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Construction of a recombinant lentivirus-mediated shRNA
expression vector targeting the human PSMD10 gene

and validation of RNAI efficiency in RPMI-8226
multiple myeloma cells
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Abstract. Multiple myeloma (MM) is one of the most common
malignant blood cancers. Previous studies have reported that
proteasome 26S subunit non-ATPase 10 (PSMDI0) is an onco-
protein with complex roles in hepatocellular carcinoma and
other malignant tumors. Notably, research on the relationship
between PSMDI0 and tumorigenesis of MM has rarely been
reported. The present study was designed to explore the possi-
bility of PSMDIO as a therapeutic target in the treatment of
MM, and the use of RNA interference (RNAI) to determine the
function PSMDI0. A recombinant lentivirus-mediated short
hairpin RNA (shRNA) targeting human PSMD10 mRNA was
constructed and used to decrease endogenous PSMDI10 expres-
sion in the MM RPMI-8226 cell line in vitro. Expression of the
PSMDI10-targeting shRNA in RPMI-8226 cells transduced
with the recombinant vector could be tracked by observing
the expression of green fluorescent protein after infection. A
transient transgenic RPMI-8226 cell line was generated by
transducing cells with the packaged viral particles. Western
blot analysis indicated that the protein levels of PSMDIO in
the PSMDI10-shRNA MM cells were significantly lower than
those in the cells transduced with the negative control sShRNA.
Notably, RT-qPCR analysis did not reveal a marked change in
the PSMD10 mRNA level; thus, the knockdown effect of the
PSMDI10-shRNA may occur during translation. Furthermore,
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apoptosis of MM cells was increased by silencing PSMDI10
expression. Overall, the results demonstrated that the lenti-
virus-mediated sShRNA vector-based RNAi expression system
is an efficient method to silence PSMDIO0 gene expression in
the MM RPMI-8226 cell line. It may provide a basis to study
the role of PSMDIO in tumor cells, and may be a reliable gene
therapy strategy in the clinic.

Introduction

Multiple myeloma (MM) is a malignancy of the bone marrow
characterized by the clonal proliferation of antibody-secreting
plasma cells (1). The incidence of MM has exceeded that of
acute leukemia, ranking as the second most common of all
hematological malignancies. Worldwide, >80,000 new cases
of MM are reported each year, representing 10% of all hema-
tological malignancies and ~1% of all new cancer cases (2-3).
Abnormal proliferation of plasma cells produces monoclonal
immunoglobulins (paraprotein, M-component, M-protein)
and gives rise to symptoms and conditions including hyper-
calcemia, renal impairment, pathological bone fractures,
hyperviscosity and bone marrow deficiency by suppressing the
function of normal immunoglobulins.

The etiology of MM is not fully understood. Radiation,
chemicals, certain viruses, weakened immunity and chro-
mosomal abnormalities are thought to be involved in MM
etiology (4). An association between proteasome 26S subunit
non-ATPase 10 (PSMDI10) and the tumorigenesis of MM has
not been widely investigated; however, aberrant expression
of PSMDI0 has been reported to have an important func-
tion in various other malignancies, including gastric cancer,
intrahepatic cholangiocarcinoma, testicular germ cell tumors
and hepatocellular carcinomas (5-9). In a preliminary study,
a Protein Turnover Assay (ProTA) was developed; the assay
insures strict co-translational expression of duplicate mono-
meric fluorescent proteins that possess the natural N-terminal
residues of 15,000 human proteins, which therefore allows
precise snapshot profiling of global protein stability at the system
level (10). Subsequently, ProTA was applied to profile changes
in human protein degradation induced by bortezomib (BTZ),
aiming to elucidate the potential molecular basis of the effects
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of BTZ and tumor drug resistance. Additionally, it was ascer-
tained that BTZ stabilized proteasome 26S subunit ATPase 1
(PSMC1) and the proteasome assembly factor PSMDI10 (10).
PSMDI0, also known as gankyrin or p28 (GANK), is one of
the non-ATPase subunits that is a regulatory component of the
human 26S proteasome. PSMDI0, the mammalian homolog
of yeast proteasome assembly factor NAS6 (11), controls the
balance between the cell cycle and apoptosis by degrading
RBI1 and TP53 (12,13), which have important effects on the
pathogenesis of cancer. Dysregulation of PSMDI10 expression
leads to cancer progression, and has crucial functions in the
processes of cell survival, migration and proliferation (14-16).
Previous studies reported that the direct downregulation of
PSMDI0 expression in MM cells induced an increase of P53
mRNA levels and subsequent upregulation of cyclin-dependent
kinase inhibitor 1A (CDKNIA; also known as Cipl/p21Wafl)
and BAX transcripts, which are direct transcriptional targets
of P53 (17). PSMDIO acts as an oncoprotein and is involved
in the negative regulation of the tumor suppressors RB1 and
P53 (13). The imbalance of P53 in myeloma cells may play an
important role in myeloma pathogenesis. Upon BTZ-induced
proteasome inhibition, myeloma cells appear to acutely
stabilize the proteasome assembly factor, PSMDI10, which
ultimately facilitates the assembly of proteasome subunits into
functional proteasomes (10). Thus, we hypothesized that this
may functionally abrogate BTZ-induced proteasome inhibition
and help cells survive proteotoxic stress, which may provide an
escape route for cells, resulting in tumorigenesis, progression
and drug resistance during BTZ-based chemotherapy. This
hypothesis may be further examined by designing RNA inter-
ference (RNAI) tools that specifically target the pro-survival
functions of PSMDIO0 in tumorigenic cells on the basis of the
tissue distributions and the differential functions of the various
PSMDIO0 splice variants.

RNAI is a sequence-specific gene silencing process that
occurs at the mRNA level. In mammalian cells, short dsSRNAs
(<30 bp) knockdown the expression of specific mRNAs
via base pairing (18). Based on this physiological process,
silencing of gene expression by RNAI is currently used as
a standard tool in cultured mammalian cells and has had a
considerable impact on research into the function of human
genes and gene therapy (19). Although chemically synthetic
siRNAs can be introduced into cultured cells and induce a
transient knockdown effect of target mRNAs, this does not
always result in high efficiency of RNAi delivery and stable
transcript knockdown. Alternatively, in mammalian cells,
expression vectors driven by RNA polymerase III enable the
permanent production of small dsRNAs (20,21). In addition,
a lentiviral system can be employed to reversibly induce gene
silencing in a spatially and temporally restricted manner.

The relationship between PSMDI10 and MM, and the
function of PSMDI10 in MM cells, have not been clearly
established yet. In the present study, a recombinant lenti-
virus-mediated short hairpin RNA (shRNA) vector targeting
human PSMDI10 gene was designed. The vector-produced
RNAs were processed by Dicer in a similar manner to
siRNAs. The recombinant lentivirus vector mediating the
RNAi-targeting of the PSMDI10 gene was then used to
examine the effect of PSMDI10 knockdown on RPMI-8226
MM cells in vitro.
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Materials and methods

Cell culture. RPMI-8226 MM and 293T cells were obtained
from the Cell Institute of the Chinese Academy of Sciences
(Shanghai, China). RPMI-8226 cells were cultured in
RPMI-1640 culture-medium and 293T cells in Dulbecco's
modified Eagle's medium (DMEM), supplemented with
10% fetal bovine serum (FBS; Gibco), 100 U/ml penicillin
and 100 mg/ml streptomycin (all from Invitrogen, Carlsbad,
CA, USA). Cells were incubated at 37°C with 5% CO,, the
medium was refreshed every 24 or 48 h, and 293T cells were
passaged using trypsin solution when confluent monolayers
were reached.

Design of human PSMDI0-shRNA. The mRNA sequence
of human PSMDI10 (GenBank; NM_002814.3) was inputted
into the Invitrogen online RNAi Designer to design siRNAs.
We selected three optimal siRNAs that targeted different
sequences, as not every siRNA sequence is equally effec-
tive when incorporated into an shRNA (22). A control
scrambled shRNA sequence was specifically designed. All
four sequences were aligned using the GenBank BLAST
program, no homologous sequences matched other than the
PSMDIO0 gene. In order to obtain the dsSRNA configuration
required for shRNA formation from single-stranded RNA,
a sense siRNA sequence was linked to its complementary
antisense sequence via a 12-bp loop region, and combined
with two supplementary T nucleotides flanked by restriction
enzyme recognition sequences and protective bases (23). Two
complementary single-stranded DNA oligonucleotides of the
four shRNAs were chemically synthesized by the Laboratory
of Pharmacology, Second Military Medical University
(Shanghai, China). These oligonucleotides were annealed to
produce double-stranded oligonucleotides (Table I).

Construction of pSIH-PSMDI0-shRNA vectors. The annealed
PSMDI10-shRNA oligonucleotides were cloned into linear-
ized pSIH1-H1-copGFP shRNA empty vectors (catalog
no. SI501A-1; System Biosciences) using the following steps:
pSIH1-H1-GFP shRNA vectors and double-stranded shRNA
oligonucleotides were digested with both BamHI and EcoRI,
and the large fragment of the vector and the digested shRNA
fragment were then ligated using T4 DNA ligase according
to the manufacturer's instructions. The ligated products were
transformed into competent DH5a cells (catalog no. D9057;
Takara, Shiga, Japan) using the heat shock method. The
transformed cells were grown on an LB-agar plate containing
ampicillin at 37°C overnight.

Identification of double digestion and DNA sequence. To ensure
that the shRNAs were inserted into the vectors, positive clones
were collected and identified by PCR amplification. PCR prod-
ucts (5 ul) were separated using 2% agarose gel electrophoresis
and the lengths of the amplified bands were examined. The
primer sequences used for PCR identification were as follows:
forward, 5'-ATAT TTGC ATGT CGCT ATGT G-3' and
reverse, 5'-CAGG CTAG ATCT GGTC TAAC CA-3'. Positive
clones were cultured overnight at 37°C in 3 ml LB broth plus
100 pg/ml ampicillin with vigorous agitation at 200 rpm. The
plasmid DNA was prepared using Mini Plasmid Purification
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Table I. Sequences of 4 designed PSMD10-shRNA.

PSMD10-shRNA

name Sequences

shRNA1-f 5'-GATCCGCCGATAAATCCCTGGCTACTTCCTGTCAGATAGCCAGGGATTTATCGGCTTTTTG-3
shRNA1-r 5'-AATTCAAAAAGCCGATAAATCCCTGGCTATCTGACAGGAAGTAGCCAGGGATTTATCGGCC-3'
shRNA2-f 5'-GATCCGGCTGTACTCCCTTACATTCTTCCTGTCAGAAATGTAAGGGAGTACAGCCTTTTTG-3'
shRNA2-r 5'-AATTCAAAAAGGCTGTACTCCCTTACATTTCTGACAGGAAGAATGTAAGGGAGTACAGCCC-3'
shRNA3-f 5'-GATCCGGCATGAGATCGCTGTCATCTTCCTGTCAGAATGACAGCGATCTCATGCCTTTTTG-3'
shRNA3-r 5'-AATTCAAAAAGGCATGAGATCGCTGTCATTCTGACAGGAAGATGACAGCGATCTCATGCCC-3!
NC-f 5'-GATCCGAAGCCAGATCCAGCTTCCCTTCCTGTCAGAGGAAGCTGGATCTGGCTTCTTTTTG-3'
NC-r 5'-AATTCAAAAAGAAGCCAGATCCAGCTTCCTCTGACAGGAAGGGAAGCTGGATCTGGCTTCC-3'

f, forward; r, reverse; shRNA, short hairpin RNA.

Table II. Primers of PSMD10 and (3-actin.

Name Primer Product length (bp)
Human PSMD10
Sense 5'-CTGGCCGGGATGAGATTGTAAAAG-3' 187
Antisense 5'-CGGTGCATTGCTGTAGCCTCATAA-3'
Human (-actin
Sense 5'-CCCAAGGCCAACCGCGAGAAGATG-3' 219
Antisense 5'-GTCCCGGCCAGCCAGGTCCAGA-3'

kit Ver 2.0 (catalog no. SK1191; Shanghai ShengGong
Biotech, Shanghai, China) according to the manufacturer's
instructions. Extracted recombinant plasmids were used for
DNA sequencing to identify the inserted PSMD10-shRNA
fragments. The pSIH1-PSMD10-shRNA sequencing forward
primer was: 5'-GCAGAGCTCGTTTAGTGAACC-3.

Effective siRNA sequence screening and verification. The
recombinant expression vector was verified by sequencing
extracted plasmid DNA. Endotoxins were removed using
a plasmid mini kit (catalog no. 12145; Qiagen, Inc., Hilden,
Germany) according to the manufacturer's instructions. The
purity and concentration of plasmid DNA were determined by
UV spectrophotometer after observing the integrity of plasmid
DNA on agarose gel electrophoresis.

When 293T cells cultured in a 10-cm cell culture dish had
reached 70% confluence, a cell suspension was prepared using
trypsin. The cells were then seeded into a 6-well plate in 2 ml
complete DMEM (catalog no. 11995073; Invitrogen) plus 10%
FBS, and cultured at 37°C in 5% CO, overnight. After 24 h,
adherent cells reached ~80% confluence and were in a healthy
condition with spindle-like shape. For transfection,4 pg plasmid
DNA diluted in 250 ul Opti-MEM (catalog no. 11058021)
and 10 ul Lipofectamine 2000 (catalog no. 1668027)
(both from Invitrogen) diluted in 250 ul Opti-MEM were
used/well according to this protocol. Transfected cells
were grouped as follows: 293T, 293T + pshRNA vector,
293T + pshRNA1-PSMDI0, 293T + pshRNA2-PSMDI10,

293T + pshRNA3-PSMDI10, 293T + pshRNA-NC. After
transfection for 48 h, fluorescence microscopy indicated that
the transfection efficiency was ~90%.

Total RNA was extracted from the transfected cells using
TRIzol (catalog no. 15596-018; Invitrogen). Extracted RNA
was treated with DNase I to remove any DNA contamination,
and single-stranded cDNA was prepared from RNA using
Reverse Transcriptase M-MLV (catalog no. D2640A; Takara).
Quantitative PCR (qQPCR) primers were designed using Primer
Premier 5.0 and oligo 7.0. A reverse transcription-qPCR reac-
tion was performed to screen the most effective recombinant
plasmids. qPCR was performed using Takara SYBR Premix
Ex Taq (catalog no. DRRO41A; Takara). A standard PCR
program was used as follows: 95°C for 3 min; 40 cycles of 95°C
for 10 sec and 60°C for 20 sec; followed by 95°C for 10 sec and
72°C for 20 sec. A melting curve analysis was performed to
verify the identities of PCR products. Each sample was tested
three times to obtain an average. Relative expression levels
of the PSMDI10 gene were normalized to B-actin expression
levels by calculating the Cq value using Thermal Cycler DICE
Real-Time System analysis software. Primer sequences for the
amplification of PSMDI0 and [-actin are listed in Table II.

Lv-shRNA2-PSMDI0 recombinant virus packaging and
production. pPPACKTM Lentivector Packaging System was
used to perform the packaging and production of lentiviral
particles. At 24 h before transfection, 293TN packaging
cells were seeded in a 10-cm cell culture dish to achieve
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~80% confluence for the transfection experiment. Per 10-cm
culture dish, 4 ul of the most effective recombinant plasmid
pshRNA2-PSMDI10 (500 ng/ul) and 20 ul Lentivirus
Package plasmid mix (500 ng/ul) (catalog no. LV500A-1;
System Biosciences) were co-transfected into cells using 40 ul
transfection reagent according to the manufacturer's instruc-
tions. At 24 h after transfection, the medium was refreshed
using freshly prepared DMEM plus 2% FBS. At 48 h after
transfection, the cells were adherent and ~90% confluent
with normal growth conditions and a flat shape. Viral
particle-containing supernatants were harvested by removing
the medium from the cells and transferred to a 15-ml sterile,
capped, conical tube. Non-adherent cells and debris were
pelleted by centrifugation at 5,000 x g at 4°C for 5 min. Each
viral titer was calculated as x10* by counting the number of
GFP* 293T cells by the gradient dilution method 2 days after
transduction with serial dilutions of the viral stocks. The virus
particle concentration was adjusted to 1x10* ifu/ul using dPBS
(pH=7.8) with 1 ml of each tube packaged and stored at -80°C.

Recombinant lentiviral infection of target cells. The optimum
MOI value of the lentivirus infection of RPMI-8226 cells was
determined according to the results of preliminary experi-
ments. An MOI of 20 was used. RPMI-8226 cells were seeded
in a 6-well plate and cultured in RPMI-1640 plus 10% FBS.
Infected cells were grouped as follows: RPMI-8226 cells,
RPMI-8226 cells + Lv-NC, RPMI-8226 + Lv-shRNA2-
PSMD10. The virus solution was added to the cells at the
optimum MOI of 20. Fluorescence was enhanced and the
number of infected cells (~90%) was increased at 96 h post-
infection compared with that at 72 h. Some cells were collected
for RNA and protein extraction to evaluate RNAI efficiency,
and the remaining cells were stored in liquid nitrogen for
further experiments.

Detection of gene and protein levels in target cells. Total
RNA was extracted from the MM RPMI-8226 cells using
experimental methods and reagents as previously described.
MM cells were lysed in 1 ml M-PER Mammalian Protein
Extraction Reagent (catalog no. 78501; Pierce, Rockford,
IL, USA) plus protease inhibitor, then incubated on ice for
40 min. The lysates were cleared by centrifugation and the
protein concentration was determined using the BCA method.
Proteins were separated by SDS-PAGE (4% stacking gel, 10%
separating gel) and transferred to polyvinylidene difluoride
(PVDF) membranes (catalog no. IPVH00010; Millipore,
Billerica, MA, USA). The membranes were blocked with
5% skimmed milk in Tris-buffered saline/Tween-20 (TBST)
buffer, then probed with anti-PSMDI10 (catalog no. ab154676;
Abcam, Cambridge, MA, USA) and anti-fB-actin (catalog
no. sc-81178; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) antibodies at room temperature, followed by incu-
bation with horseradish peroxidase-conjugated anti-rabbit
(for PSMDI0; catalog no. 7074) and anti-mouse (for p-actin;
catalog no. 7076) secondary antibodies. After several washes,
the membranes were developed with an enhanced chemilu-
minescence system (catalog no. 32106; Pierce ECL Western
Blotting Substrate) and exposed to Kodak BioMax light film.
[-actin protein levels were used as a control to verify equal
protein loading.
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Figure 1. Diagram of lentiviral vectors expressing PSMD10 with GFP. cPPT,
central polypurine tract; LTR long terminal repeat; WPRE, woodchuck
hepatitis post-transcriptional regulatory element; PSMDIO0, target gene; GFP,
green fluorescence protein.

Figure 2. Identification of positive clones on 2% agarose gel, 110 v, 10 min on
constant voltage, 213 bp of PCR product length of positive clones (insertion
sequence 61 bp + vector multiple cloning sites 152 bp) was seen in the pl-4
groups. M, DL 2,000 DNA Marker (D501; Takara); lane 1-4, all clone colony
of 4 groups were PCR products of template; lane 5, negative control of PCR
reaction system. All detected colonies were positive, and no bands were seen
in the pS (NC), showing that PCR system was not contaminated.

Detection of apoptosis by flow cytometry and fluorescence
microscopy. After transduction with the lentivirus, MM cell
lines were seeded in 6-well plates at a density of 1x10° cells/well.
After 96 h post-infection, MM cells were harvested and washed
in phosphate-buffered saline (PBS). A cell suspension with a
density of 1x10° cells/ml was prepared for each assay. Cells
were simultaneously stained with phycoerythrin (PE)-labeled
Annexin V and with 7-aminoactinmycin D (7-AAD) to
discriminate viable cells (Annexin/7-AAD") from early
apoptotic cells (Annexin*/7-AAD"), and late apoptotic and
necrotic cells (Annexin*/7-AADY). Flow cytometric analysis
was performed to detect Annexin V and 7-AAD staining. All
experiments were performed in triplicate.

Statistical analysis. SPSS version 21.0 was used for statistical
analysis. Values presented are representative of triplicate
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Figure 3. As is shown in the image above, the results of DNA sequencing were completely consistent with the designed sequence.

p1

p1after48 h

Figure 4. The images of 293T cell transfection (magnification, x100) are shown: pshRNA-vector plasmid transfection (p0) and pshRNA2-PSMDI0 recombi-

nant expression vector plasmid transfection (p1).

determinations in no less than three experiments. Data are
expressed as the mean + standard deviation and compared
using a two-sided Student's t-test. P<0.05 was considered to
indicate a statistically significant difference.

Results

Sequencing profile of the recombinant PSMDI10-shRNA
expression vectors. A schematic diagram of the construction
of the pSIH1-H1-shRNA expression vector to silence PSMD10
gene expression is presented in Fig. 1. Recombinant plasmids
were digested with BamHI and EcoRI, and fragments were
identified on 2% agarose gels (Fig. 2). DNA sequencing results
provided further verification of the presence of the recom-
binant plasmids, indicating that the correct sequences were
carried by all the shRNA expression plasmids (Fig. 3).

Detection of 293T cell transfection efficiency and RT-qPCR.
After transfection for 48 h, a fluorescence microscope
was used to observe the transfection efficiency of 293T
cells transfected with the pSIHI-H1-shRNA expression

288
188

Figure 5. The detection results of the RNA purity revealed that the RNA
ratio of A260/A280 nm was between 1.8 and 2.0. Two bands of 18S and 28S
RNA were clearly visible, indicating a higher purity of RNA without obvious
degradation and genomic contamination.

vector; the transfection efficiency was ~90% (Fig. 4). RNA
electrophoresis was performed to demonstrate the integrity
of extracted RNA (Fig. 5). RT-qPCR was performed to
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Figure 6. Relative expression levels of PSMDI10 gene were normalized to
B-actin expression levels by calculating the Ct value. As is shown in the
figure above, the levels of PSMDI10/actin were significantly lower in the
pshRNA-PSMDI10 (1-3) groups than in the cell control group (“P<0.01, t-test,
respectively), particularly in the pshRNA2-PSMDI10 group (P=0.0007).

analyze the relative expression levels of PSMDI0 normalized
to B-actin by calculating the Ct value using Thermal Cycler
DICE Real-Time System analysis software (Fig. 6).

Infection of RPMI-8226 cells with Lv-shRNA2-PSMDIO0.
RPMI-8226 cells infected with Lv-shRNA2-PSMDI10 were
observed to exhibit green fluorescence under a fluorescence
microscope (Fig. 7).

Detection of PSMDI10 mRNA levels after infection. The mRNA
levels of PSMDI10 were determined by RT-PCR (Fig. 8A) and
RT-qPCR (Fig. 8B). Surprisingly, there was no significant
difference in expression levels of PSMDI0 mRNA between

RPMI8226 cells
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cells infected with Lv-shRNA2-PSMDI10 and those infected
with Lv-NC.

Silencing of PSMDIO protein expression after infection.
Protein levels of PSMDI10 gene expression were determined
by western blotting. As demonstrated in Fig. 9A, compared
with the non-infected cells and the Lv-NC group, the PSMDI10
protein levels in the Lv-shRNA2-PSMDI0 group were
significantly decreased. Furthermore, there was a significant
decrease in the protein expression of PSMDI10 as demonstrated
by densitometric analysis (P<0.01; Fig. 9B).

Apoptosis is increased in MM cells by knockdown of endoge-
nous PSMDI0. To determine whether apoptosis was increased
in MM RPMI-8226 cells by silencing PSMDIO0 gene expres-
sion, Annexin V-PE and 7-AAD staining was performed.
Flow cytometric analysis was used to evaluate the number
of apoptotic cells (Fig. 10). Silencing of PSMDIO increased
the percentage of apoptotic cells (quadrant 2 + quadrant 4)
in the Lv-shRNA2-PSMDI10 group compared with the NC
groups (Fig. 11).

Discussion

Using conventional treatments, MM remains an essentially
incurable disease. The overall median survival time after an
MM diagnosis is 5-6 years (24), yet disease outcomes are
highly influenced by the characteristics of the cancer (for
example, high-risk cytogenetics) or the patients (for example,
age). Treatment of MM remains highly individualized, with
multiple factors used to determine the most appropriate course
of therapy. In younger patients, progression-free survival
(PFS) and overall survival (OS) have been greatly improved
by treatment with autologous stem cell transplantation (25,26).
Unfortunately, the decision-making process of treatment

Infected cells after 72 h

Infected cells after 96 h

Figure 7. Infected RPMI-8226 cells (Lv-shRNA2-PSMDI10) exhibited green fluorescence (magnification, x120) at 72 and 96 h respectively, and fluorescence

was particularly enhanced at the latter time. MOI=20.
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choices for myeloma patients at each phase of the disease
has become complex; this is in large part due to the deeper
understanding of plasma cell biology, resulting in more thera-
peutic options at each stage. MM is an incurable plasma cell
malignancy characterized by initial responsiveness to treat-
ment, followed by the appearance of increasingly refractory
disease and ultimately, death due to infection, renal failure
and cytopenia (27). Thus, the development of new therapeutic
strategies for MM remains important.

In recent years, the proteasome inhibitors (PIs) BTZ and
carfilzomib have emerged as frontline treatments for relapsed
and refractory MM; however, resistance to these drugs occurs
through poorly defined mechanisms. Numerous studies
have identified different acquired-resistance models, such as

PS5 proteasome subunit mutations, and stabilization of tumor
suppressors and pro-apoptosis proteins. In MM cells, sensi-
tivity to proteasome inhibition arises since these malignant
proliferative B cells are highly reliant on protein synthesis and
turnover, and thus, highly dependent on the ubiquitin protea-
some system for the processing of defective proteins (28-30).
Various El, E2 and E3 ligases tag targeted proteins with
multiple ubiquitin residues, and the tagged proteins are
subsequently degraded by the 26S proteasome. A 19S lid
complex and a 20S core complex form the 26S proteasome.
The 20S core carries out the cleavage of unfolded proteins.
Upon immune stimulation, for instance, by interferon-vy, the
20S constitutive catalytic subunits, f1 (PSMB6, caspase-like
activity), p2 (PSMB7, trypsin-like activity), and 5 (PSMBS,
chymotrypsin-like activity), are replaced by their immune
cognate forms; f1i (PSMB9/LMP2), 32i (PSMB10/MECL-1)
and p5i (PSMB8/LMP7) (31,32). BTZ is a reversible inhibitor
that targets primarily the f5-subunit and also targets the
caspase-like activity of the 1 proteasome subunit to a lesser
extent. At higher concentrations, BTZ inhibits the trypsin-like
proteolytic activity facilitated by the $2 proteasome subunits.

Previous research indicated that the molecular mecha-
nisms involved in acquired BTZ resistance may be associated
with the upregulation of 5 subunits, the point mutation of
B5 genes and downregulation of $5i subunits (33). Some data
suggested that 35 subunits may be the key regulatory factors
linked to the PI resistance of tumor cells. However, mutations
of 5 subunits may not be uniquely responsible for the resis-
tance of tumor cells to PI drugs. An aberration in the PSMB8
gene was demonstrated to breakdown the tertiary structure of
B5i and decrease chymotrypsin-like activity but did not affect
B5i protein expression (34). Defects in immunoproteasome
assembly in PSMB8 mutants can be expected, as p5i is required
for the maturation of immunoproteasomes by processing and
incorporation of the $1i and [32i subunits (35). Certain studies
have reported that there may be an association between
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Figure 10. Using Annexin V-PE (X, PE-A) and 7-aminoactinmycin D (7-AAD; FL3 channel, Y, PerCP-Cy5.5) staining, normal living cells were Annexin V-PE
and 7-AAD negative (lower left corner, Q3-2). Early apoptotic cells were Annexin V-PE positive only (lower right corner, Q4-2). Advanced necrotic and late
apoptotic cells were both Annexin V-PE and 7-AAD positive (upper right corner, Q2-2). The upper left corner (Q1-2) is a detection error scope.
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Figure 11. Flow cytomentric analysis of apoptosis. FCM data revealed that
the apoptotic rate of MM cells in sh groups was significantly increased com-
pared with NC groups (“P<0.009). Experiments were performed in triplicate.

PSMB8 polymorphisms and BTZ resistance, but the direct
link remains elusive. Overall, PSMBS8 polymorphisms can
result in altered proteasome assembly; however, a direct link
between PSMBS polymorphisms and BTZ-resistance remains
elusive. Notably, mechanistic studies have demonstrated that
overexpression of B1 or $5 subunits led to increased protea-
some activity, and enhanced cell survival following exposure
to proteasome inhibitors (36,37). Further studies revealed
that in BTZ-resistant RPMI-8226 cells, upregulation of 5
expression was clearly opposed by a parallel decrease in (5i
expression levels, presumably to balance the total proteasome
levels in drug-resistant cells compared with parental cells (38).
Furthermore, it should be noted that chymotrypsin-like activity
probes were used to detect 35i and B1i subunit activities, which
are often downregulated in BTZ-resistant cells, and thus, can
influence the overall activity measurements (39). In summary,
several studies (38,40,41) have demonstrated that overexpres-
sion of B5 subunits is an initial cellular response mechanism
to BTZ treatment, which may precede the acquisition of muta-
tions following prolonged exposure to BTZ. Better targeted,
subunit-specific probes that can discriminate between 35,

B5i and Pli-related activities are required to understand these
mechanisms in more detail, and may provide an insight into
the concentrations of various proteasome inhibitors that lead
to the development of drug resistance (39).

It has been previously reported that the direct downregula-
tion of the expression of PSMDI10 in MM cells induced an
increase in P53 mRNA levels and subsequent upregulation
of CDKNIA (p21Waf1/Cipl) and BAX transcripts, which
are direct transcriptional targets of P53 (17). PSMDIO0 acts as
an oncoprotein and is involved in the negative regulation of
RBI1 and P53 tumor suppressors (13). The imbalance of P53
in myeloma cells may play an important role in myeloma
pathogenesis, which can be induced through post-transcrip-
tional mechanisms. In our preliminary study, many proteins
were identified to be markedly stabilized by BTZ treatment.
Similarly, BTZ also stabilized proteasome subunit PSMC1
and proteasome assembly factor PSMDI10 (10). Thus, we
hypothesize that PSMDI10 may be associated with the occur-
rence and progression of MM, and drug resistance. Thus, a
lentivirus-mediated RNAi experiment in MM was designed
to validate the growth effects of PSMDI0 downregulation on
MM cells.

RNAI is a process in which double-stranded RNA is
employed to enhance the degradation of endogenous mRNA.
siRNA can induce transient and efficient RNAI effects (21).
siRNA-producing plasmid vectors allow transient expression
of siRNA, and are widely used in gene silencing, but tend to
have low transfection efficiency (42). Lentivirus-mediated
shRNA systems can produce highly efficient, whole organism
expression of shRNAs and allow the induced gene knockdown
to be reversed at a given time. This peculiarity of the shRNA
system offers specific applications to study gene function in
animal experiments, which cannot be achieved with other gene
knockdown technologies (43,44). Although conditional lenti-
virus vectors have been used for several years, the employment
of lentiviral vectors expressing shRNA as a therapeutic tool
for MM has not been thoroughly explored.

In the present study, lentivirus-mediated shRNA was
used to silence endogenous PSMDI10 expression and the
effects of PSMDI0 downregulation on the phenotypes of
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MM RPMI-8226 cells were examined. Three shRNAs were
designed to target PSMDI0 mRNA and were successfully
transfected into 293T cells with the lentivirus plasmids. DNA
sequencing and agarose gel electrophoresis further confirmed
that three PSMDI10 shRNAs were correctly inserted into the
multiple cloning sites of the pSIH1-H1-copGFP expression
plasmid. Lv-PSMD10-shRNA?2 was previously identified as
the most effective one, as the 293T transfectants exhibited a
significantly decreased level of PSMD10 mRNA. In the present
study, LvPSMD10-shRNA?2 effectively decreased the level of
PSMDI0 protein, which indicated that our lentivirus-mediated
PSMDI10-specific shRNA was able to specifically silence the
expression of the PSMDIO protein in RPMI-8226 cells. The
efficiency of protein silencing was estimated to be 70% in the
present study. However, notably, there was no obvious change
in PSMDI0 expression at the mRNA level. Therefore, presum-
ably, the knockdown effect on the expression of PSMDI10 may
take place at the translational level. In addition, the depletion
of PSMDIO resulted in increased apoptosis in RPMI-8226
cells in vitro. This effect may be mediated by interference with
the P53 signal transduction pathway. The potential oncogenic
mechanism of PSMDIO may be to increase the proteasomal
degradation of P53 via the MDM2/P53 complex and boost the
turnover of P53 in an MDM-dependent manner. In this process,
PSMDI10 protein binds to MDM?2 protein and enhances the
ability of MDM2 to ubiquitinate P53 (45). Thus, overexpres-
sion of PSMD10 may block P53-dependent apoptosis in human
RPMI-8226 MM cells. However, this hypothesis remains to
be elucidated in detail. It has been previously demonstrated
that when PSMDIO is silenced in hepatocellular carcinoma
cell lines with wild-type and mutated P53, a different induced
phenotype can be observed in the cells with wild-type P53,
with upregulation of P53 levels leading to activation of
caspase-9 and the induction of apoptosis (46). BTZ increases
P53 protein levels by inhibiting the proteasomal degradation
of P53, and subsequently activates the P53 signal transduction
pathway, which emphasizes the importance of P53 regulation
in the pathogenesis of MM (47). Collectively, the fact that
downregulation of PSMDI10 expression in myeloma cells
induces apoptosis supports the potentially important role of
the P53/MDM?2 regulatory mechanism in MM.

In the event that PSMDI0 shRNA can decrease the resis-
tance of MM to BTZ, it may act as a potential anticancer
therapy that could be administered along with BTZ for MM
treatment. Therefore, in follow-up experiments, a cell line
stably expressing PSMDI10 shRNA should be used to review
the role of PSMDIO in regulating BTZ sensitivity in MM.
Subsequently, different concentrations of BTZ treatment
could be used to observe the drug sensitivity in MM cells, and
the effect on cell proliferation and apoptosis. In general, the
chemosensitivity of MM to BTZ should be examined further,
and whether chemosensitivity can be induced or restored by
decreasing the expression of PSMDIO0 should be investigated.

In conclusion, the present study established an efficient
method for screening the most effective shRNA the suppres-
sion of PSMDI10 expression in MM RPMI-8226 cells, and
provided a novel strategy for further investigation of the role
of PSMDI0 in MM. In the exploration of biochemical mecha-
nisms of RNAi pathways, this method is likely to be useful
and has the potential to provide more rational strategies for
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MM treatment. Collectively, the results of the present study
provide further evidence that PSMDI10 may have potential as a
pharmacological target. The results provide a new perspective
for the study of the function of PSMDI0 in tumors, and it may
be beneficial for future gene therapy strategies in the treatment
of MM.
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