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Abstract: The degradation of most intracellular proteins is a dynamic and tightly regulated process
performed by proteasomes. To date, different forms of proteasomes have been identified. Currently
the role of non-constitutive proteasomes (immunoproteasomes (iPs) and intermediate proteasomes
(intPs)) has attracted special attention. Here, using a CRISPR-Cas9 nickase technology, four cell lines:
histiocytic lymphoma, colorectal adenocarcinoma, cervix adenocarcinoma, and hepatocarcinoma
were modified to express proteasomes with mCherry-tagged β5i subunit, which is a catalytic subunit
of iPs and intPs. Importantly, the expression of the chimeric gene in modified cells is under the control
of endogenous regulatory mechanisms and is increased following IFN-γ and/or TNF-α stimulation.
Fluorescent proteasomes retain catalytic activity and are distributed within the nucleus and cytoplasm.
RNAseq reveals marginal differences in gene expression profiles between the modified and wild-type
cell lines. Predominant metabolic pathways and patterns of expressed receptors were identified
for each cell line. Using established cell lines, we demonstrated that anti-cancer drugs Ruxolitinib,
Vincristine and Gefitinib stimulated the expression of β5i-containing proteasomes, which might affect
disease prognosis. Taken together, obtained cell lines can be used as a platform for real-time studies
of immunoproteasome gene expression, localization of iPs and intPs, interaction of non-constitutive
proteasomes with other proteins, proteasome trafficking and many other aspects of proteasome
biology in living cells. Moreover, the established platform might be especially useful for fast and
large-scale experiments intended to evaluate the effects of different conditions including treatment
with various drugs and compounds on the proteasome pool.

Keywords: proteasome; immunoproteasome; intermediate proteasome; non-constitutive proteasome;
reporter cell line
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1. Introduction

Most proteins in cells are degraded by the ubiquitin-proteasome system (UPS). A core
element of UPS is the 20S proteasome complex comprising four heptameric rings of either
alpha or beta subunits arranged according to the αββα symmetry. Three of seven beta
subunits (β1, β2, and β5) perform protein hydrolysis and exert caspase-like, trypsin-like,
and chymotrypsin-like catalytic activities, respectively [1]. Upon inflammation and stress,
constitutive catalytic subunits are replaced by the so-called immune catalytic subunits: β1i
(encoded by PSMB9 gene), β2i (encoded by PSMB10), and β5i (encoded by PSMB8) [2].
Due to the structural peculiarities of the immune subunits, immunoproteasomes (iPs)
demonstrate lower caspase-like activity, but higher chymotrypsin-like activity than the
constitutive proteasomes, which is essential for the production of MHCI-compatible pep-
tides [3]. Therefore, iPs play an important role in inflammation and immune response [2,4].
Along these lines, immune cells demonstrate high basal levels of the immunoproteasome
subunit expression. However, iPs are assembled in many different somatic cells in response
to the stimulation by cytokines and molecules including IFN-γ, TNF-α, type I interferons,
IL-1β, lipopolysaccharides, and nitric oxide [5–9]. The accumulating evidence indicates
the broader role of iPs in cellular metabolism and maintenance of homeostasis [10]. Thus,
immunoproteasomes have been shown to regulate different signaling pathways and the
expression of more than 8000 genes in dendritic cells [11]. IPs are involved in the degrada-
tion of oxidized and damaged proteins being upregulated as a part of the cellular response
to stress [12]. Recent studies have demonstrated that immunoproteasomes participate in
the maintenance of the pluripotent state of stem cells [13], T cell activation, transmission
of visual signal, muscle differentiation, cytokine synthesis and, possibly, memory forma-
tion [14–19]. The level of IP subunit expression in tumors can be a prognostic marker of
several types of cancer [18]. Furthermore, immunoproteasomes represent an attractive tar-
get for the therapy of cancer [20], autoimmune [21], and neurodegenerative diseases [22,23].
Several iPs-specific inhibitors have been developed; a β5i-specific inhibitor is currently
under investigation in phase II clinical trials [17,24–27].

Interestingly, the β5i subunit has been found not only in the iPs. A particular set of
proteasomes containing constitutive subunits β1, β2 and β5i, or β2 and β1i, β5i has been
identified in liver, kidney, intestine, colon, and the cells of other tissues irrespective of stress
or inflammation [28]. These proteasomes are known as intermediate proteasomes (intPs).
Little is known about the specific role of intPs. Analogously to iPs, intermediate protea-
somes were shown to generate unique peptides for MHCI presentation, including those
derived from cancer antigens [28–30]. At the same time, large amounts of intPs in different
somatic cells [28] under normal conditions indicate their involvement in various aspects
of cellular metabolism. Concordantly, intPs were recently demonstrated to participate in
proinsulin degradation [31].

For the sake of simplicity, we will refer to iPs and intPs together as non-constitutive
proteasomes (nPs).

Given the emerging role of nPs in various metabolic processes and their implication
in the pathogenesis of many severe diseases including cancer, it is of high importance to
develop new suitable models allowing studies of their function as well as changes in the
expression of immune proteasome subunits in general and β5i as a component of both iPs
and intPs in particular.

Currently, the expression of proteasome subunits is evaluated using a set of stan-
dard approaches including transcriptomic analysis, real-time PCR, immunoblotting and
immunofluorescence. To study proteasome localization and interactions with regulators
or other proteins, cell lines are transfected with plasmids encoding proteasome subunits
fused with fluorescent proteins. Several stable cell lines expressing both constitutive and
immune proteasome subunits tagged with CFP and GFP have been established [32–35].
The chimeric subunits were shown to integrate into proteasomes, allowing the charac-
terization of proteasome localization and dynamics in living cells. At the same time, the
expression of tagged proteasome subunits was not governed by endogenous gene regula-



Cells 2021, 10, 3049 3 of 22

tion mechanisms. Therefore, changes of fluorescence intensity under various stimuli did
not accurately reflect fluctuations of the endogenous subunit expression levels. Finally,
chimeric subunits were likely competing with the wild-type analogues for the integration
into the proteasomes.

Here, using CRISPR-Cas9n technology, we designed and characterized four human
cell lines of colorectal adenocarcinoma, histiocytic lymphoma, cervix adenocarcinoma, and
hepatocarcinoma origin that synthesize β5i-mCherry chimera under control of endogenous
regulatory mechanisms governing PSMB8 gene expression. The cell lines were selected
based on the three criteria: (i) basal level of β5i expression; (ii) the efficacy of β5i expression
stimulation by the immune cytokines; and (iii) differences in origin.

2. Materials and Methods
2.1. Cell Culture

Human colorectal adenocarcinoma cell line SW620 were kindly provided by Dr.
Alexey Kuzmich. The histiocytic lymphoma U937 cells were a kind gift from Prof. Carol
Stocking. The cervix adenocarcinoma TZM-bl cells were generous gift from Dr. Vladimir
Morozov and were originally obtained from the Centre for AIDS Reagents NIH AIDS
Research and reference Reagent Program (NIH-ARP Cat# 8129-442, RRID:CVCL_B478).
The hepatocarcinoma HepG2 cells were provided by Dr. Vladimir Morozov. The U937
and U937B8-mCherry cells were cultured in RPMI-1640 (Thermo Fisher Scientific, Pais-
ley, Renfrewshire, Scotland, UK). The SW620, TZM-bl, HepG2 and SW620B8-mCherry,
TZM-blB8-mCherry, HepG2B8-mCherry cells were maintained in DMEM (Thermo Fisher
Scientific, Paisley, Renfrewshire, Scotland, UK). Media were supplemented with 10% fe-
tal calf serum (FCS) (Hyclone, Logan, UT, USA), 100 U/mL penicillin and 100 µg/mL
streptomycin. Cells were kept at 37 ◦C and 5% CO2.

2.2. Molecular Cloning

Two plasmids were obtained to perform mCherry knock-in using CRISPR-Cas9n
(nickase) technology. For the first one, two gRNAs were designed to introduce nicks on the
sides of the PSMB8 stop codon at a distance of 41 bp from each other and induce minimal off
target cuts, the latter was verified by COSMID (https://crispr.bme.gatech.edu, accessed on
13 September 2021) and Cas-OFFinder software (http://www.rgenome.net/cas-offinder,
accessed on 22 January 2020) (Table S1, Figure S1a,b). Two gRNA sequences were cloned
into pDG461 vector (Addgene plasmid # 100902; http://n2t.net/addgene:100902, accessed
on 13 September 2021; RRID:Addgene_100902), containing mutant Cas9(D10A) gene fused
with GFP-encoding sequence (Figure S2a).

For the donor plasmid five DNA fragments (Figure S2a) were cloned simultaneously
into the linearized pcDNA3.1(-) vector (Invitrogen, Waltham, MA, USA) using NEBuilder
HiFi DNA Assembly Kit (New England Biolabs, Ipswich, MA, USA). The left and right
homology arms with PAM blocking mutations, two adaptor sequences and sequence
encoding Ser-Gly(GSGGGGSGGGGSGT) linker-mCherry chimera were obtained as PCR-
products, or as synthetic sequences purchased from Evrogen, Moscow, Russia (Table S1).
The assembled insert was cloned into the pAL-2T vector (Evrogen, Moscow, Russia). The
pAL-2T-mCherrydonor plasmid and pDG461gRNA were amplified in E. coli cells (New
England Biolabs, Ipswich, MA, USA) and were isolated using QIAprep Spin Miniprep Kit
(Qiagen, Hilden, Germany), according to the manufacturer’s instructions. The quality and
concentration of plasmids were assessed using a Nano Drop instrument (Thermo Scientific,
Waltham, MA, USA). The integrity of inserts and the absence of mutations were confirmed
by bi-directional sequencing.

2.3. Transfection and Cell Sorting

The SW620, TZM-bl, HepG2 and U937 cells were seeded onto 6 well plates and on
the following day were co-transfected with the obtained plasmids using Lipofectamine
3000 reagent (Invitrogen, Waltham, MA, USA) according to manufacturer’s instructions.

https://crispr.bme.gatech.edu
http://www.rgenome.net/cas-offinder
http://n2t.net/addgene:100902
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Forty-eight hours post transfection, cells were washed with PBS and all except U937 were
detached from the plates with trypsin-EDTA solution (Pan-Eko, Moscow, Russia). Cells
were centrifuged and resuspended in 1 mL of PBS containing 2% of FCS (HyClone, Logan,
UT, USA). After that, cells with bright GFP fluorescence were sorted in a FACSAria III
cell sorter (BD Biosciences, Franklin Lakes, NJ, USA). Following two weeks of propaga-
tion, obtained cells were stimulated with 1000 U/mL of recombinant human IFN-γ and
500 U/mL of recombinant human TNF-α (both from R&D systems, Minneapolis, MN,
USA) for 72 h. Then, cells positive for mCherry fluorescence were sorted (Figure S2b) and
after from two to five (depending on the cell line) extra cycles of propagation, induction,
and sorting, the populations entirely consisting of fluorescent and inducible cells were
obtained (Figures S3–S6).

2.4. Isolation of Genomic DNA, RNA, PCR and Real-Time PCR

Genomic DNA and total RNA were isolated using GeneJET Genomic DNA Purification
Kit and GeneJET RNA Purification Kit (both from Thermo Scientific, Waltham, MA, USA),
respectively, according to the manufacturer’s instructions. The concentration and purity
of nucleic acids were determined using NanoDrop spectrophotometer (Thermo Scientific,
Waltham, MA, USA).

The insertion of the transgene into genomic DNA was verified using PCR with two
pairs of primers (Table S1) and Q5 High-Fidelity DNA polymerase (New England Biolabs,
Ipswich, MA, USA). In the first pair, the forward primer (Primer A) was localized in the
intron of PSMB8, and the reverse primer (Primer B)—in the middle of the mCherry gene
(Figure 1a). In the second pair, the forward primer (Primer C) was localized in the middle
of the mCherry, and the reverse primer (Primer D)—in the locus outside the PSMB8 gene
(Figure 1a).

To study transgene expression the DNA was removed from RNA samples using
RapidOut DNA Removal kit (Thermo Scientific, Waltham, MA, USA). The cDNA was
obtained from 2 µg of total RNA using oligo(dT)20 primer and Maxima H Minus Reverse
Transcriptase (Thermo Scientific, Waltham, MA, USA). A full-length chimeric transcript
was amplified using primers E and F (Figure 1b, Table S1) and Q5 High-Fidelity DNA poly-
merase (New England Biolabs, Ipswich, MA, USA). Amplified transcripts were analyzed
by bi-directional sequencing (Figure S7).

The IDT platform and the OligoAnalizer tool (Integrated DNA Technologies OligoAn-
alyzer, RRID:SCR_001363) were utilized to design a set of primers for the qPCR (Table S1).
The forward primer (Primer G) was localized in the last exon of PSMB8 and the reverse
primer (Primer H)—in the beginning of the mCherry gene to avoid a false positive signal
from wild-type transcripts (Table S1). The qPCR reactions were performed as described
in [36]. The β-Actin (ACTB) was used for normalization. ∆∆Ct method was used to
calculate the relative expression level of studied genes.
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Figure 1. The mCherry gene is integrated into the genome and expressed in modified cells. Analysis of the gene expression in
edited cells. (a) Gene knock-in in U937B8-mCherry, SW620B8-mCherry, TZM-blB8mCherry and HepG2B8mCherry cells was
confirmed by PCR with two sets of primers using isolated genomic DNA. Following the PCR, the amplicons with expected
size (1040 and 477 bp) were revealed in samples from modified cells but not control cells. Tracks are in order: (M) 100 bp
DNA Ladder; (1) HepG2; (2) HepG2B8mCherry; (3) TZM-bl; (4) TZM-blB8mCherry; (5) U937; (6) U937B8-mCherry;
(7) SW620; (8) SW620B8-mCherry. (b) The expression of PSMB8-mCherry chimera in modified cells was confirmed by
RT-PCR. The total RNA was obtained from control and edited cells, cDNA synthesis was performed. The 1760 bp fragment
represents full-length chimeric transcript, while the 1010 bp fragment corresponds to the wild-type PSMB8 transcript.
Tracks are in order: (M) 100 bp DNA Ladder; (1) SW620; (2) SW620B8-mCherry; (3) HepG2; (4) HepG2B8mCherry; (5) U937;
(6) U937B8-mCherry; (7) TZM-bl; (8) TZM-blB8mCherry. Comparative analysis of gene expression profiles of mCherry
knock-in and original cell lines. (c) Multidimensional scaling (MDS) plot of pairwise distances calculated using root-
mean-square of Log2FoldChange values between experimental groups. (d) Canberra distance calculated between each
sample. Samples were clustered using hierarchical clustering analysis, and the dendrograms represent the clustering results.
(e) Scatter plots demonstrating the relation of expression values (reads per kilobase per million mapped reads, RPKM)
between mCherry knock-in and original cell lines. R-Pearson’s correlation coefficient, p-value calculated for the most
variable genes (upper 75 percentile). (f) Heatmap depicting expression levels of the 20S and 19S proteasome complex genes
(RPKM) in knock-in and original cell lines. K–mCherry knock-in cells, C–control cells.
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2.5. RNAseq

Total RNA extraction was performed from 1–1.5× 106 cells using Extract RNA reagent
(Evrogen, Moscow, Russia). Each experimental group included at least two biological
replicates. The concentration of RNA was measured with a Qubit Fluorometer (Invitrogen,
Waltham, MA, USA). The quality of RNA was determined with an Agilent BioAnalyzer
2100 using an RNA 6000 nano kit (Agilent, Santa Clara, CA, USA). The RNA Integrity
Number (RIN) of all RNA samples was not less than 8. Libraries for RNA-seq were prepared
using the NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England
Biolabs, Ipswich, MA, USA), according to the manufacturer’s guidelines. Seventy-five
bp single-end sequencing was conducted on an Illumina NextSeq 500 platform (Illumina,
San Diego, CA, USA). Sequences reported in this study can be accessed using the GEO
accession number NCBI GEO GSE183592.

Processing of raw sequence data including QC analysis, quality and adapter trimming,
short read alignment (release hg38), read quantification was performed with the PPLine
tool [37]. Multidimensional scaling (MDS) was conducted using the limma package [38].
RNA-sequencing count tables were statistically analyzed with the edgeR [39]. Gene set
enrichment analysis (GSEA) was performed by the limma package [38] and the KEGG
database [40] for all cell lines described here using a defined set of genes that show not less
than 2-fold higher (for representative genes) or 2-fold lower (for non-representative genes)
expression level in particular cell lines in comparison to the average expression level in
all cell lines. Visualization of experimental data was made with ggplot2 and pheatmap
packages [41] (https://cran.r-project.org/web/packages/pheatmap/index.html, accessed
on 10 September 2021).

2.6. Preparation of Cellular Lysates and Western Blotting

Unstimulated and cytokine-treated cells were washed 2 times with PBS and lysed in
the NP-40 cell lysis buffer (50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 1.0% NP-40), left for
10 min on ice and centrifuged for 30 min at 16,000× g. Collected supernatants were stored at
−80 ◦C before use. Lysates were analyzed in 12% Tris-glycine polyacrylamide gels and were
transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The membranes
were incubated with primary rabbit anti-β5i (Abcam, Cambridge, UK, RRID:AB_303708),
or anti-mCherry (Cell Signaling, Danvers, MA, USA, RRID:AB_2799246), or anti-Rpt6
(Enzo, Farmingdale, NY, USA, RRID:AB_10555017), or anti-20S proteasome alpha1,2,3,5,6,7
(Enzo, Farmingdale, NY, USA, RRID:AB_10541045) antibodies and secondary HRP-labeled
anti-rabbit or anti-mouse conjugates (Abcam, Cambridge, UK, RRID:AB_10679899 or Enzo,
Farmingdale, NY, USA, RRID:AB_10540652). Blots were developed using ECLPrime kit
(GE Healthcare, Little Chalfont, Buckinghamshire, UK). For signal normalization, the mem-
branes were striped and incubated with mouse anti-β-actin antibodies (Abcam, Cambridge,
UK, RRID:AB_306371) and subsequently with HRP-labeled anti-mouse antibodies (Enzo,
Farmingdale, NY, USA, RRID:AB_10540652). Blots were developed as described above.

2.7. Immunoprecipitation of Proteasomes

Immunoprecipitation of proteasomes was performed using a Proteasome purification
kit (Enzo, Farmingdale, NY, USA) according to the manufacturer’s instructions. Briefly,
cells were homogenized by consecutive freezing/thawing in a buffer containing 25 mM
HEPES, pH 7.4, 10% glycerol, 5 mM MgCl2, 1 mM ATP, 1 mM DTT, centrifuged for 30 min
at 13,000× g and the supernatants were collected. Samples were incubated with the
proteasome purification matrix at 4 ◦C overnight. After that, samples were centrifuged
for 30 s 5000× g and the supernatants (unbound fraction) were collected. The pellet was
washed 3 times in the same buffer as used for homogenization. Proteasomes were eluted
using the SDS-PAGE Sample buffer (Invitrogen, Waltham, MA, USA) and analyzed by
Western blotting (see above).

https://cran.r-project.org/web/packages/pheatmap/index.html
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2.8. Detection of Catalytically Active Proteasome Subunits

The Me4BodipyFL-Ahx3Leu3VS (UbiQbio, Amsterdam, The Netherlands) proteasome
activity probe was used to detect proteolytically active proteasome subunits using SDS-
PAGE according to the described protocol [42]. Shortly, cellular lysates (app. 20 µg) were
mixed with 0.5 µL of probe in PBS and were incubated for 1 h at 37 ◦C. Then samples
were loaded into 15% Tris-Glycine polyacrylamide gel and following the electrophoresis
BodipyFL fluorescence was analyzed at the excitation wavelength 480 nm and emission
wavelength 530 nm using ChemiDoc XRS+ imaging system (Bio-Rad, Hercules, CA, USA).
After that, the gel was stained with ROTI®Blue quick protein stain (Carl Roth, Karlsruhe,
Germany) to ensure an equal protein load.

2.9. Determination of Proteasome Activity

Overall proteasome activity was determined in control and modified cells using a
Me4BodipyFL-Ahx3Leu3VS (UbiQbio, Amsterdam, The Netherlands) proteasome activity
probe according to the protocol for the proteasome activity measurement in fixed cells [42].
Shortly, cells were grown on the 6 well plates and 72 h after seeding, the probe was added
into the culture media, reaching a final concentration of 200 nM. Cells were incubated for
two hours. Adherent cells were washed with PBS and were detached from the culture
plate using a trypsin solution. Suspension cells were collected and centrifuged for 3 min
250× g and washed with PBS. Then cells were fixed by 20 min shaking in buffer containing
1% of FBS and 0.5% formaldehyde. Detection of fluorescence intensity was performed on
LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

2.10. Fluorescent and Confocal Microscopy

The U937, SW620, TZM-bl, HepG2 and U937B8-mCherry, SW620B8-mCherry, TZM-
blB8-mCherry, HepG2B8-mCherry cells were grown on the 6 well plates (for standard
fluorescent microscopy) or Clipmax culture flasks (TPP, Trasadingen, Switzerland) (for
confocal microscopy of all, but U937 cell lines). Twenty-four hours after seeding cells were
stimulated with 1000 U/mL of recombinant human IFN-γ (R&D systems, Minneapolis,
MN, USA) and 500 U/mL of recombinant human TNF-α (R&D systems, Minneapolis,
MN, USA) and incubated for additional 72 h. Cells grown for analysis using confo-
cal microscopy were also either incubated or not incubated for 2 h with 200 nM of the
Me4BodipyFL-Ahx3Leu3VS (UbiQbio, Amsterdam, The Netherlands) proteasome activity
probe. After that, cells grown on 6 well plates were analyzed under Leica DMI 6000 CS or
EVOS fluorescent microscopes (Leica, Wetzlar, Germany and Thermo Scientific, Waltham,
MA, USA), respectively. Cells grown in Clipmax culture flasks were washed two times
with PBS, fixed with 4% PFA (BosterBio, Pleasanton, CA, USA), washed with PBS and
stained with NucBlue Fixed Cell ReadyProbe (Thermo Scientific, Waltham, MA, USA) for
15 min. After that, the chambers were removed and microscope slides with attached cells
were covered with a SlowFade™ Gold Antifade Mountant (Thermo Scientific, Waltham,
MA, USA) and cover slips (Thermo Scientific, Waltham, MA, USA). Slides were analyzed
using Leica DMI 6000 CS microscope equipped with a Leica TCS SP5 laser scan unit (Leica,
Wetzlar, Germany). All images were acquired in “sequential scan mode” to completely
avoid a “bleed-through” effect. Areas and intensities were measured using Fiji-ImageJ soft-
ware (https://imagej.net/software/fiji/, accessed on 26 August 2021, RRID:SCR_002285).
Colocalization analysis was performed using Coloc2, Colocalization Threshold and JACoP
plugins [43]. Image set CBS001RGM-CBS010RGM from the Colocalization Benchmark
Source (www.colocalization-benchmark.com, accessed on 26 August 2021) was used to
validate colocalization.

2.11. Flow Cytometry

For the initial assessment “wild-type” and modified cells were stimulated with IFN-γ
and TNF-α (as described above). Additionally, SW620B8-mCherry cells were treated with
10, 25, 50, 100, 200, 500 or 1000 U/mL of IFN-γ, 100, 200, 500 or 1000 U/mL of TNF-α or

https://imagej.net/software/fiji/
www.colocalization-benchmark.com
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a combination of 500 U/mL of IFN-γ and 500 U/mL of TNF-α, or 1000 U/mL of IFN-γ
and 500 U/mL of TNF-α. After 72 h of incubation mCherry fluorescence was detected
using LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The obtained
flow cytometry data were analyzed using FlowJo version 10.0.7 (FlowJo LLC, Ashland,
OR, USA; RRID:SCR_008520) and GraphPad Prism version 8.4.3. (GraphPad Software,
San Diego, CA, USA; RRID:SCR_002798) software.

2.12. Treatment of Cells with Anti-Cancer Drugs

The SW620B8-mCherry, TZM-blB8-mCherry, HepG2B8-mCherry cells were grown
on the 12 well plates and incubated for 72 h with 10 or 50 nM of Ulixertinib (Selleckchem,
Houston, TX, USA), 0,5 or 5 µM of Venetoclax (Selleckchem, Houston, TX, USA), 5 or
10 µM of Ruxolitinib (Selleckchem, Houston, TX, USA), 1 or 5 nM of Vincristine (Sigma
Aldrich, Saint Louis, MO, USA), 25 µM of Gefitinib (Sigma Aldrich, Saint Louis, MO, USA)
and 50 or 100 nM of β5i-specific inhibitor ONX-0914 (Apexbio, Houston, TX, USA). Then
fluorescence intensity was analyzed using LSRFortessa flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) as described.

2.13. Statistical Analyses

Unless otherwise stated, experiments were performed at least in triplicates. Bar carts
depicts mean values ± standard deviation for experimental replicates. Unpaired two-
tailed t-test was used to evaluate the statistical significance of differences between the
experimental groups. For all the experiments, p values less than 0.05 were regarded as
statistically significant. Asterisks indicate * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.

3. Results
3.1. The mCherry Gene Is Integrated into Genome and Expressed in Modified Cells

Modern methods of genome editing allow for precise modifications with significantly
reduced number of off-target events. Here, we utilized CRISPR-Cas9n technology to
perform gene knock-in and insert a gene encoding mCherry to the 3′ terminus of the
ultimate (6th) exon of PSMB8 gene keeping the open reading frame intact. For this purpose,
colorectal adenocarcinoma SW620, histiocytic lymphoma U937, cervix adenocarcinoma
TZM-bl, and hepatocarcinoma HepG2 cells were used as backbones. The SW620 and HepG2
cells were chosen since significant expression of intPs and iPs might be expected in the colon
and liver [28] and the efficient activation of β5i expression by cytokines has been already
shown in SW620 cells [5]. TZM-bl cells were derived from HeLa cells—one of the most
frequently used cell lines. In these cells iP subunit expression is also efficiently activated
upon stimulation with cytokines. In contrast, high levels of β5i-containing proteasomes
were demonstrated in the absence of cytokine stimulation in U937 cells [44], making
these cells an attractive model for studying downregulation of the immunoproteasome
subunit expression.

The experiments were performed following the previously published protocol [45].
The work was started with the design of two expression vectors. The first was

pDG461gRNA vector encoding for a Cas9-D10A (Streptococcus pyogenes)-GFP protein
and two gRNAs designed to introduce 2 nicks on the sides of the PSMB8 stop codon
and minimum off target cuts (Figures S1 and S2a). The second was a donor plasmid
pAL2-TmCherrydonor containing an insert composed of homology arm 1, Ser-Gly linker-
encoding sequence, mCherry and homology arm 2 (Figure S2a). Following co-transfection
of chosen cell lines with both vectors, cells were sorted and the population with bright GFP
fluorescence was isolated and propagated for two weeks. As immunoproteasome subunit
expression can be efficiently induced by combined treatment with IFN-γ and TNF-α [5],
transfected SW620, TZM-bl and HepG2 cells were stimulated with the cytokines and were
sorted again to obtain the population of mCherry-fluorescent cells. After reiterations of
incubation, stimulation, and sorting for two to five times, the SW620B8-mCherry, TZM-
blB8-mCherry, HepG2B8-mCherry cell lines were obtained with 99–100% of cells with
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increased mCherry fluorescence following treatment with cytokines (Figures S2b, S3–S5).
U937 cells were not stimulated with cytokines after transfection due to high expression of
iPs and intPs [44], and two rounds of sorting and propagation were sufficient to obtain the
U937B8-mCherry cell line (Figure S6).

The accuracy of transgene integration into the cellular genome was assessed using
PCR with two sets of primers (Figure 1a, Table S1). Fusion of the mCherry gene to the 3′

end of the PSMB8 via a linker and conservation of the open-reading frame were confirmed
by bi-directional sequencing. Furthermore, the full-length 1760 bp chimeric transcript was
detected in all modified cell lines, indicating chimeric gene expression (Figure 1b). The
integrity of the transcript and absence of non-synonymous nucleotide substitutions were
confirmed by bi-directional sequencing (Figure S7).

3.2. The Control and Modified Cell Lines Demonstrate Marginal Differences in Gene Expression

As side effects of CRISPR-Cas9 genome editing could not be excluded, we performed
a comparative analysis of control and modified cell transcriptomes. It was demonstrated
that gene expression profiles in knock-in cells were highly similar to the original expression
pattern in wild-type cells, which can be seen on multidimensional scaling and a Canberra
distances dendrogram (Figure 1c,d). The Pearson correlation coefficient also shows a high
similarity between knock-in and control cells ranging from R = 0.997 for U937 cells to
R = 0.9997 for TZM-bl and HepG2 samples (Figure 1e). Finally, the expression of fusion
β5i-mCherry did not affect the expression of 20S proteasome genes including the immune
catalytic subunits PSMB8, PSMB9, and PSMB10 (fold change < 1.5, FDR > 0.1) as well as
the 19S, 11Sαβ, 11Sγ and PA200 proteasome regulator genes (Figure 1f).

Given the diverse origin of cell lines used for genome editing, we performed their
functional characterization (Figure S8a,b). To bring out their specificity, we selected genes
showing not less than 2-fold higher or 2-fold lower expression levels in a particular cell line
compared to the average expression between all four cell lines. Next, using a defined set of
representative (higher expression levels) and non-representative (lower expression levels)
genes, we performed the Gene set enrichment analysis using the KEGG database [40].
The analysis demonstrated that immune pathways are enriched in U937B8-mCherry cells;
genes involved in metabolic pathways are present to a greater extent in HepG2B8-mCherry
cells, in TZM-blB8-mCherry and SW620B8-mCherry cell lines the most representative path-
ways include Notch signaling, TGF-beta signaling, Rap1 signaling and Relaxin signaling
(Figure S8a). The responsiveness of cells to various stimuli is associated with expressed
receptor molecules. To analyze the expression of genes encoding membrane receptors, we
divided genes according to different protein families including cluster of differentiation
(CD) molecules, cytokine receptors, G protein-coupled receptors, and pattern recognition
receptors (Figure S8b). As expected, pattern recognition receptors that play a crucial
role in the innate immune response were expressed mostly in U937 cells (Figure S8b).
However, the expression of the other membrane receptors including cytokine receptors,
CD molecules, and G protein-coupled receptors differed among cell lines, suggesting the
diverse environmental signal reception and transduction (Figure S8b).

Thus, we confirmed that genome editing, and cycles of cell propagation and sorting,
had a minimal effect on general gene expression and on the expression of proteasome genes
in modified cells. Moreover, predominant metabolic pathways and patterns of expressed
receptors for each generated cell line were determined.

3.3. IFN-γ and TNF-α Stimulate Expression of β5i-mCherry Protein in Modified Cells

To verify that endogenous mechanisms of PSMB8 gene expression regulation are
preserved after genome editing, cDNA obtained from the modified untreated cells and cells
stimulated with IFN-γ (1000 U/mL) and TNF-α (500 U/mL) was analyzed using qPCR.
The two cytokines were chosen because their combination efficiently activates immunopro-
teasome subunit expression [5]. The stimulation of the edited cells with IFN-γ and TNF-α
induced from 1.25 to a 4-fold increase in the PSMB8-mCherry gene expression, indicating
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that modified cells were sensitive to the cytokines and efficiently upregulated the specific
mRNA synthesis upon treatment (Figure 2a). Next, we evaluated the expression of the β5i-
mCherry protein. A protein with molecular weight around 52 kDa was detected by Western
blotting in the lysates of SW620B8-mCherry, TZM-blB8-mCherry, HepG2B8-mCherry, and
U937B8-mCherry cells (Figure 2b). The protein was detected using both antibodies to β5i
and mCherry, indicating that it represents β5i-mCherry chimera (Figure 2b). Importantly,
the amount of the β5i-mCherry in the cytokine-stimulated SW620B8-mCherry, TZM-blB8-
mCherry, and HepG2B8-mCherry cells was significantly elevated. These data indicate
that the endogenous mechanisms of β5i expression regulation are retained in the edited
cells. Finally, no free mCherry was revealed in cellular lysates (Figure 2b), highlighting
that almost all the mCherry molecules present in the cells are associated with the β5i
proteasome subunit.

Figure 2. The β5i-mCherry chimera is integrated into the proteasome and is an active proteasome subunit in edited
cells. (a) The relative expression levels of PSMB8-mCherry RNA in unstimulated U937B8-mCherry, SW620B8-mCherry,
TZM-blB8mCherry and HepG2B8mCherry cells and cells treated with IFN-γ (1000 U/mL) and TNF-α (500 U/mL) for 48 h.
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U937B8-mCherry cells were treated with 1000 U/mL IFN-γ. Tests were performed in triplicates; n.s.—not significant,
****—p < 0.0001, t-test. (b) Western blot of lysates obtained from unstimulated U937, SW620, TZM-bl, HepG2, U937B8-
mCherry, SW620B8-mCherry, TZM-blB8mCherry and HepG2B8mCherry cells and cells incubated with 1000 U/mL IFN-γ
and 500 U/mL of TNF-α for 72 h. *—U937 and U937B8-mCherry cells were treated with 1000 U/mL IFN-γ. Lysates were
run in 12% PAGE, and then proteins were transferred onto the nitrocellulose membranes. The membranes were stained
either with anti-β5i or anti-mCherry primary antibodies and corresponding secondary antibodies. Blots were revealed and
for the signal normalization membranes were stripped and stained with antibodies to β-actin. (c) Immunoprecipitation
of proteasomes from lysates of IFN-γ and TNF-α- stimulated U937, SW620, TZM-bl, HepG2, U937B8-mCherry, SW620B8-
mCherry, TZM-blB8mCherry and HepG2B8mCherry cells. Immunoprecipitated proteasomes were run in 12% PAGE, then
proteins were transferred onto the nitrocellulose membranes. The membranes were stained either with anti-β5i or anti-
mCherry primary antibodies and corresponding secondary antibodies. (d) β5i-mCherry is catalytically active subunit within
the proteasomes in edited cells. Lysates from unstimulated control and cytokine-stimulated modified cells were incubated
for 1 h at 37 ◦C with Me4BodipyFL-Ahx3Leu3VS proteasome activity probe. The fluorescence of proteasome subunits was
analyzed in 13% Tris-Glycine polyacrylamide gel following excitation at the wavelength 480 nm and emission wavelength
530 nm (upper panel). Tracks in order: (M) PageRuler Prest Prot. Ladder; (1) SW620; (2) SW620B8-mCherry; (3) HepG2,
(4) HepG2B8-mCherry; (5) TZM-bl; (6) TZM-blB8-mCherry; (7) U937; (8) U937B8-mCherry. Lysates of modified cells were
obtained from cells treated with 1000 U/mL IFN-γ and 500 U/mL of TNF-α for 72 h. Bottom panel, the same gel was stained
with Roti blue quick protein stain to ensure equal protein load. (e) Immunoprecipitation of proteasomes from lysates of
U937 and U937B8-mCherry cells. Immunoprecipitated proteasomes were run in 12% PAGE. Proteins were transferred onto
the nitrocellulose membranes. The membranes were stained with anti-19S-Rpt6 and anti-20S proteasome alpha1,2,3,5,6,7
primary mouse antibodies and corresponding secondary conjugates. (f) Heatmap depicting overall proteasome activity
revealed in control and modified cell lines using Me4BodipyFL-Ahx3Leu3VS proteasome activity probe. Mean fluorescence
intensity is shown. Detection of fluorescence intensity was performed on LSRFortessa flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA).

3.4. The β5i-mCherry Chimera Is Integrated into the Proteasome and Is an Active Proteasome
Subunit in Modified Cells

Apart from the 52 kDa β5i-mCherry the 22 kDa protein corresponding to the wild-
type β5i was revealed in the lysates of U937B8-mCherry and HepG2B8-mCherry cells,
indicating the presence of a heterozygous cell population. At the same time, a faint band
corresponding to a protein with 3–6 kDa higher molecular weight than 52 kDa was detected
by Western blotting (Figure 2b). Here it should be mentioned that proteolytic proteasome
subunits are synthesized as precursors and undergo posttranslational autocatalytic cleav-
age of propeptides during the latest stage of proteasome assembly [46]. Thus, 55–58 kDa
protein (which suits the anticipated weight of full-length chimeric protein (app. 57 kDa))
might be a precursor protein, while 52 kDa protein—a subunit that underwent integration
into the proteasome and subsequent cleavage of propeptide. To test this possibility, we
performed immunoprecipitation of proteasome complexes from cellular lysates (Figure 2c).
All modified cell lines were found to contain proteasomes with integrated β5i-mCherry
(Figure 2c). To investigate whether the chimera is a catalytically active proteasome sub-
unit, we incubated the lysates of control and cytokine-stimulated modified cells with the
Me4BodipyFL-Ahx3Leu3VS proteasome activity probe. The probe covalently binds the
N-terminal threonine residue of all the proteolytic subunits of the proteasome and enables
their visualization [42]. Fluorescent 52 kDa protein was absent in the lysates of control
cells but was readily detected in the lysates of SW620B8-mCherry, TZM-blB8-mCherry,
HepG2B8-mCherry, and U937B8-mCherry cells, indicating that the chimeric subunit is a
catalytically active within the proteasomes in modified cells (Figure 2d).

As the structure of mCherry might have influenced the association of proteasomes
with regulators, we have carried out the Western blotting of the proteasomes immunopre-
cipitated from the lysates of U937 and U937B8-mCherry cells with the antibodies to the
Rpt6 subunit of the 19S regulator. Almost equal amounts of Rpt6 subunits were immuno-
precipitated with proteasomes from modified and wild-type cells (Figure 2e). Furthermore,
using the Me4BodipyFL-Ahx3Leu3VS proteasome activity probe, we analyzed the overall
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proteasome activity in the control and edited cells. As a result, comparable proteasome
activity was demonstrated (Figure 2f).

Taken together, we can conclude that:

(i) the chimeric subunit is integrated and is catalytically active within the proteasomes
in the modified cells;

(ii) chimeric subunits are unlikely to hamper the association of 20S proteasomes with
19S regulators;

(iii) the integration of β5i-mCherry into proteasomes has minimal influence on protea-
some activity in the modified cells.

3.5. Proteasomes with β5i-mCherry Subunit Are Localized in the Nuclei and Cytoplasm of
Modified Cells

As the β5i-mCherry is integrated into proteasomes in SW620B8-mCherry, TZM-blB8-
mCherry, HepG2B8-mCherry, and U937B8-mCherry cells, the intracellular distribution of
tagged proteasomes can be investigated by fluorescent and confocal microscopy. Com-
paring to control or cytokine-stimulated SW620, TZM-bl or HepG2 cells (Figure 3a), a
mild cytoplasmic fluorescence of mCherry was detected in SW620B8-mCherry, TZM-blB8-
mCherry, and HepG2B8-mCherry cells (Figure 3a). However, following treatment with
IFN-γ and TNF-α, a significant increase in cell fluorescence intensity was observed in
the modified cell lines (Figure 3a). In contrast, U937B8-mCherry cells demonstrated cyto-
plasmic fluorescence of mCherry in the absence of cytokine stimulation, which was only
moderately increased following the incubation with IFN-γ and TNF-α (Figure 3a).

To analyze the intracellular distribution of β5i-mCherry-containing proteasomes in
detail, edited cells were analyzed using confocal microscopy (Figure 3b). The efficient
induction of β5i-containing proteasomes following the treatment with IFN-γ and TNF-α
was confirmed in SW620B8-mCherry, TZM-blB8-mCherry and HepG2B8-mCherry cells
(Figures 3b and S9a,b). Fluorescent proteasomes were present mostly in the cytoplasm
of TZM-blB8-mCherry and HepG2B8-mCherry cells; however, an accurate analysis of
slides revealed the presence of β5i-mCherry in the nucleus and the formation of spots
with increased proteasome density in the cytoplasm, which was stimulated after cytokine
treatment (Figure 3b). In the SW620B8-mCherry cells, the β5i-mCherry fluorescence was
detected in the nucleus at a level comparable with the fluorescent signal in the cytoplasm
and was significantly induced with the formation of areas with bright fluorescence follow-
ing the cytokine stimulation (Figures 3b and S9a,b). Moreover, the distribution of tagged
proteasomes in the cytoplasm of TZM-blB8-mCherry, SW620B8-mCherry, and especially
HepG2B8-mCherry cells, was not even. We observed the accumulation of proteasomes
near the nucleus and around distinct cytoplasmic structures (Figures 3b and S9a,b). To
confirm the association of proteasome activity with β5i-mCherry-contining proteasomes in
the modified cells, we analyzed the colocalization of mCherry fluorescence (red) with the
fluorescence of the proteasome activity probe Me4BodipyFL-Ahx3Leu3VS (green). Indeed,
red and green signals colocalized with Pearson’s colocalization coefficients (PCC) of 0.66 for
HepG2B8-mCherry cell line, 0.605—for the SW620B8-mCherry cells, and 0.44—for the TZM-
blB8-mCherry cells (Figure 3b,c). Furthermore, as expected, green and red fluorescence
were significantly increased in all cell lines following the stimulation with cytokines.
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Figure 3. Proteasomes with β5i-mCherry subunit are localized in the nucleus and cytoplasm of modified cells. (a) Fluorescent
microscopy of unstimulated as well as of U937, SW620, TZM-bl, HepG2, U937B8-mCherry, SW620B8-mCherry, TZM-blB8-
mCherry and HepG2B8-mCherry cells treated with IFN-γ (1000 U/mL) and TNF-α (500 U/mL) for 72 h. White scale
bar—400 µm. (b) Confocal microscopy of unstimulated and cytokine-stimulated (1000 U/mL IFN-γ and 500 U/mL TNF-α)
SW620B8-mCherry, TZM-blB8-mCherry and HepG2B8-mCherry cells. mCherry fluorescence is shown in red. Additionally,
cells were incubated for 2 h with Me4BodipyFL-Ahx3Leu3VS (green fluorescence) to localize proteasome activity within the
cells. Cell nuclei were stained with NucBlue Fixed Cell ReadyProbe (blue fluorescence). Proteasomes were revealed in the
nuclei and cytoplasm of the inspected cells. Moreover, areas with intense proteasome fluorescence were observed within
the cellular cytoplasm. (c) Scatterplots of green (BodipyFL) and red (mCherry) pixel intensities of the modified cells treated
with IFN-γ (1000 U/mL) and TNF-α (500 U/mL) for 72 h.
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3.6. Obtained Cell Lines Could Be Used for Quantitative Assessment of the Effects of Different
Substances on β5i Subunit Expression

To test whether the obtained cell lines could be used for quantitative assessment of the
β5i subunit expression after the stimulation with different compounds, the fluorescence
of SW620, TZM-bl, HepG2, U937, SW620B8-mCherry, TZM-blB8-mCherry, HepG2B8-
mCherry, and U937B8-mCherry cells following 72 h incubation with or without IFN-γ and
TNF-α was evaluated by flow cytometry. Minimal differences were revealed when median
fluorescence intensities (MFI) of U937, SW620, TZM-bl, HepG2 and cytokine stimulated
U937, SW620, TZM-bl, HepG2, were correspondingly compared (Table 1, Figure 4a).

Table 1. Relative median fluorescent intensity of 10.000 control and modified cells following 72 h incubation with 1000 U/mL
of IFN-γ and 500 U/mL of TNF-α. Three independent repeats were performed for each cell line. The standard deviation is
below 10% in each case. The MFI of control untreated cells is 100%.

(Cytokine
Stimulation) Cell Lines

Relative MFI, % SW620 SW620B8-
mCherry TZM-bl TZM-blB8-

mCherry HepG2 HepG2B8-
mCherry U937 U937B8-

mCherry
No 100 581 100 610 100 200 100 1928
Yes 123 2778 124 3199 158 626 109 2460

In contrast, U937B8-mCherry, SW620B8-mCherry, TZM-blB8-mCherry, HepG2B8-
mCherry cells demonstrated significantly higher fluorescence, which was further dra-
matically increased as a result of IFN-γ and TNF-α treatment (Table 1, Figure 4a). To
determine the sensitivity of the model system and to evaluate the effects of IFN-γ and
TNF-α separately and in combination, SW620B8-mCherry cells were treated with 10, 25,
50, 100, 200, 500 or 1000 U/mL of IFN-γ, or 100, 200, 500, or 1000 U/mL of TNF-α, or
500 U/mL of IFN-γ and 500 U/mL of TNF-α, or 1000 U/mL of IFN-γ and 500 U/mL of
TNF-α. A dose-dependent increase of fluorescence was observed in the SW620B8-mCherry
treated with different concentrations of IFN-γ (Figure 4b). The MFI of SW620B8-mCherry
cells was already increased by 21% (p value = 0.000019) following the incubation with 10
U/mL IFN-γ. The 100 U/mL TNF-α induced 53% (p value = 0.00001) increase of cellular
fluorescence in SW620B8-mCherry cells. Combined treatment with 500 U/mL IFN-γ and
500 U/mL TNF-α or 1000 U/mL of IFN-γ and 500 U/mL of TNF-α dramatically increased
the fluorescence of SW620B8-mCherry, implying an additive action of cytokines. These
results are in line with the previously published data describing elevated β5i expression in
SW620 cell line treated with both cytokines [5] (Figure 4b).

These data can serve as additional evidence that the obtained cell lines are sensitive
to the same stimuli as the initial cell lines and that modified cells could be used for the
quantitative assessment of β5i expression upon various treatments.
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Figure 4. Obtained cell lines could be used for quantitative assessment of effects of different substances on the β5i subunit
expression. (a) Flow cytometry was used for the quantitative estimation of β5i expression after stimulation of U937, SW620,
TZM-bl, HepG2, U937B8-mCherry, SW620B8-mCherry, TZM-blB8-mCherry and HepG2B8-mCherry cells with 1000 U/mL of
IFN-γ and 500 U/mL of TNF-α. For every pair of control and modified cell line representative histograms were obtained.
Left panel—representative flow cytometry histogram showing mean cellular fluorescence of control cells (blue), cytokine-
stimulated control cells (green) and unstimulated edited cells (orange). Right panel—representative flow cytometry histogram
showing mean cellular fluorescence of unstimulated edited cells (orange) and edited cells treated with IFN-γ and TNF-α (red).
(b) The fluorescence of SW620B8-mCherry cells treated with different concentrations of IFN-γ, TNF-α or two combinations
of IFN-γ and TNF-α for 72 h. Tests were performed in triplicates. *** p < 0.001; **** p < 0.0001; t-test.
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3.7. Anti-Cancer Drugs Ruxolitinib, Vincristine, and Gefitinib Stimulate the Expression of
β5i-Containing Proteasomes in Modified Cells

As a pilot practical application of obtained model cell lines, five anti-cancer drugs
directed towards different targets were evaluated for their ability to stimulate intracellular
β5i expression. The SW620B8-mCherry, TZM-blB8-mCherry, and HepG2B8-mCherry
cells treated for 72 h with different concentrations of Ulixertinib (ERK 1 and 2 inhibitor),
Venetoclax (Bcl-2 inhibitor), Ruxolitinib (JAK inhibitor), Vincristine (tubulin polymerization
inhibitor), Gefitinib (EGFR inhibitor), and a β5i-specific inhibitor ONX-0914 were analyzed
by flow cytometry. Vincristine had no effect on β5i expression in SW620B8-mCherry
cells but upregulated β5i expression by 1,15 folds in TZM-blB8-mCherry cells (t-test,
*** p < 0.001) and 1.7 folds in HepG2B8-mCherry cells (t-test, **** p < 0.0001) (Figure 5).

Figure 5. Ruxolitinib, Vincristine and Gefitinib stimulate expression of the β5i-containing protea-
somes in modified cells. The SW620B8-mCherry, TZM-blB8mCherry and HepG2B8mCherry cells
were treated with indicated concentrations of anti-cancer drugs Ulixertinib, Venetoclax, Ruxolitinib,
Vincristine, Gefitinib and a β5i-specific inhibitor—ONX-0914 for 72 h. Beta5i-mCherry fluorescence
was analyzed in treated cells by flow cytometry. Tests were performed in triplicates. * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001; t-test.
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In contrast, Ruxolitinib stimulated chimeric protein expression more in SW620B8-
mCherry cells than in HepG2B8-mCherry cells whereas it had minor effect on the TZM-
blB8-mCherry cell line. Minimal effects of Ulixertinib, Venetoclax were demonstrated. At
the same time, the β5i expression was increased from 2.5 to 3 folds (t-test, *** p < 0.001 or
**** p < 0.0001) following incubation with Gefitinib in all the used cell lines (Figure 5).

4. Discussion

Proteasomes are responsible for the degradation of most intracellular proteins. Several
forms of proteasomes with different catalytic subunit compositions of the 20S core particle
have been identified. These are constitutive proteasomes with proteolytic subunits β1,
β2, β5, intermediate proteasomes containing β1 or β1i, β2, β5i and immunoproteasomes
with β1i, β2i and a β5i subunit set [28]. Different proteasomes seem to play, overlapping,
but at the same time altering functions [10]. The non-constitutive proteasomes (intPs
and iPs, together nPs) have been shown to modulate different aspects of cellular and
organ homeostasis from gene expression to the immune reactions and have attracted
much attention because of their role in cancer, autoimmune and neurodegenerative dis-
eases [18]. Indeed, specific inhibitors directed against immunoproteasome subunits were
developed [17,23,24,47]. The Kzr-616, a specific inhibitor of β5i, is currently under phase
II clinical trials (https://www.clinicaltrials.gov/ct2/show/NCT03393013, accessed on
10 September 2021). Thus, considering the emerging role of nPs in various pathologies
and the different aspects of cellular metabolism, their expression, localization, trafficking,
association with other proteins, and participation in cellular contacts is of immense interest.
In this regard, imaging these types of proteasomes might prove to be especially useful.

Considerable efforts have been made to visualize the proteasomes in cells. An obvious
approach is the fusion of proteasome subunits with fluorescent proteins. In this regard,
several important aspects should be considered: (i) The subunit expression level should not
be extremely high, otherwise it would not match the expression levels of other proteasome
subunits and the chimeric protein would accumulate and likely aggregate; (ii) The chimeric-
subunit would compete with the endogenous counterpart during the proteasome assembly;
(iii) The presence of fused fluorescent protein might hamper integration, subsequent as-
sembly of proteasomes, or their interaction with regulators and other proteins. Several
stable cell lines, or even entire organisms, expressing tagged proteasome subunits were
reported [32–35,48]. Fluorescent proteins were fused with different proteasome subunits
including α3, α6, α7, β7, β1i, β5i. As alpha and structural beta subunits are present in all
proteasome forms, identifying a specific role for intermediate and immunoproteasomes us-
ing such models is problematic. Indeed, constitutive proteasomes are frequently prevalent
in the cellular proteasome pool [10] and employing such cell lines to study nPs gets even
more complicated. Therefore, only cell lines with β1i and β5i tagged subunits could be
used for these purposes. Design of these cell lines significantly facilitated the progress in the
field of immunoproteasome biology [32,35]. Schipper–Krom and coauthors indicate that
the β5i subunit in a generated stable cell line is more efficiently integrated into proteasomes
than the tagged β1i subunit, suggesting that it can stem from the strong interaction of the
β5i with the chaperone (proteasome maturation protein (POMP)) [35,49]. Importantly, the
authors indicate that a fluorescent protein tag likely neither hampers the association of
proteasomes with regulators nor influences their catalytic activity [35]. Thus, published
cell lines expressing immune proteasome subunits fused with fluorescent proteins fulfill
several of the above-mentioned criteria and represent an attractive instrument to study nPs.
However, till recently, stable cell lines were mostly obtained by using classical approaches
based on transfection or lentiviral transduction. In this case the integration of the target
gene into the genome occurs into the highly transcribed portions of euchromatin [50],
leading to the high levels of transgene transcription, which is independent of the regulatory
elements that govern the expression of proteasome genes.

Here, using CRISPR-Cas9n technology, we obtained a panel of cell lines expressing
proteasomes with mCherry-tagged β5i. Importantly, the PSMB8-mCherry gene activation

https://www.clinicaltrials.gov/ct2/show/NCT03393013
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is under control of endogenous regulatory mechanisms and is efficiently induced by the
“classical” stimulators of immunoproteasome gene expression, IFN-γ and TNF-α, leading
to the production of fluorescent chimeric protein. We have shown that obtained cell
lines could be efficiently used for quantitative assessment of the changes in the PSMB8
expression levels. Indeed, the cellular fluorescence intensity was significantly increased
after the incubation with IFN-γ and TNF-α. When a particular model is used to evaluate
the effect of a substance, there is always a question of sensitivity. Using flow cytometry, we
determined the sensitivity of SW620B8-mCherry cells to IFN-γ and TNF-α. It was shown
that the sensitivity of SW620B8-mCherry cells to IFN-γ was below 10 U/mL, which is
equivalent to 0.5 ng/mL. This concentration is below the range of IFN-γ concentrations
used to induce iP expression in various cells including: 8226, THP1, CCRF-CEM, HeLa,
DLD-1, SW-480, BV-2, SW620, (PK)-15 cells [5,48,51–53]. The sensitivity of SW620B8-
mCherry cells to TNF-α was below 100 U/mL. These data indicate that modified cells
could be used to detect minor changes of PSMB8 expression induced by different stimuli.

We have demonstrated that the β5i-mCherry chimera efficiently integrates into pro-
teasomes and represents a catalytically active subunit within. Thus, we studied the intra-
cellular distribution of proteasomes in SW620B8-mCherry, TZM-blB8-mCherry, HepG2B8-
mCherry and U937B8-mCherry cells and showed nuclear and cytoplasmic localization of
β5i-containing proteasomes in adherent cells. These data are in agreement with the previ-
ously published results [54]. Interestingly, the distribution of proteasomes in the cytoplasm
was not equal; the fluorescent signal was stronger around nucleus encapsulating a large
cytoplasmic structure. This structure might represent the endoplasmic reticulum, corrobo-
rating previous results obtained by immunofluorescence with monoclonal antibodies to
the proteasome immune subunits [54]. Furthermore, after the stimulation of cells with
cytokines, we detected the formation of cytoplasmic aggregates enriched with proteasomes,
which was most significant in HepG2B8-mCherry cells. The aggregates with a high protea-
some activity were present in control HepG2 cells stimulated with IFN-γ and TNF-α as
well, indicating that their formation was not associated with the presence of mCherry fused
with β5i (Figure S10). The nature of these aggregates should be specifically addressed;
however, IFN-γ and TNF-α were shown to induce the formation of stress granules [55].
The proteasomes are in turn recruited to the stress granules to promote their clearance [56].
Alternatively, proteasome accumulation into the proteasome clusters, storage granules or
resembling structures could not be ruled out [57,58]. It should be mentioned that antibodies
that are used for the immunofluorescent detection of immunoproteasomes might have a
certain background due to unspecific reaction with different cellular proteins. Our cells
lack this drawback, since the unbound mCherry was not observed within the modified
cells (Figure 2b).

The elevated immunoproteasome gene expression is associated with better progno-
sis for several types of cancer (https://www.proteinatlas.org/ENSG00000204264-PSMB8
/pathology, accessed on 12 July 2021). Therefore, we studied the effects of current and
perspective anti-cancer drugs on β5i expression. Indeed, β5i expression was stimulated
in TZM-blB8-mCherry and HepG2B8-mCherry cells after the treatment with Vincristine.
Ruxolitinib mostly affected β5i expression in SW620B8-mCherry cells. Such discrepancies
are likely associated with the differences between cell lines, the patterns of expressed
membrane molecules and prevailing signaling pathways (Figure S8). Interestingly, the
highest activation level of β5i expression was found in all edited cell lines following the
incubation with the EGFR inhibitor Gefitinib. Transcriptomic studies revealed an absence
of EGFR expression in the modified cells except TZM-blB8mCherry (Figure S11), indicating
an alternative mode of Gefitinib action. Indeed, Gefitinib was demonstrated to indirectly
induce oxidative stress in various cell lines [59–61]. Induction of oxidative stress in turn
stimulates immunoproteasome synthesis with the possible involvement of the IRF-1 signal
transduction pathway, the cAMP/cGMP pathway, and the NF-κB pathway [62,63]. Thus,
the activation of immunoproteasome gene expression might be caused by Gefitinib-induced
oxidative stress. Furthermore, Gefitinib was shown to have several off targets, including
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various tyrosine kinases [64,65]. Therefore, we analyzed the expression of 23 genes encod-
ing Gefitinib off-targets in the obtained cell lines (Figure S11). Among those, 6 were not
expressed, or they demonstrated extremely low expression levels, while 13 demonstrated
significant expression levels of in all cell lines. Moreover, KEGG pathway analysis [66],
performed using a MetaboSignal R package [67], revealed metabolic relationships between
these proteins and transcription factors involved in PSMB8 regulation described in [68]
including NF-κB, IRF-1 and CREB. Consequently, β5i activation might be associated with
the modulation of the activity of one or several of those proteins by Gefitinib. Although
precise molecular mechanisms underlying the activation of β5i remain obscure and should
be addressed in further studies, the obtained data highlight the unexpected side effects
of Gefitinib and represent the first evidence of nPs stimulation by Gefitinib. Activation
of nPs expression broadens the repertoire of peptides generated in cells and presented
on the cellular membrane in complexes with MHC I molecules [29,69,70]. This can make
cancer cells more “visible” to the immune system. Therefore, the modulation of immuno-
proteasome expression by certain anti-cancer drugs might be considered as an additional
unexpected molecular mechanism, supporting the beneficiary action of these compounds
in cancer therapy.

5. Conclusions

Taken together, obtained cell lines provide not only fast and convenient tools to mea-
sure the effect of practically any compound on the β5i expression, but allows studying
non-constitutive proteasome localization, trafficking, interaction with other proteins, for-
mation of complexes, transformation of the proteasome pool following oxidative stress,
administration of toxins, viral and bacterial infections, temperature fluctuations, intercel-
lular communication via delivery of proteasomes by extracellular vesicles, and various
other aspects of nP molecular biology in real time and in living cells. Finally, the obtained
data enables the selection of a particular cell line to study the effects of a given drug or
condition on β5i proteasome subunit expression based on the cell line origin, activated
pathways and receptor expression profiles.
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the study.

Author Contributions: Conceptualization, V.K. and A.M.; data curation, S.F.; formal analysis, A.B.,
S.F., E.V., A.R., T.L., V.P. (Vladimir Popenko), V.P. (Vladimir Prassolov), V.K. and A.M.; funding acqui-
sition, A.M.; investigation, A.B., S.F., E.V., A.D., E.S., T.L., E.G., V.P. (Vladimir Popenko), O.L., D.S.,
P.S. and A.M.; methodology, A.D. and O.L.; project administration, A.M.; resources, O.L.; software,
A.B., S.F., E.V. and A.R.; supervision, A.M.; validation, A.B., A.D., E.S., V.P. (Vladimir Popenko), O.L.
and P.S.; visualization, A.R.; writing—original draft, A.M.; writing—review and editing, A.D. and
A.M. All authors have read and agreed to the published version of the manuscript.

Funding: The reported study was funded by RFBR, project number 20-34-70106. The U937B8-
mCherry cell line was obtained supported by grant 075-15-2019-1660 from the Ministry of Science
and Higher Education of the Russian Federation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/cells10113049/s1
https://www.mdpi.com/article/10.3390/cells10113049/s1


Cells 2021, 10, 3049 20 of 22

Data Availability Statement: Cell lines generated in this study will be made available on request, but
we may require a payment and/or a completed Materials Transfer Agreement if there is potential for
commercial application. Sequences reported in this study can be accessed using the GEO accession
number NCBI GEO GSE183592. Other data generated during and/or analyzed during the current
study are available from the corresponding author on reasonable request.

Acknowledgments: We would like to thank Vladimir Morozov, Alexey Kuzmich and Carol Stocking
for providing the cell lines. We would like to thank Vladimir Morozov for reviewing the manuscript.
We acknowledge the support of Anastasia Zamoskovtseva for the help with graphical abstract design.
We would like to thank Violetta Gogoleva for the assistance with the cell sorting.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kisselev, A.F.; Kaganovich, D.; Goldberg, A.L. Binding of Hydrophobic Peptides to Several Non-catalytic Sites Promotes Peptide

Hydrolysis by All Active Sites of 20 S Proteasomes. J. Biol. Chem. 2002, 277, 22260–22270.
2. Ferrington, D.A.; Gregerson, D.S. Immunoproteasomes: Structure, function, and antigen presentation. Prog. Mol. Biol. Transl. Sci.

2012, 109, 75–112. [CrossRef]
3. Huber, E.M.; Basler, M.; Schwab, R.; Heinemeyer, W.; Kirk, C.J.; Groettrup, M.; Groll, M. Immuno- and Constitutive Proteasome

Crystal Structures Reveal Differences in Substrate and Inhibitor Specificity. Cell 2012, 148, 727–738. [CrossRef]
4. Mccarthy, M.K.; Weinberg, J.B. The immunoproteasome and viral infection: A complex regulator of inflammation. Front. Microbiol.

2015, 6, 21. [CrossRef]
5. Aki, M.; Shimbara, N.; Takashina, M.; Akiyama, K.; Kagawa, S.; Tamura, T.; Tanahashi, N.; Yoshimura, T.; Tanaka, K.; Ichihara, A.

Interferon-γ Induces Different Subunit Organizations and Functional Diversity of Proteasomes. J. Biochem. 1994, 115, 257–269.
[CrossRef] [PubMed]

6. Shin, E.-C.; Seifert, U.; Kato, T.; Rice, C.M.; Feinstone, S.M.; Kloetzel, P.-M.; Rehermann, B. Virus-induced type I IFN stimulates
generation of immunoproteasomes at the site of infection. J. Clin. Investig. 2006, 116, 3006–3014. [CrossRef]

7. Kotamraju, S.; Matalon, S.; Matsunaga, T.; Shang, T.; Hickman-Davis, J.M.; Kalyanaraman, B. Upregulation of immunopro-
teasomes by nitric oxide: Potential antioxidative mechanism in endothelial cells. Free Radic. Biol. Med. 2006, 40, 1034–1044.
[CrossRef] [PubMed]

8. Reis, J.; Guan, X.Q.; Kisselev, A.F.; Papasian, C.J.; Qureshi, A.A.; Morrison, D.C.; Van Way, C.W.; Vogel, S.N.; Qureshi, N.
LPS-induced formation of immunoproteasomes: TNF-alpha and nitric oxide production are regulated by altered composition of
proteasome-active sites. Cell Biochem. Biophys. 2011, 60, 77–88. [CrossRef] [PubMed]

9. Khilji, M.S.; Verstappen, D.; Dahlby, T.; Burstein Prause, M.C.; Pihl, C.; Bresson, S.E.; Bryde, T.H.; Andersen, P.A.K.; Klindt, K.;
Zivkovic, D.; et al. The intermediate proteasome is constitutively expressed in pancreatic beta cells and upregulated by stimulatory,
low concentrations of interleukin 1β. PLoS ONE 2020, 15, e0222432. [CrossRef] [PubMed]

10. Morozov, A.V.; Karpov, V.L. Biological consequences of structural and functional proteasome diversity. Heliyon 2018, 4, e00894.
[CrossRef]

11. De Verteuil, D.A.; Rouette, A.; Hardy, M.-P.; Lavallée, S.; Trofimov, A.; Gaucher, E.; Perreault, C. Immunoproteasomes Shape the
Transcriptome and Regulate the Function of Dendritic Cells. J. Immunol. 2014, 193, 1121–1132. [CrossRef] [PubMed]

12. Pickering, A.M.; Koop, A.L.; Teoh, C.Y.; Ermak, G.; Grune, T.; Davies, K.J. The immunoproteasome, the 20S proteasome and
the PA28alphabeta proteasome regulator are oxidative-stress-adaptive proteolytic complexes. Biochem. J. 2010, 432, 585–595.
[CrossRef] [PubMed]

13. Atkinson, S.P.; Collin, J.; Irina, N.; Anyfantis, G.; Kyung, B.K.; Lako, M.; Armstrong, L. A Putative Role for the Immunoproteasome
in the Maintenance of Pluripotency in Human Embryonic Stem Cells. Stem Cells 2012, 30, 1373–1384. [CrossRef] [PubMed]

14. Moebius, J.; Van Den Broek, M.; Groettrup, M.; Basler, M. Immunoproteasomes are essential for survival and expansion of T cells
in virus-infected mice. Eur. J. Immunol. 2010, 40, 3439–3449. [CrossRef] [PubMed]

15. Hussong, S.A.; Roehrich, H.; Kapphahn, R.J.; Maldonado, M.; Pardue, M.T.; Ferrington, D.A. A novel role for the immunoprotea-
some in retinal function. Investig. Opthalmol. Vis. Sci. 2011, 52, 714–723. [CrossRef] [PubMed]

16. Cui, Z.; Hwang, S.M.; Gomes, A.V. Identification of the immunoproteasome as a novel regulator of skeletal muscle differentiation.
Mol. Cell. Biol. 2014, 34, 96–109. [CrossRef]

17. Muchamuel, T.; Basler, M.; Aujay, M.A.; Suzuki, E.; Kalim, K.W.; Lauer, C.; Sylvain, C.; Ring, E.R.; Shields, J.; Jiang, J.;
et al. A selective inhibitor of the immunoproteasome subunit LMP7 blocks cytokine production and attenuates progression of
experimental arthritis. Nat. Med. 2009, 15, 781–787. [CrossRef]

18. Morozov, A.V.; Karpov, V.L. Proteasomes and Several Aspects of Their Heterogeneity Relevant to Cancer. Front. Oncol. 2019,
9, 761. [CrossRef] [PubMed]

19. Maltsev, A.V.; Funikov, S.Y.; Burov, A.V.; Spasskaya, D.S.; Ignatyuk, V.A.; Astakhova, T.M.; Lyupina, Y.; Deikin, A.; Tutyaeva, V.;
Bal, N.; et al. Immunoproteasome Inhibitor ONX-0914 Affects Long-Term Potentiation in Murine Hippocampus. J. Neuroimmune
Pharmacol. 2021, 16, 7–11. [CrossRef]

http://doi.org/10.1016/B978-0-12-397863-9.00003-1
http://doi.org/10.1016/j.cell.2011.12.030
http://doi.org/10.3389/fmicb.2015.00021
http://doi.org/10.1093/oxfordjournals.jbchem.a124327
http://www.ncbi.nlm.nih.gov/pubmed/8206875
http://doi.org/10.1172/JCI29832
http://doi.org/10.1016/j.freeradbiomed.2005.10.052
http://www.ncbi.nlm.nih.gov/pubmed/16540399
http://doi.org/10.1007/s12013-011-9182-8
http://www.ncbi.nlm.nih.gov/pubmed/21455682
http://doi.org/10.1371/journal.pone.0222432
http://www.ncbi.nlm.nih.gov/pubmed/32053590
http://doi.org/10.1016/j.heliyon.2018.e00894
http://doi.org/10.4049/jimmunol.1400871
http://www.ncbi.nlm.nih.gov/pubmed/24958905
http://doi.org/10.1042/BJ20100878
http://www.ncbi.nlm.nih.gov/pubmed/20919990
http://doi.org/10.1002/stem.1113
http://www.ncbi.nlm.nih.gov/pubmed/22532526
http://doi.org/10.1002/eji.201040620
http://www.ncbi.nlm.nih.gov/pubmed/21108466
http://doi.org/10.1167/iovs.10-6032
http://www.ncbi.nlm.nih.gov/pubmed/20881299
http://doi.org/10.1128/MCB.00622-13
http://doi.org/10.1038/nm.1978
http://doi.org/10.3389/fonc.2019.00761
http://www.ncbi.nlm.nih.gov/pubmed/31456945
http://doi.org/10.1007/s11481-020-09973-0


Cells 2021, 10, 3049 21 of 22

20. Vachharajani, N.; Joeris, T.; Luu, M.; Hartmann, S.; Pautz, S.; Jenike, E.; Pantazis, G.; Prinz, I.; Hofer, M.J.; Steinhoff, U.; et al.
Prevention of colitis-associated cancer by selective targeting of immunoproteasome subunit LMP7. Oncotarget 2017, 8, 50447–50459.
[CrossRef] [PubMed]

21. Basler, M.; Mundt, S.; Muchamuel, T.; Moll, C.; Jiang, J.; Groettrup, M.; Kirk, C.J. Inhibition of the immunoproteasome ameliorates
experimental autoimmune encephalomyelitis. EMBO Mol. Med. 2014, 6, 226–238. [CrossRef]

22. Orre, M.; Kamphuis, W.; Dooves, S.; Kooijman, L.; Chan, E.T.; Kirk, C.J.; Smith, V.D.; Koot, S.; Mamber, C.; Jansen, A.H.;
et al. Reactive glia show increased immunoproteasome activity in Alzheimer’s disease. Brain 2013, 136, 1415–1431. [CrossRef]
[PubMed]

23. Bhattarai, D.; Lee, M.J.; Baek, A.; Yeo, I.J.; Miller, Z.; Baek, Y.M.; Lee, S.; Kim, D.-E.; Hong, J.T.; Kim, K.B. LMP2 Inhibitors as a
Potential Treatment for Alzheimer’s Disease. J. Med. Chem. 2020, 63, 3763–3783. [CrossRef] [PubMed]

24. De Bruin, G.; Huber, E.M.; Xin, B.-T.; van Rooden, E.J.; Al-Ayed, K.; Kim, K.-B.; Kisselev, A.F.; Driessen, C.; van der Stelt, M.;
van der Marel, G.A.; et al. Structure-Based Design of β1i or β5i Specific Inhibitors of Human Immunoproteasomes. J. Med. Chem.
2014, 57, 6197–6209. [CrossRef]

25. Lickliter, J.; Anderl, J.; Kirk, C.J.; Wang, J.; Bomba, D. KZR-616, a Selective Inhibitor of the Immunoproteasome, Shows a Promising
Safety and Target Inhibition Profile in a Phase I, Double-Blind, Single (SAD) and Multiple Ascending Dose (MAD) Study in
Healthy Volunteers. Arthritis Rheumatol. 2017, 69 (Suppl. 10), 3674–3675.

26. Ettari, R.; Zappala, M.; Grasso, S.; Musolino, C.; Innao, V.; Allegra, A. Immunoproteasome-selective and non-selective inhibitors:
A promising approach for the treatment of multiple myeloma. Pharmacol. Ther. 2018, 182, 176–192. [CrossRef]

27. Muchamuel, T.; Anderl, J.; Fan, R.A.; Johnson, H.; Kirk, C.; Lowe, E. FRI0296 Kzr-616, a selective inhibitor of the immunopro-
teasome, blocks the disease progression in multiple models of systemic lupus erythematosus (SLE). Ann. Rheum. Dis. 2018,
77, 685.

28. Guillaume, B.; Chapiro, J.; Stroobant, V.; Colau, D.; Van Holle, B.; Parvizi, G.; Bousquet-Dubouch, M.-P.; Théate, I.; Parmentier, N.;
Eynde, B.J.V.D. Two abundant proteasome subtypes that uniquely process some antigens presented by HLA class I molecules.
Proc. Natl. Acad. Sci. USA 2010, 107, 18599–18604. [CrossRef]

29. Guillaume, B.; Stroobant, V.; Bousquet-Dubouch, M.P.; Colau, D.; Chapiro, J.; Parmentier, N.; Dalet, A.; Eynde, B.J.V.D. Analysis
of the Processing of Seven Human Tumor Antigens by Intermediate Proteasomes. J. Immunol. 2012, 189, 3538–3547. [CrossRef]
[PubMed]

30. Zanker, D.; Waithman, J.; Yewdell, J.W.; Chen, W. Mixed proteasomes function to increase viral peptide diversity and broaden
antiviral CD8+ T cell responses. J. Immunol. 2013, 191, 52–59. [CrossRef]

31. Khilji, M.S.; Bresson, S.E.; Verstappen, D.; Pihl, C.; Andersen, P.A.K.; Agergaard, J.B.; Dahlby, T.; Bryde, T.H.; Klindt, K.;
Nielsen, C.K.; et al. The inducible β5i proteasome subunit contributes to proinsulin degradation in GRP94-deficient β-cells and is
overexpressed in type 2 diabetes pancreatic islets. Am. J. Physiol. Endocrinol. Metab. 2020, 318, E892–E900. [CrossRef] [PubMed]

32. Reits, E.A.; Benham, A.M.; Plougastel, B.; Neefjes, J.; Trowsdale, J. Dynamics of proteasome distribution in living cells. EMBO J.
1997, 16, 6087–6094. [CrossRef] [PubMed]

33. Baldin, V.; Militello, M.; Thomas, Y.; Doucet, C.; Fic, W.; Boireau, S.; Jariel-Encontre, I.; Piechaczyk, M.; Bertrand, E.; Tazi, J.;
et al. A novel role for PA28gamma-proteasome in nuclear speckle organization and SR protein trafficking. Mol. Biol. Cell 2008,
19, 1706–1716. [CrossRef]

34. Kulichkova, V.A.; Artamonova, T.O.; Zaykova, J.J.; Ermolaeva, J.B.; Khodorkovskii, M.A.; Barlev, N.A.; Tomilin, A.N.;
Tsimokha, A.S. Simultaneous EGFP and tag labeling of the β7 subunit for live imaging and affinity purification of functional
human proteasomes. Mol. Biotechnol. 2015, 57, 36–44. [CrossRef]

35. Schipper-Krom, S.; Sanz, A.S.; van Bodegraven, E.J.; Speijer, D.; Florea, B.I.; Ovaa, H.; Reits, E.A. Visualizing Proteasome Activity
and Intracellular Localization Using Fluorescent Proteins and Activity-Based Probes. Front. Mol. Biosci. 2019, 6, 56. [CrossRef]
[PubMed]

36. Funikov, S.Y.; Spasskaya, D.S.; Burov, A.V.; Teterina, E.V.; Ustyugov, A.A.; Karpov, V.L.; Morozov, A.V. Structures of the Mouse
Central Nervous System Contain Different Quantities of Proteasome Gene Transcripts. Mol. Biol. 2021, 55, 54–63. [CrossRef]

37. Krasnov, G.S.; Dmitriev, A.A.; Kudryavtseva, A.V.; Shargunov, A.V.; Karpov, D.S.; Uroshlev, L.A.; Melnikova, N.V.; Blinov, V.M.;
Poverennaya, E.V.; Archakov, A.I.; et al. PPLine: An Automated Pipeline for SNP, SAP, and Splice Variant Detection in the Context
of Proteogenomics. J. Proteome Res. 2015, 14, 3729–3737. [CrossRef]

38. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef] [PubMed]

39. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]

40. Kanehisa, M.; Sato, Y.; Kawashima, M. KEGG mapping tools for uncovering hidden features in biological data. Protein Sci.
2021, 1–7. [CrossRef]

41. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016.
42. De Jong, A.; Schuurman, K.G.; Rodenko, B.; Ovaa, H.; Berkers, C.R. Fluorescence-based proteasome activity profiling.

Methods Mol. Biol. 2012, 803, 183–204. [CrossRef]
43. Bolte, S.; Cordelières, F.P. A guided tour into subcellular colocalization analysis in light microscopy. J. Microsc. 2006, 224, 213–232.

[CrossRef] [PubMed]

http://doi.org/10.18632/oncotarget.14579
http://www.ncbi.nlm.nih.gov/pubmed/28881574
http://doi.org/10.1002/emmm.201303543
http://doi.org/10.1093/brain/awt083
http://www.ncbi.nlm.nih.gov/pubmed/23604491
http://doi.org/10.1021/acs.jmedchem.0c00416
http://www.ncbi.nlm.nih.gov/pubmed/32189500
http://doi.org/10.1021/jm500716s
http://doi.org/10.1016/j.pharmthera.2017.09.001
http://doi.org/10.1073/pnas.1009778107
http://doi.org/10.4049/jimmunol.1103213
http://www.ncbi.nlm.nih.gov/pubmed/22925930
http://doi.org/10.4049/jimmunol.1300802
http://doi.org/10.1152/ajpendo.00372.2019
http://www.ncbi.nlm.nih.gov/pubmed/32255680
http://doi.org/10.1093/emboj/16.20.6087
http://www.ncbi.nlm.nih.gov/pubmed/9321388
http://doi.org/10.1091/mbc.e07-07-0637
http://doi.org/10.1007/s12033-014-9799-0
http://doi.org/10.3389/fmolb.2019.00056
http://www.ncbi.nlm.nih.gov/pubmed/31482094
http://doi.org/10.1134/S0026893320060047
http://doi.org/10.1021/acs.jproteome.5b00490
http://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1002/pro.4172
http://doi.org/10.1007/978-1-61779-364-6_13
http://doi.org/10.1111/j.1365-2818.2006.01706.x
http://www.ncbi.nlm.nih.gov/pubmed/17210054


Cells 2021, 10, 3049 22 of 22

44. Fabre, B.; Lambour, T.; Garrigues, L.; Ducoux-Petit, M.; Amalric, F.; Monsarrat, B.; Burlet-Schiltz, O.; Bousquet-Dubouch, M.-P.
Label-Free Quantitative Proteomics Reveals the Dynamics of Proteasome Complexes Composition and Stoichiometry in a Wide
Range of Human Cell Lines. J. Proteome Res. 2014, 13, 3027–3037. [CrossRef]

45. Koch, B.; Nijmeijer, B.; Kueblbeck, M.; Cai, Y.; Walther, N.; Ellenberg, J. Generation and validation of homozygous fluorescent
knock-in cells using CRISPR-Cas9 genome editing. Nat. Protoc. 2018, 13, 1465–1487. [CrossRef]

46. Li, X.; Li, Y.; Arendt, C.S.; Hochstrasser, M. Distinct Elements in the Proteasomal β5 Subunit Propeptide Required for Autocatalytic
Processing and Proteasome Assembly. J. Biol. Chem. 2016, 291, 1991–2003. [CrossRef] [PubMed]

47. Huber, E.M.; Groll, M. A Nut for Every Bolt: Subunit-Selective Inhibitors of the Immunoproteasome and Their Therapeutic
Potential. Cells 2021, 10, 1929. [CrossRef]

48. Miles, E.L.; O’Gorman, C.; Zhao, J.; Samuel, M.; Walters, E.; Yi, Y.-J.; Sutovsky, M.; Prather, R.; Wells, K.D.; Sutovsky, P. Transgenic
pig carrying green fluorescent proteasomes. Proc. Natl. Acad. Sci. USA 2013, 110, 6334–6339. [CrossRef] [PubMed]

49. Heink, S.; Ludwig, D.; Kloetzel, P.M.; Kruger, E. IFN-gamma-induced immune adaptation of the proteasome system is an
accelerated and transient response. Proc. Natl. Acad. Sci. USA 2005, 102, 9241–9246. [CrossRef]

50. Papayannakos, C.; Daniel, R. Understanding lentiviral vector chromatin targeting: Working to reduce insertional mutagenic
potential for gene therapy. Gene Ther. 2013, 20, 581–588. [CrossRef]

51. Niewerth, D.; Kaspers, G.J.; Assaraf, Y.G.; van Meerloo, J.; Kirk, C.J.; Anderl, J.; Blank, J.L.; van de Ven, P.M.; Zweegman, S.;
Jansen, G.; et al. Interferon-γ-induced upregulation of immunoproteasome subunit assembly overcomes bortezomib resistance in
human hematological cell lines. J. Hematol. Oncol. 2014, 7, 7. [CrossRef]

52. Moritz, K.E.; McCormack, N.M.; Abera, M.B.; Viollet, C.; Yauger, Y.J.; Sukumar, G.; Dalgard, C.L.; Burnett, B.G. The role of the
immunoproteasome in interferon-γ-mediated microglial activation. Sci. Rep. 2017, 7, 1–16. [CrossRef]

53. Liu, Q.; Wang, H.Y.; He, X.J. Induction of immunoproteasomes in porcine kidney (PK)-15 cells by interferon-γ and tumor necrosis
factor-α. J. Vet. Med. Sci. 2019, 81, 1776–1782. [CrossRef]

54. Brooks, P.; Murray, R.Z.; Mason, G.G.; Hendil, K.B.; Rivett, A.J. Association of immunoproteasomes with the endoplasmic
reticulum. Biochem. J. 2000, 352, 611–615. [CrossRef] [PubMed]

55. Hu, S.; Claud, E.C.; Much, M.W.; Chang, E.B. Stress granule formation mediates the inhibition of colonic Hsp70 translation by
interferon-gamma and tumor necrosis factor-alpha. Am. J. Physiol. Gastrointest. Liver Physiol. 2010, 298, G481–G492. [CrossRef]

56. Turakhiya, A.; Meyer, S.R.; Marincola, G.; Böhm, S.; Vanselow, J.T.; Schlosser, A.; Hofmann, K.; Buchberger, A. ZFAND1 Recruits
p97 and the 26S Proteasome to Promote the Clearance of Arsenite-Induced Stress Granules. Mol. Cell 2018, 70, 906–919. [CrossRef]
[PubMed]

57. Chowdhury, M.; Enenkel, C. Intracellular Dynamics of the Ubiquitin-Proteasome-System. F1000Research 2015, 4, 367. [CrossRef]
58. Enenkel, C. Proteasome dynamics. Biochim. Biophys. Acta 2014, 1843, 39–46. [CrossRef] [PubMed]
59. Okon, I.S.; Coughlan, K.A.; Zhang, M.; Wang, Q.; Zou, M.H. Gefitinib-mediated reactive oxygen specie (ROS) instigates

mitochondrial dysfunction and drug resistance in lung cancer cells. J. Biol. Chem. 2015, 290, 9101–9110. [CrossRef] [PubMed]
60. Wang, D.D.; Liu, Y.; Li, N.; Zhang, Y.; Jin, Q.; Hao, D.C.; Piao, H.-L.; Dai, Z.-R.; Ge, G.-B.; Yang, L. Induction of CYP1A1 increases

gefitinib-induced oxidative stress and apoptosis in A549 cells. Toxicol. Vitr. 2017, 44, 36–43. [CrossRef]
61. Bhuyan, A.A.M.; Wagner, T.; Cao, H.; Lang, F. Triggering of Suicidal Erythrocyte Death by Gefitinib. Cell. Physiol. Biochem. 2017,

41, 1697–1708. [CrossRef]
62. Johnston-Carey, H.K.; Pomatto, L.C.; Davies, K.J. The Immunoproteasome in oxidative stress, aging, and disease. Crit. Rev.

Biochem. Mol. Biol. 2015, 51, 268–281. [CrossRef] [PubMed]
63. Petersen, A.; Zetterberg, M. The Immunoproteasome in Human Lens Epithelial Cells During Oxidative Stress. Investig. Ophthalmol.

Vis. Sci. 2016, 57, 5038–5045. [CrossRef]
64. Brehmer, D.; Greff, Z.; Godl, K.; Blencke, S.; Kurtenbach, A.; Weber, M.; Müller, S.; Klebl, B.; Cotton, M.; Kéri, G.; et al. Cellular

targets of gefitinib. Cancer Res. 2005, 65, 379–382.
65. Verma, N.; Rai, A.K.; Kaushik, V.; Brünnert, D.; Chahar, K.R.; Pandey, J.; Goyal, P. Identification of gefitinib off-targets using

a structure-based systems biology approach; their validation with reverse docking and retrospective data mining. Sci. Rep.
2016, 6, 33949. [CrossRef]

66. Kanehisa, M.; Araki, M.; Goto, S.; Hattori, M.; Hirakawa, M.; Itoh, M.; Katayama, T.; Kawashima, S.; Okuda, S.; Tokimatsu, T.;
et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res. 2008, 36, D480–D484. [CrossRef] [PubMed]

67. Rodriguez-Martinez, A.; Ayala, R.; Posma, J.M.; Neves, A.L.; Gauguier, D.; Nicholson, J.K.; Dumas, M.E. MetaboSignal: A
network-based approach for topological analysis of metabotype regulation via metabolic and signaling pathways. Bioinformatics
2017, 33, 773–775. [CrossRef]

68. Motosugi, R.; Murata, S. Dynamic Regulation of Proteasome Expression. Front. Mol. Biosci. 2019, 6, 30. [CrossRef] [PubMed]
69. Mishto, M.; Liepe, J.; Textoris-Taube, K.; Keller, C.; Henklein, P.; Weberruss, M.; Dahlmann, B.; Enenkel, C.; Voigt, A.; Kuckelkorn,

U.; et al. Proteasome isoforms exhibit only quantitative differences in cleavage and epitope generation. Eur. J. Immunol.
2014, 44, 3508–3521. [CrossRef]

70. Winter, M.B.; La Greca, F.; Arastu-Kapur, S.; Caiazza, F.; Cimermancic, P.; Buchholz, T.J.; Anderl, J.L.; Ravalin, M.; Bohn, M.F.;
Sali, A.; et al. Immunoproteasome functions explained by divergence in cleavage specificity and regulation. eLife 2017, 6, e27364.
[CrossRef] [PubMed]

http://doi.org/10.1021/pr500193k
http://doi.org/10.1038/nprot.2018.042
http://doi.org/10.1074/jbc.M115.677047
http://www.ncbi.nlm.nih.gov/pubmed/26627836
http://doi.org/10.3390/cells10081929
http://doi.org/10.1073/pnas.1220910110
http://www.ncbi.nlm.nih.gov/pubmed/23550158
http://doi.org/10.1073/pnas.0501711102
http://doi.org/10.1038/gt.2012.88
http://doi.org/10.1186/1756-8722-7-7
http://doi.org/10.1038/s41598-017-09715-y
http://doi.org/10.1292/jvms.19-0157
http://doi.org/10.1042/bj3520611
http://www.ncbi.nlm.nih.gov/pubmed/11104664
http://doi.org/10.1152/ajpgi.00234.2009
http://doi.org/10.1016/j.molcel.2018.04.021
http://www.ncbi.nlm.nih.gov/pubmed/29804830
http://doi.org/10.12688/f1000research.6835.1
http://doi.org/10.1016/j.bbamcr.2013.03.023
http://www.ncbi.nlm.nih.gov/pubmed/23545412
http://doi.org/10.1074/jbc.M114.631580
http://www.ncbi.nlm.nih.gov/pubmed/25681445
http://doi.org/10.1016/j.tiv.2017.06.022
http://doi.org/10.1159/000471823
http://doi.org/10.3109/10409238.2016.1172554
http://www.ncbi.nlm.nih.gov/pubmed/27098648
http://doi.org/10.1167/iovs.16-19536
http://doi.org/10.1038/srep33949
http://doi.org/10.1093/nar/gkm882
http://www.ncbi.nlm.nih.gov/pubmed/18077471
http://doi.org/10.1093/bioinformatics/btw697
http://doi.org/10.3389/fmolb.2019.00030
http://www.ncbi.nlm.nih.gov/pubmed/31119134
http://doi.org/10.1002/eji.201444902
http://doi.org/10.7554/eLife.27364
http://www.ncbi.nlm.nih.gov/pubmed/29182146

	Introduction 
	Materials and Methods 
	Cell Culture 
	Molecular Cloning 
	Transfection and Cell Sorting 
	Isolation of Genomic DNA, RNA, PCR and Real-Time PCR 
	RNAseq 
	Preparation of Cellular Lysates and Western Blotting 
	Immunoprecipitation of Proteasomes 
	Detection of Catalytically Active Proteasome Subunits 
	Determination of Proteasome Activity 
	Fluorescent and Confocal Microscopy 
	Flow Cytometry 
	Treatment of Cells with Anti-Cancer Drugs 
	Statistical Analyses 

	Results 
	The mCherry Gene Is Integrated into Genome and Expressed in Modified Cells 
	The Control and Modified Cell Lines Demonstrate Marginal Differences in Gene Expression 
	IFN- and TNF- Stimulate Expression of 5i-mCherry Protein in Modified Cells 
	The 5i-mCherry Chimera Is Integrated into the Proteasome and Is an Active Proteasome Subunit in Modified Cells 
	Proteasomes with 5i-mCherry Subunit Are Localized in the Nuclei and Cytoplasm of Modified Cells 
	Obtained Cell Lines Could Be Used for Quantitative Assessment of the Effects of Different Substances on 5i Subunit Expression 
	Anti-Cancer Drugs Ruxolitinib, Vincristine, and Gefitinib Stimulate the Expression of 5i-Containing Proteasomes in Modified Cells 

	Discussion 
	Conclusions 
	References

