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Abstract

the treatment of multiple myeloma.

L

Proteasome 26S subunit ATPase 2 (PSMC2) has been identified as being potentially related to certain human
cancers. However, the expression levels and functional importance of PSMC2 in multiple myeloma are still uncertain.
PSMC2 expression in the levels of MRNA and protein was detected by qRT-PCR and western blot assay. The present
study concentrated on clarifying the significance of PSMC2 on multiple myeloma cell behaviors including proliferation,
migration and apoptosis by the CCK8 assay, the transwell assay and the flow cytometry. PSMC2 knockdown caused
by RNA interference in multiple myeloma cell lines would significantly suppress cell proliferation, migration, enhance
apoptosis and arrest cell cycle. Our results reflected that PSMC2 knockdown could inhibit multiple myeloma cell
proliferation and enhance apoptosis and that the inhibition of PSMC2 might be a considerable therapeutic strategy for
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Introduction

Multiple myeloma (MM) is an incurable type of hematological
malignancy that originates in bone marrow and is characterized by
clonal proliferation of plasma cells [1,2]. To our best knowledge, the
current therapies of MM include initial therapy [3], autologous stem
cell transplantation [4], consolidation therapy [5], maintenance therapy
[6] as well as treatment of relapse [7]. Moreover, these treatments
have markedly improved the median overall survival of patients,
but patients still suffer from poor prognosis and most patients will
inevitably relapse [8]. In the past few years, the treatment of relapsed
patients with MM improved due to the introduction of pomalidomide
[9], immune-modifying drugs [10], monoclonal antibodies [11], the
histone deacetylase inhibitor Panobinostat [12] and new-generation
proteasome inhibitors carfilzomib and ixazomib [13]. To be exactly,
the proteasome inhibitors bortezomib, carfilzomib, and ixazomib
were approved by the FDA for the treatment of MM, revealing the
feasibility of proteasome as an anti-tumor target [14]. However, the
three inhibitors are all covalent inhibitors, this combination mode
may cause poor specificity and severe side effects, eventually drug
resistance evolving limits their therapeutic success [15]. Therefore, new
proteasome inhibitors were urgently needed to overcome the above
problems.

The ubiquitin-proteasome pathway is mainly characterized by
participating in the selective degradation of proteins in eukaryotic
cells [16]. The 26S proteasome is one of the well-known multimeric
proteases, which is absolutely essential for the regulation of cell
quality and the destruction of intracellular regulatory proteins such
as transcription factors and cell cycle regulators [17]. Beyond that,
26S proteasome is consisted of the 19S regulatory particles and the
20S proteasome catalytic particle [18]. There are three different
catalytic subunits in the 20S proteasome, namely 5, B2 and 1, which
were reported to contribute to the degradation of tumor suppressor
proteins, especially B5 subunit [19]. Therefore, considerable research
has been devoted to the development of proteasome inhibitors for
cancer therapy. For example, several potential metal complexes
based on copper, manganese and cadmium have been discovered as
proteasome inhibitors and are widely explored as one of the important
cancer treatment strategies [20]. Proteasome 26S subunit, ATPase 2

(PSMC2), located in 7q22.1-q22.3 in the genome, is a pivotal member
of the 19S regulatory subunit of the 26S proteasome [21]. Additionally,
as free 20S particle, but not 19S particle, is available in cells, it indicates
that 26S proteasome assembly is limited by the level of 19S regulatory
subunit [22]. As such, PSMC2 is an indispensable member in the
assembly process of 19S and 26S proteasome [23]. Recently, there are
many excellent reviews in the literature dealing with the relationship
between PSMC2 with human cancers. In detail, the levels of PSMC2
in osteosarcoma and pancreatic cancer were highly expressed, which
involved in the initiation and progression of cancer by promoting
cancer cell proliferation and inhibiting apoptosis [24,25].

Although PSMC2 was regarded as a novel therapeutic target
relevant to human cancers, the functional validation for PSMC2
in multiple myeloma is completely unclear. Here, we found that
PSMC2 was highly expressed in multiple myeloma cells. At the same
time, we demonstrated the effects of PSMC2 on multiple myeloma
cell proliferation, migration and apoptosis, which may be a novel
therapeutic target for multiple myeloma treatment in the future.

Materials and Methods

Cell lines and cell culture

The human multiple myeloma cell lines (MM.1, MM.1S and
RPMI 8226) used in this study were provided by Cell Resource Center,
Shanghai Academy of Life Sciences, Chinese Academy of Sciences
(Shanghai, China). The cells were cultured in 1640 medium with 10%
FBS and maintained at 37°C in 5% CO,. It should be emphasized to
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change the medium every 72 h.
Lentivirus RNAi construction and transfection

Using PSMC2 as a template, three RNAI target sequences were
designed. The sequence with the highest knockdown efficiency was
selected and ligated to the linearized vector BR-V-108 through the
restriction sites at both ends, and the product was transferred to the
prepared DH5a E. coli competent cells. Positive clones were identified
by PCR and the plasmids were extracted by the Endofree Maxi plasmid
kit. The three plasmids BR-V108, BR-V307 and BR-V112 were used
to co-transfect 293T cells, the cells were harvested after transfection
for 48-72 h. Finally, the cells were cultured for 72 h at 37°C and the
transfection efficiency was evaluated according to the expression of
green fluorescent protein (GFP).

RNA extraction and qRT-PCR

The cells were collected and the total RNA was extracted with TRIzol
reagent (Sigma, St. Louis, MO, USA) according to the manufacturer’s
instruction and cDNA was obtained by using the Promega M-MLV
Kit (Promega Corporation, Madison, Wisconsin, USA). Real-time
quantitative PCR system was performed with SYBR Green Mastermixs
Kit (Vazyme, Nanjing, Jiangsu, China). GAPDH was chosen as an
internal control and the relative expression of RNA was calculated
according to the 244 method. The sequences of primers used in gPCR
were as follows: (Table 1)

Western blot assay

The total proteins were extracted and quantified with BCA protein
assay kit (Thermo Fisher Scientific, Cat. #A53227). After that, the
proteins were segregated by 10% SDS-PAGE and transferred into
PVDF membranes for Western blot assay. Then, the membranes were
blocked and incubated with primary antibodies and second antibodies
at room temperature for 2 h. Finally, the ECL+plusTM Western
blotting system kit was used for color rendering and X-ray imaging
was carried out. The primary antibodies used in western blotting were
as follows: PSMC2 (1:2000, Mouse) and GAPDH (1:3000, Rabbit). The
secondary antibody used in western blotting was Goat Anti-Mouse
(1:3000, Beyotime, Beijing, China) and Goat Anti-Rabbit (1:3000,
Beyotime, Beijing, China).

CCKS8 assay

The MM.1R and MM.1S cells transfected with shPSMC2 and shCtrl
were selected to digest, resuspend and count. 100 pL cell suspensions
were added in a 96-well plate at the density of 3000 cell/well, and three
replicates were set for each group. After that, the cells were placed in
an incubator. From the second day, 10 uL CCK-8 was added into the
well 2~4 h before the termination of the culture. After 4 h, the 96-well
plate was placed on a shaker and oscillated for 2-5 min, and the OD
value was measured for 5 days by the microplate reader at 450 nm. The
experiment was repeated three times.

Transwell assay

Firstly, the upper chamber was incubated with 100 puL serum-free
medium for 1-2 h. Then, the MM.1R and MM.1S cells transfected
lentivirus were diluted and transferred into each chamber. At the same
time, 600 pL medium with 30% FBS was added in the lower chamber.

Table 1: The sequences of primers in gPCR.
Gene | Forward primer sequence (5'-3") Reverse primer sequence (5'-3’)
PSMC2 | CAGCACTCTGGGATTTGGCT | TTTCTATCCACGCCCACTCTC
GAPDH | TGACTTCAACAGCGACACCCA | CACCCTGTTGCTGTAGCCAAA

After that, the upper chamber was transferred to the lower chamber
and incubated for 40 h. 400 uL Giemsa were added for cells staining.
Finally, the cells were dissolved in 10% acetic acid and the value of
OD570 was detected. The experiment was repeated three times and the
migration ability of cells was determined.

Detection of cell apoptosis and cell cycle by fluorescence
activated Cells Sorting (FACS)

After infecting lentivirus, the MM.IR and MM.1S cells were
inoculated in a 6-well plate (2 mL/well). When the cell confluence
reached 85%, the cell suspension was centrifuged and the supernatants
were discarded. Then, the cells were washed with 4 pre-cooled D-Hanks
(pH=7.2~7.4). Next, 10 uL Annexin V-APC (eBioscience, San Diego,
CA, USA) was added for staining in the dark. The cell apoptosis level
was measured and the apoptotic rate was analyzed with FACSCalibur
(BD Biosciences, San Jose, CA, USA). Considering cell cycle, the
MM.1R and MM.1S cells were plated in 6-cm dishes (5 mL/well). The
cell suspension was processed as above. Then the cells were washed
with 4 pre-cooled PBS and ethanol and stained with solution PI. The
changes of cell cycle were detected by FACSCalibur (BD Biosciences,
San Jose, CA, USA). Each experiment was repeated 3 times.

Statistical analysis

All data were analyzed by GraphPad Prism 6 (San Diego, CA,
USA) and data were presented as the mean + SD. T-test was used to
evaluate the statistical differences and the value of P less than 0.05 was
considered to be significantly different.

Results

PSMC2 is abundantly expressed in multiple myeloma

The expression of PSMC2 in multiple myeloma cell lines (MM.1R,
MM.1S and RPMI 8226) was evaluated by qRT-PCR. As described in
Figure 1A, the relative mRNA levels of PSMC2 were higher in both
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Figure 1: PSMC2 was up-regulated in MM cell lines and PSMC2 knockdown cell
model was constructed. (A) The mRNA expression of PSMC2 in multiple myeloma
cell lines detected by gRT-PCR. (B) The knockdown efficiencies of PSMC2 in
shPSMC2 group were detected by gRT-PCR. (C) The fluorescence expression
in cells was observed after 72 h-transfection. Magnification times: 200x. (D) The
PSMC2 mRNA level in MM cell lines after transfection was analyzed by qRT-
PCR. (E) The expression of PSMC2 protein in MM cell lines after transfection was
detected by western blot. Results were presented as mean + SD. * P < 0.05, ** P
<0.01, *** P <0.001.
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MM.1S and MM.1R cells compared with that in RPMI 8226 cells (P <
0.05). Thus, both MM.1S and MM.1R cells were selected for subsequent
knockdown model experiments.

Construction of PSMC2 knockdown cell models

To reveal the roles of PSMC2 in multiple myeloma, the MM.1S and
MM.IR cells models with PSMC2 knockdown were constructed. The
effective interference targets were screened by qRT-PCR. It could be
seen that the highest knockdown efficiency was observed in shPSMC2-1
group in MM.1S cells, reaching 98.1% (P < 0.001) (Figure 1B). At the
same time, the green fluorescence, generated by the detection of the
GFP inside the cells, was used to verify the successful transfection,
which demonstrated > 80% transfection efficiencies in both MM.IR
and MM.1S cells (Figure 1C). Moreover, the knockdown efficiency
of PSMC2 was evaluated in both cells by qRT-PCR and western blot
analysis. As appeared in Figure 1D, the knockdown efficiencies in
shPSMC2 group were 99.0% (P < 0.01) and 98.1% (P < 0.001) in the
MM.1R and MM.1S cells, respectively. Consistently, the results of
western blot existed similar trends in shPSMC2 group of both cells,
which revealed the down-regulated protein level (Figure 1E). The
above results provided a reference for the successful establishment of
PSMC2 knockdown cell models, which could be used in subsequent
experiments.

Knockdown of PSMC2 inhibits proliferation of multiple
myeloma cells

Subsequently, the effects of PSMC2 knockdown on proliferation
of MM.1R and MM.1S cells were estimated by CCK8 assay. The results
pointed out that the fold changes of the OD value were 3.5 and 3.4
in MM.1R and MM.1S cells, revealing that the cell proliferation rate
exhibited significantly slower in shPSMC2 group in both cell lines (P
< 0.001), (Figure 2A). These results denoted that PSMC2 knockdown
could inhibit the proliferation of human multiple myeloma cells.
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Figure 2: PSMC2 knockdown inhibited cell proliferation and migration. (A) The cell
proliferation rate was evaluated in MM cell lines after transfection by CCK8 assay.
(B) The migration rate of cells was detected in MM cell lines after transfection by
transwell assay. Results were presented as mean + SD. *** P < 0.001.

Knockdown of PSMC2 inhibits migration of multiple
myeloma cells

In order to verify the effects of PSMC2 on metastasis, the transwell
assay was conducted to assess the migration ability of human multiple
myeloma cells. The results showed that the migration abilities of
MM.1R and MM.1S cells in shPSMC2 group were decreased (P <
0.001), (Figure 2B). Therefore, it could be concluded that PSMC2
knockdown inhibited the migration of human multiple myeloma cells
to a certain extent.

Knockdown of PSMC2 induces apoptosis and arrests cell
cycle of multiple myeloma cells

After the transfection of lentivirus, the flow cytometry analysis
was performed to examine the effects of PSMC2 knockdown on cell
apoptosis and cell cycle. As observed in Figure 3A, PSMC2 knockdown
promoted the cell apoptosis of MM.1R and MM.1S cells (P < 0.001). On
the other hand, the cell cycle analysis exhibited an increased percentage
in G2 phase in shPSMC2 group in both cells (P < 0.001), (Figure 3B). In
general, all above data confirmed that the knockdown of PSMC2 could
promote apoptosis and disrupt cell cycle of human multiple myeloma
cells.

Discussion

Multiple myeloma is the second most common hematologic
malignancy worldwide, representing approximately 2% of all
malignancies and about 10% of all hematologic malignancies,
and its incidence is on the rise [26]. Since the introduction of
proteasome inhibitors such as bortezomib, carfilzomib and ixazomib
[13], immunomodulators such as thalidomide, lenalidomide and
pomalidomide [10], and monoclonal antibodies such as daratumumab
and elotuzumab [11], the rate of life span and survival of patients with
MM has greatly increased, but MM remains an incurable cancer.
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Figure 3: The effects of PSMC2 knockdown on cell apoptosis and cell cycle.
(A) The effects of PSMC2 knockdown on cell apoptosis were examined by flow
cytometry. (B) The effects of PSMC2 knockdown on cell cycle were determined by
flow cytometry. Results were presented as mean + SD. “ P < 0.01, ™ P < 0.001.
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Regarding current knowledge, the quantity of the 26S proteasome
is regulated by PSMC2 and the 26S proteasome was reported to affect
an ATP-dependent proteolytic degradation of many proteins such as
cyclin-dependent kinase inhibitors, transcription factors, cell cycle
specific cyclins, ornithine decarboxylase and other pivotal regulatory
cellular events [27-29]. Because of the direct or indirect regulation of
these cellular proteins related to the cancer progression, proteasomes
have also been used for targeted cancer therapy [30]. Much work so far
has focused on the development of 20S and 26S proteasome inhibitors
for the treatment of various cancers, such as bortezomib, carfilzomib
and ixazomib for MM [15], as well as proteasome inhibitors based on
metal complexes for breast cancer, prostate cancer, pancreatic cancer
and so on [20]. Based on the inseparable connection between PSMC2
and the 26S proteasome, oncology researchers initiated a new branch
of theory including PSMC2 and malignant tumors.

Prior studies have identified functional roles of PSMC2 in certain
human cancers. For instance, Song et al. [24] found that PSMC2
was up-regulated in osteosarcoma and involved in cell proliferation,
migration and apoptosis. Nijhawan et al. [31] described that the down-
regulation of PSMC2 inhibited ovarian cancer cells proliferation and
first announced the efficacy of the inhibition of PSMC2 in the treatment
of ovarian cancer. PSMC2 was further certified as a representative
of viability-related genes in ovarian cancer cells. In addition, Qin
et al. reported that PSMC2 was up-regulated in pancreatic cancer
and involved in the progression of PC by promoting cancer cell
proliferation and inhibiting apoptosis [25]. Furthermore, miR-630
could predict the prognosis of osteosarcoma by targeting PSMC2, and
regulate cell proliferation, migration and invasion [32]. Therefore, it
could be basically concluded that PSMC2 played an important role
in the occurrence and development of tumors. Nevertheless, there is
still a lack of more extensive and systematic studies on the functional
roles of PSMC2 in multiple myeloma. Based on this point of view, we
conducted an elaborate research to explore the relationship between
PSMC2 and human multiple myeloma.

In this paper, we firstly examined the expression levels and
functional roles of PSMC2 in multiple myeloma cells. PSMC2 was
highly expressed in multiple myeloma cells. It was further confirmed
that PSMC2 knockdown could effectively make the PSMC2 expression
in the mRNA and protein levels decreased in human multiple myeloma
cell lines. It was noteworthy that the knockdown of PSMC2 inhibited
cell proliferation and migration, induced apoptosis and caused cell
cycle arrest. However, two issues may remain to be considered. One was
whether PSMC2 levels correlated with other biomarkers of cell turnover
such as B2M. Antigen-presenting protein beta-2-microglobulin
(B2M), as one of the biomarkers of cell turnover, is a component of the
human leukocyte antigen (HLA) class I molecule [33]. Previous study
quantified the numbers of myeloma cell surface B2M and revealed
that myeloma cells express 3-fold more B2M in comparison with
normal blood lymphocytes [34]. Besides, it has come to light that 19S
proteasome subunit, Sugl, is responsible for the mRNA expression of
HLA-DM and HLA-DOB in B cells, therefore as an involvement in the
regulating antigen presentation [35]. More importantly, bortezomib
was reported to effectively reduce HLA antibody production with the
help of the activation of plasma cells, thereby exerting the benefits
of proteasome inhibition [36]. Based on these, we speculated that a
potential relationship existed between PSMC2 expression and B2M,
which required us to further verify. Another was whether knockdown
of PSMC2 contributed anything beyond what was achieved with
proteasome inhibitors. Qin et al. mentioned in a study investigating
the association between PSMC2 and pancreatic cancer that excessive
PSMC2 in normal cells resides a complex with PSMC1, PSMD2

and PSMD5, which plays a role in protecting cells from the anti-
proliferation caused by PSMC2 suppression. On the other hand, cells
carrying part of the loss of PSMC2 lack this complex and die upon
PSMC2 inhibition [31]. In conclusion, PSMC2 knockdown could
inhibit multiple myeloma cell proliferation and enhance apoptosis and
targeting PSMC2 might be an attractive target for novel therapeutic
strategies. The in-depth regulation mechanism of PSMC2 on MM
development needed to be further explored, which would be a focus of
our subsequent attention.
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