleth-
ora of cellular processes, including DNA repair, 
response to stress and cell metabolism [27]. 
Interestingly, sirtuins can also be responsible 
for attenuation of UPR activity [28]. The inter-
play of sirtuin signaling with UPR effectors to 
enhance its ability to respond to ER stress 
while decreasing proapoptotic pathway activity 
requires further study.

For carfilzomib-resistant cells, the most sig- 
nificant differences involved eIF2 signaling. 
Proteins from this group are responsible for the 
initiation of translation by delivering tRNA to 
ribosomes. Their important role in the context 
of myeloma cells is in responding to unfolded 

protein response activation by global attenua-
tion of translation [14]. These results are in line 
with the identified dysregulations in the UPR 
pathway in carfilzomib-resistant cells. However, 
contrary to some other reports, we did not 
observe decreased UPR activity. Particularly 
interesting was the enhanced activity of the 
ATF6 arm of this pathway, which was previously 
not considered important [29]. Here, we show 
that the relative accumulation of this protein 
increases proportionally with drug concentra-
tions and is higher than the relative accumula-
tion of this protein in sensitive cells in both 
MM1S/R BTZ and MM1S/R CFZ cells. ATF6 
modulates the UPR by enhancing XBP1 gene 
transcription, and by direct heterodimerization 
with the XBP1 protein, ATF6 induces the ac- 
tivity of pathways responsible for ER-associat- 
ed degradation of proteins [30]. The UPR is well 
known to be a “double-edged sword” whose 
activation can ultimately lead to cell death. 
ATF6, however, is not directly involved in initiat-
ing apoptotic reactions [31]. Based on our 
results, we speculate that IRE1/XPB1-low is 
only one of the possible phenotypes of 
PI-resistant myeloma cells. During clonal evolu-
tion, cells can acquire other adaptations. The 
IRE1/XBP1-low signature is connected with 
decreased monoclonal protein production [16]; 
however, this oligosecretory pattern is not 
exclusive in patients with refractory/relapsed 
MM. The MM1S/R cells generated in this proj-
ect appear to show an increased ability to 
respond with UPR activation to PI-induced pro-
teotoxicity which, in concert with higher protea-
somal capacity, changes in the protein ubiquiti-
nation pathway and metabolic adaptations give 
the cells a survival advantage over their sensi-
tive counterparts even though relative protea-
some inhibition is similar in all three cell lines.

This study has some limitations that should be 
underlined. It was conducted on one myeloma 
cell line and was not validated on plasma cells 
derived from MM patients. Such tests are nec-
essary to assess if these results have potential 
clinical significance. Also, only some dysregu-
lated pathways identified in the proteomic anal-
ysis were further analyzed in the functional 
studies, especially role of sirtuin signaling and 
metabolic adaptations require additional inves-
tigation in the context of resistance to protea-
some inhibitors in MM.
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In conclusion, the results of this study warrant 
further research on the role of UPR signaling in 
resistance to PIs. Clinical validation of these 
findings is highly anticipated, potentially lead-
ing to distinguishing patients with low and high 
UPR activity. Such characterization may be 
important for future tailoring of individualized 
approaches to augment bortezomib and carfil-
zomib efficacy.
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