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Abstract. The Snail family transcriptional repressor 1 gene
(Snaill) was screened in multiple myeloma cells (MMCs)
from bortezomib-resistant MM patients and was found to
be significantly associated with the development of drug-
resistance mechanisms. In the present study, we first confirmed
that the protein expression of Snaill in bortezomib-resistant
MMCs was significantly higher than that in MMCs without
bortezomib resistance. The mechanistic studies confirmed that
the enhancement of Snaill expression in bortezomib-resistant
MMC:s directly upregulated transcription of the intracellular
MDRI gene to immediately develop multiple drug resistance
mechanisms and inhibited P53 protein expression through the
Snaill/hsa-miRNA-22-3p/P53 pathway to inhibit tumor cell
apoptosis. By upregulating MDR1 and downregulating P53,
Snaill induced the drug resistance of MMCs to bortezomib,
while Snaill gene silencing effectively improved the drug
sensitivity of MMCs to bortezomib chemotherapy. The present
study further elucidated the drug resistance mechanisms of
MMCs and provides evidence for increased clinical efficacy of
bortezomib in MM patients.

Introduction

Multiple myeloma (MM) is a malignant hematological tumor
with monoclonal plasma cell hyperplasia. The incidence
of MM in European and American countries has already
surpassed acute leukemia and accounts for 12% of all
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hematologic malignancies (1). Currently, the major clinical
treatment strategy for MM is chemotherapy (2). However,
effective chemotherapeutic drugs are still limited by the
development of drug resistance mechanisms. Therefore, the
effects of chemotherapy are greatly reduced (3). Bortezomib
has achieved great progress in MM treatment. As a protea-
some inhibitor, bortezomib inhibits the tumor activity of
multiple myeloma cells (MMCs) through various routes (4-7).
As the first-line drug in MM chemotherapy, bortezomib has
significant inhibitory functions in the biological progression
and pathological progression of myeloma. However, secondary
drug resistance accompanied by chemotherapy usually results
in the poor chemotherapeutic effects of bortezomib and poor
prognosis in MM (8-11). Thus, studies related to MM drug
resistance mechanism are a research 'hotspot' in the field of
MM chemotherapy.

Firstly, we found that the expression of Snail family tran-
scriptional repressor 1 (Snaill) was significantly increased in
MMCs from bortezomib-resistant MM patients. In this study,
an in vitro resistance model was constructed to investigate
the reasons for the abnormal expression of Snaill during the
development of bortezomib resistance and its contribution to
resistance. Data analyses showed that Snaill had a positive
association and a negative association with the expression
of the MDR1 gene and P53 protein, respectively (12,13).
Subsequent studies concerning the mechanisms were based on
the following three confirmed facts. The Snaill nuclear tran-
scription factor directly binds to the multi-drug resistance gene
(MDRI1) promoter to positively regulate gene transcription.
Snaill binds to the hsa-miRNA-22-3p precursor promoter to
positively regulate its transcription. Finally, hsa-miRNA-22-3p
binds to the 3'UTR region of the tumor protein p53 gene (P53)
to negatively regulate its protein expression. Pathway-specific
analysis using Snaill gene silencing confirmed that the Snaill/
MDRI1 and Snaill/hsa-miRNA-22-3p/P53 pathways domi-
nated the reversal of drug resistance in bortezomib-resistant
MMC:s. For the first time, this study confirmed the critical role
of the Snaill nuclear transcription factor in the regulation of the
drug resistance mechanisms in bortezomib-resistant MMCs
and preliminarily elucidated the pathways of the decreased
drug resistance of MMCs to bortezomib by Snaill silencing.
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Research data showed that Snaill affects the development of
bortezomib drug resistance mechanisms in MMCs through
regulation of the expression of MDR1 and P53.

In addition, to the best of our knowledge, this was the first
study on the association between hsa-miRNA-22-3p and the drug
resistance mechanisms in MMCs. Based on the mechanistic
study, we aimed to improve the effect of bortezomib on MM
by silencing Snaill. In the long run, the study provides support
for elucidating the development of resistance of MM, and new
insight on possible solutions. For the clinical treatment of MM,
this study may guide the development of novel combination
therapy including gene intervention combined chemotherapeu-
tics to minimize the resistance of MM to bortezomib.

Materials and methods

Cell culture. The human multiple myeloma cell lines, XG-7
and RPMI-8226, were purchased from the Cell Bank of the
Chinese Academy of Sciences (CBCS; Shanghai, China). The
establishment of bortezomib-resistant cell lines, XG-7/Bor and
RPMI-8226/Bor, was performed using the gradient induction
method by our study group. Drug-resistant cells were cultured
in Invitrogen™ RPMI-1640 culture medium (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) containing 10% fetal
bovine serum (FBS; Invitrogen; Thermo Fisher Scientific,
Inc.) and 10 nM bortezomib (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) under culture conditions of 37°C and 5%
CO,. Cells showed semi-suspension growth, and cell passage
was performed using the centrifugation method. In addition,
293T cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and were used as
the tool and virus package cell line, and they were cultured
in high-glucose DMEM culture medium (Invitrogen; Thermo
Fisher Scientific, Inc.) containing 10% FBS under culture
conditions of 37°C and 5% CO,. These cells showed adherent
growth and were passaged using trypsin digestion (Invitrogen;
Thermo Fisher Scientific, Inc.) method when cell confluence
reached 70%.

Collection of MMCs from MM patients with bortezomib-
resistance and detection of related indictors. Primary
MMCs were collected before and after development of bort-
ezomib resistance from 20 MM patients treated at the First
Affiliated Hospital of Anhui Medical University, China (from
January 2016 to December 2017). Eligible patients exhibited
refractory/relapse to their therapy after at least two cycles of
bortezomib (administered in combination with other agents),
defined as no response (less than partial response) or progres-
sion either during therapy or <60 days after completion of
therapy. The baseline characteristics of the patients at diag-
nosis are shown in Table I. Informed consent was provided
by all patients in writing and the study was approved by the
Medical Ethics Committee of the First Affiliated Hospital of
Anhui Medical University. MMCs were obtained by fluores-
cence-activated cell sorting for CD38*CD45* mononuclear
cells, about 1x107 cells from each sample, collected by centrif-
ugation after phosphate-buffered saline (PBS) resuspension,
placed in cell cryopreservation tubes, labeled and stored in
liquid nitrogen. Total RNA and protein were extracted, and the
relative levels of Snaill, hsa-miRNA-22-3p, MDR1, and P53
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were detected using real-time PCR, and the protein expression
levels of Snaill, P-gp (protein encoded by the MDR1 gene) and
P53 were detected using western blot analysis.

Construction of vectors and RNA synthesis. Construction of
cDNA expression vector. The coding sequence (CDS) of
human MDR1 (NM_001348945.1) was amplified by using the
primers 5'-GGAATTCGCCACCATGAGTGTCAAC
TTGCAA-3' and 5'-CGGGATCCTCACTGGCGCTTTG
TTCCAG-3', which contain an EcoRI cutting site and kozak
sequence and a BamHI cutting site, respectively, with the
cDNA prepared by reverse transcription of RNA isolated from
XG-7/Bor cells. The PCR product was digested and cloned
into the pcDHI1 lentiviral expressing vector (System
Biosciences, Palo Alto, CA, USA); the recombinant vector was
named pcDH1-MDRI.

Construction of the shRNA vector. A siRNA sequence comple-
mentarily binding to human Snaill (NM_005985.3) was
chosen. The target sequences of siRNA (5'-GCTCTGTGG
CATTCACGCA-3") were homologous to Snaill, respectively.
The oligonucleotide templates of these shRNAs were chemi-
cally synthesized and cloned into the linear pshRNA-copGFP
shRNA vector (System Biosciences) which was obtained
through digestion by BamHI and EcoRI (Takara Biotechnology
Co., Ltd., Dalian, China) and purification by agarose gel elec-
trophoresis. An invalid siRNA sequence (5'-TTGCAGCCA
GTGGCTTACC-3") was used as a negative control (NC).
Sequencing was used to confirm the vectors constructed
(pshRNA-Snaill and pshRNA-NC), and pshRNA-P53 for the
human P53 gene (NM_000546.5) was constructed by the
same method (siRNA, 5'-GACTCCAGTGGTAATCTAC-3").

Construction of the luciferase reporter vector. The 3'-untrans-
lated region (3'UTR, 212 bp) of human P53 was amplified
from cDNA obtained through the reverse transcription of
total RNA of XG-7/Bor cells, with the following primers:
5'-GCTCTAGAGGCATTTGCACCTACCTC-3' and 5-GCT
CTAGATTGGCTGGGCCAGCAGAGAC-3'. The amplifica-
tion parameters were as follows: 32 cycles of denaturation at
95°C for 10 sec, annealing at 58°C for 30 sec and extension
at 72°C for 30 sec. The product was digested with Xbal and
inserted into the pGL3-promotor vector (Promega, Madison,
WI, USA). TargetScan (http://www.targetscan.org/vert_71/)
was used to predict the theoretic target (seed region) of
hsa-miRNA-22-3p in the 3'UTR of the P53 mRNA sequence.
The seed region was mutated from 5'-GGCAGCT-3' to
5"TCGAGCG-3 by point mutation. The resultant vectors were
termed pGL3-wt- P53 and pGL3-mt-P53 respectively.

The promoters of MDR1 and hsa-miRNA-22-3p were
amplified by using human genomic DNA as a template and
cloned into a luciferase reporter vector pGL3-Enhancer
(Promega) upstream of the luciferase gene. We constructed
the wild-type transcription factor binding site (TFBS) vectors,
pGL3-wt-pro-P53 and pGL3-wt-pro-miRNA-22. We then
constructed the mutant-type TFBS vectors pGL3-mt-pro-P53
and pGL3-mt-pro-miRNA-22 through the point mutation,
5'-CCGCTG-3' to 5-CAGGCT-3". The products of the vectors
were confirmed by DNA sequencing. Endotoxin-free DNA
was prepared in all cases.
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Table I. Baseline characteristics of the MM patients (N=20) at
diagnosis.

Characteristics Data
Median age (range), in years 58.2 (35-76)
Sex
Male, n (%) 11 (55)
Female, n (%) 9 (45)
Serum heavy chain at diagnosis, n (%)
None 3(15)
IeG 11 (55)
IgA 5(25)
IgDh 1(5)
ECOG score at diagnosis, n (%)
0 1(5)
1 3 (15)
2 6 (30)
3 7 (35)
4 2 (10)
5 1(5)
ISS stage at diagnosis, n (%)
Stage | 4 (20)
Stage 11 6 (30)
Stage III 10 (50)
FISH at diagnosis
dell7p 4 (20)
1921 3(15)
t(4;14) 1 (10)

MM, multiple myeloma; F, female; M, male; ECOG, Eastern
Cooperative Oncology Group; ISS, International Staging System;
FISH, fluorescent in situ hybridization.

RNA synthesis. Chemically synthesized hsa-miRNA-22-3p
mimics (5-AAGCUGCC AGUUGAAGAACUGUtt-3"), inhib-
itor (5'-ACAGUUCUUCAACUGGCAGCUULtt-3') and NC
(5'-CGAAUACAGAAAGGCGUUCUGULt-3') were obtained
from Sangon (Shanghai, China), ‘tt’ protective bases being
added to the RNA end.

Packaging of the recombinant lentivirus and infection of
XG-7/Bor and RPMI-8226/Bor cells with the lentivirus. One
day before transfection, 293T cells were seeded into 10-cm
dishes. Two micrograms of each vector (pshRNA-Snaill or
pcDH1-MDR1 or pshRNA-P53) and 10 g pPACK Packaging
Plasmid Mix (System Biosciences) were co-transfected using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) in accordance with the manufacturer's protocol. The
medium was replaced with DMEM plus 1% FBS. Forty-eight
hours later, the supernatant was harvested and then cleared
by centrifugation at 5000 x g at 4°C for 5 min and passed
through a 0.45-pm polyvinylidene fluoride (PVDF) membrane
(Millipore). The titer of the virus was determined by gradient
dilution. The packaged lentiviruses were named as Lv-shRNA-
Snaill or Lv-MDRI1 or Lv-shRNA-P53.
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One day before viral infection, XG-7/Bor and RPMI-8226/
Bor cells in the logarithmic phase were made into a suspen-
sion, and the number of viable cells was counted by using
trypan blue staining. Cells were collected by centrifugation at
1000 x g and re-suspended in RPMI-1640 medium (10% FBS
and 10 nM bortezomib) at a concentration of 5x10° cells/ml.
Cells were seeded on 6-well plates, 2 ml/well, and cultured
overnight under normal conditions. One day after seeding,
the cells were infected with lentiviruses diluted with dPBS at
an MOI (multiplicity of infection) of 20, and the medium was
refreshed after 24 h. The infection efficiency was assessed by
fluorescence microscopy 72 h after infection. Total protein
was extracted from the cells using the M-PER Mammalian
Protein Extraction Reagent kit (Thermo Fisher Scientific, Inc.)
and subjected to western blotting to measure the levels of
Snaill, P-gp and P53.

Luciferase assay

Verification of the binding site of hsa-miRNA-22-3p on P53
3'UTR. 293T cells were transfected with the hsa-miRNA-
22-3p-mimics or inhibitor or NC, and pGL-wt-P53 or
pGL-mt-P53 using Lipofectamine 3000 (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions. Forty-eight hours after transient transfection, the cells
were harvested, and luciferase assays were performed.

Verification of the binding site of the transcription factor
in MDR1 and the pri-miRNA-22 promoter. 293T cells were
co-transfected with the wild-type or mutant promoter reporter
vectors and pshRNA-snaill, and harvested for luciferase
activity assay 48 h later. The transfection experiment was
carried out in 24-well plates, following the instructions for
Lipofectamine 3000. PGL-TK (100 ng) was transfected for
each well as the internal reference for the luciferase assay. The
relative luciferase activities (ratios of firefly and Renilla lucif-
erase activity) of the lysates were measured by dual luciferase
reporter assay system (Promega).

Assessment of cell viability and ICs, values. The two geneti-
cally engineered cell lines were seeded in 96-well plates at
5x104 cells/well, and bortezomib was added to a final concen-
tration of 1,2, 4, 8, 16 or 32 nM for a period of 48 h, followed
by a CCK-8 (Cell Counting Kit-8) assay for cell viability.
Briefly, 10 ul CCK-8 solution was added, and the cells were
cultured under normal conditions for an additional 4 h before
measuring absorbance at 450 nm. The cell inhibition ratio was
calculated, based on the ICs, values at 48 h.

Detection of apoptosis. Seventy-two hours after viral infec-
tion, XG-7/Bor cells were seeded in 6-well plates at 1x10° cells
per well in medium containing 10 nM bortezomib and were
cultured for 48 h. The cells were collected and measured
for apoptosis using flow cytometry (FACS Calibur; BD
Biosciences, Franklin Lakes, NJ, USA) after treatment using
Annexin V:FITC Apoptosis Detection Kit II (cat. no. 556570;
BD Biosciences). Cells were made into suspensions by trypsin-
ization and the cells were washed with dPBS and suspended
in 500 ul binding buffer and 5 ul Annexin V-FITC was added
and the cells were maintained in the dark for 10 min. Cells
were then stained with 5 pul propidium iodide (PI) for 5 min.
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Figure 1. Fluorescence quantitative and western blot analyses of MMCs from MM patients before and after the development of drug resistance to bort-
ezomib. (A) Analyses of relative levels of Snaill, MDR1 and P53 mRNAs and hsa-miRNA-22-3p. The relative values of target genes between groups were
analyzed using the 2°4°¢ method. B-actin and U6 were used as the internal controls for quantitative detection of mRNAs and hsa-miRNA-22-3p, respectively.
(B) Detection of the protein expression of Snaill, P-gp, and P53 in MMCs. 3-actin was used as the internal control protein. The left panels show the analysis of
optical density values among target protein bands, and the right image shows the exposed X-ray film of the target bands. The target band sizes of Snaill, P-gp
and P53 proteins were 69, 32 and 53 kDa, respectively. The molecular weight of $-actin was 37 kDa. All data are expressed as the mean + SD. The sample size
of the group was n=20. “P<0.01. MMCs, multiple myeloma cells; MM multiple myeloma.

Apoptosis was analyzed on BD-FACSCalibur using FITC
(FL1) channel and PI (FL2) channel at an excitation wave-
length at 488 nm.

Real-time PCR. Total RNA was isolated with TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions and was reversely transcribed into
cDNA using M-MLV Reverse Transcriptase and oligo(dT)18
primer (Takara). The following specific primers were used for
the quantitative PCR of human Snaill, MDR1, P53 and -actin:
Snaill, 5-ATGCCGCGCTCTTTGCTC-3' and 5'-GGTG
GGCCTGGTCGTAG-3'; MDR1, 5-CCGTGGGGCAAGTC
AGTTCA-3' and 5-CCGGTCGGGTGGGATAGTTG-3'; P53,
5'-CGTACTCCCCTGCCCTCAACAAGA-3" and 5'-GCA
GCGCCTCACAACCTCCGTCAT-3" and f-actin, 5'-CCT
GTACGCCAACACAGTGC-3' and 5'-ATACTCCTGC
TTGCTGATCC-3'. The lengths of the amplified products
were 118, 186, 155 and 211 bp, respectively. Real-time PCR
was performed using SYBR Premix Ex Taq™ kit and TP800
System (Takara Biotechnology). cDNA from 200 ng total
RNA was used as the template. The PCR reactions were
carried out under the following conditions: 40 cycles of dena-
turation at 95°C for 10 sec, annealing at 60°C for 20 sec and
extension at 72°C for 20 sec. The mRNA levels of twistl were
normalized using the AACt method, to the expression of an
endogenous housekeeping gene, 3-actin. The specific primers
for hsa-miRNA-22-3p detection, U6 snRNA (NM_001101. 3),
5'-TACCTTGCGAAGTGCTTAAAC-3'" and
hsa-miRNA22-3p, 5-GTCGTATCCAGTGCGTGTCGTG
GAGTCGGCAATTGCACTGGATACGAACAGT-3' were
used for cDNA preparation. The following primers were used
for quantification of human U6 snRNA and hsa-miRNA?22-3p:
U6 snRNA, 5'-GTGCTCGCTTCGGCAGCACAT-3' and

5-TACCTTGCGAAGTGCTTAAAC-3', which produced a
segment of 112 bp; and hsa-miRNA-22-3p, 5'-GCCGGCG
CCCGAGCTCTGGCTC-3"' and 5'-AAGCTGCCAGTTG
AAGAACTGT-3', which produced a segment of 72 bp.

Detection of protein contents. The total protein was extracted
from the cells using M-PER mammalian protein extrac-
tion reagent (Pierce; Thermo Fisher Scientific, Inc.). Equal
amounts of protein (20 ug per lane) estimated by a bicincho-
ninic acid (BCA) protein assay kit (Pierce) were loaded onto
(11%) SDS-PAGE gels and transferred onto nitrocellulose
membranes. The blots were probed with a monoclonal anti-
body against human Snaill (dilution 1:400; cat. no. sc-393172),
P-gp (cat. no. 1:600; cat. no. sc-13131), P53 (dilution 1:500; cat.
no. sc-393031) and B-actin (dilution 1:1,000; cat. no. sc-130065)
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA), followed
by the secondary HRP-conjugated anti-mouse antibody (cat.
no. sc-516102; Santa Cruz Biotechnology). After washing, the
bands were detected by chemiluminescence and imaged with
X-ray film. The relative optical densities were analyzed using
Image Processing software Totallab (Nonlinear Dynamics
Ltd. Newcastle, UK) and [-actin was used as an endogenous
reference for normalization.

Statistical analysis. The data are shown as the mean + SD
of three independent experiments. All statistical data were
analyzed using the SPSS GradPack, version 20.0, statistical
software (IBM Corp, Armonk, NY, USA) and GraphPad
Prism 7.0 (GraphPad Software, Inc, La Jolla, CA, USA).
Comparisons between groups were analyzed using two-tailed
Student's t-test or one-way ANOVA with post hoc Tukey's test.
All differences were considered to be statistically significant
at P<0.05.
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Figure 2. Detection of virus infection efficiency and gene intervention efficiency in cells. (A) Detection of infection efficiency after 72 h of infection with
3 groups of viruses, namely Lv-shRNA-Snaill (upper), Lv-MDR1 (middle) and Lv-shRNA-P53 (lower) in XG-7/Bor cells. The left panels present images of
cells under visible light, and the right panels present images of cells under UV excitation in the corresponding field. The virus infection efficiency in cells was
estimated by dividing the number of cells with fluorescence expression by the total number of cells in the same field. In the statistical analysis, 5 fields were
randomly selected to calculate the virus infection rate, and the mean value was obtained. (B) Quantitative analyses of mRNA levels of Snaill, MDR1, and P53
genes in all groups of cells after 72 h of recombinant virus infection. 3-actin was used as the internal control. The relative level of genes was calculated using
the 244°4 method. (C) Detection of the expression levels of Snaill, P-gp, and P53 proteins in all groups of cells after 72 h of recombinant virus infection. The
left panels show the target protein bands, and the right panel shows the relative optical densities of target proteins in cells among the different groups. f-actin
was used as the internal control. “"P<0.01. Cell, cell control group; Lv-NC, NC control group.

Results MMCs were all significantly increased in MM patients after

the development of bortezomib resistance, and the mRNA level
Expression of Snaill, hsa-miRNA-22-3p, MDR1 and P53 in  of P53 was slightly lower compared with MMCs from MM
MMC:s from clinical bortezomib-resistant MM patients. The  patients before development of bortezomib resistance (Fig. 1A).
relative levels of Snaill, MDRI1 and hsa-miRNA-22-3p in = The western blot results showed that the protein expression
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Figure 3. Luciferase reporter activity assay for the seed region between hsa-miRNA-22-3p and the 3'UTR region of the P53 gene. (A) Prediction of the binding
site of hsa-miRNA-22-3p in the 3'UTR region of the P53 gene. (B) Detection of luciferase activities. The luciferase activity was detected after 48 h of co-

transfection in 293T cells. “P<0.05 and “P<0.01.

levels of Snaill and P-gp were significantly increased and that
the protein expression level of P53 was significantly decreased
in MMCs with drug resistance compared with MMCs from
MM patients before development of bortezomib resistance
(Fig. 1B). Comprehensive analyses of these indicators showed
that the abnormal expression of MMC drug resistance and
apoptosis-related functional genes, namely MDR1 and P53, in
MMCs with drug resistance to bortezomib resulted from inac-
tivation of the transcription and post-transcription regulatory
mechanisms, respectively. In addition, the association between
hsa-miRNA-22-3p and the expression of Snaill and P53
proteins was also consistent with the transcription regulation
of hsa-miRNA-22-3p by Snaill and the negative regulation of
the target gene P53 by hsa-miRNA-22-3p.

Gene intervention experiment using a lentiviral approach.
Using a lentiviral system, the silencing viruses targeting
the Snaill and P53 genes, namely Lv-shRNA-Snaill and
Lv-shRNA-P53, as well as the MDR1-expressing recombinant
virus, Lv-MDRI1, were constructed. In addition, the gene
intervention effect was validated in XG-7/Bor cells. After
72 h of treatment with the viruses at a multiplicity of infection
(MOI) of 20, the estimated virus infection efficiency was no
lower than 90% in cells based on the expression of the GFP
fluorescent marker (Fig. 2A). After 72 h of virus infection,
the fluorescence quantitative detection results showed that the
Snaill and P53 gene silencing rates were ~81.4 and 83.2%,
respectively, and that MDRI1 gene expression was ~4.2-fold that
of the control group (Fig. 2B). The protein expression results
showed that the trends in the different groups were consistent
with those of mRNA expression Fig. 2C). These results were

consistent with the relationship among these proteins. In other
words, Snaill silencing significantly decreased Snaill gene
expression in cells, inhibited MDR1 expression and promoted
P53 gene expression, while exogenous MDR1 overexpression
and P53 gene silencing did not have significant effects on the
expression of the Snaill gene in cells. These results directly
explain the upstream and downstream regulatory relationship
among these genes and proteins.

Validation of the negative regulation of MDRI gene expres-
sion by hsa-miRNA-22-3p. TargetScan Human 7.1 analysis
showed that the 3'UTR region of the P53 gene contained a
6-base seed region, namely 5'-CACUCCA-3', of hsa-miRNA-
22-3p (Fig. 3A). After co-transfection in 293T cells for 48 h,
relative luciferase activity showed that the hsa-miRNA-22-
3p-mimic significantly decreased the luciferase activity of
the wild-type (wt) luciferase reporter gene from 31.02+5.16 to
5.38 £0.20. The relative luciferase activity in the hsa-miRNA-
22-3p-inhibitor transfection group increased from 31.02+5.16
to 72.15+14.31. For the mutant luciferase reporter gene,
the difference between all co-transfection groups and the
pGL3-mt-P53 alone transfection group was not significant
(Fig. 3B). The above data and results indicated the presence
of the predicted target site between hsa-miRNA-22-3p and
the P53 gene.

Analyses of transcription regulation of MDRI and
hsa-miRNA-22-3p by Snaill. Through literature review and
database search, the promoter sequence of the MDR1 (ACBC1)
gene was obtained (Fig. 4A). To identify the hsa-miRNA-
22-3p promoter, the hsa-miRNA?22-3p precursor sequence, the
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A Promoter of MDR1:

5-TTGTGCAGATTGCACGTACTTTTCCTCAGTTTGAAGTAAATAGTGGACA
GGAAAAAATATTAAATGTTGGCAGTAAATATGGAAGGAAATTACAACTA

ATGTAATATGCTAAAACATGCTATGTTTATTTTACTAATTTGAATTAAAAT
GTAAGAATTTAAAATGCCCTGGAAAAACACGGGCATTGATCTGACGTCTG
AAGTTTTAAAATATTACACACTTTGAAATAGCATTTGTACCTTGAAATACC
TGTCTCTATATATTTTTTAAAACTTCCTTTTTCTTTCATTCCATTTATCATCA
AATAAAGGATGAACAGATGTAACTCAGAAACTGTCAAGCATGCTGAAGA

AAGACCACTGCAGAAAAATTTCTCCTAGCCTTTTCAAAGGTGTTAGGAAG
CAGAAAGGTGATACAGAATTGGAGAGGTCGGAGTTTTTGTATTAACTGTA
TTAAATGCGAATCCCGAGAAAATTTCCCTTAACTACGTCCTGTAGTTATAT
GGATATGAAGACTTATGTGAACTTTGAAAGACGTGTCTACATAAGTTGAA

ATGTCCCCAATGATTCAGCTGATGCGCGTTTCTCTACTTGCCCTTTCTAGA
GAGGTGCAACGGAAGCCAGAACATTCCTCCTGGAAATTCAACCTGTTTCG
CAGTTTCTCGAGGAATCAGCATTCAGTCAATCCGGGCCGGGAGCAGTCAT
CTGTGOTGAGGCTGATTGGCTGGGCAGGAACAGCGCCGGGGCGTGOGITG
AGCACAGCCGCTTCGCTCTCTTTGCCACAGGAAGCCTGAGCTCATTCGAGT
AGCGGCTCTTCCAAGCTCAAAGAAGCAGAGGCCGCTGTTCGTTTCCTTTA
GGTCTTTCCACTAAAGTCGGAGTATCTTCTTCCAAAATTTCACGTCTTGGT -

Transcriptional start site(+1)

Promoter region (-2.5 kb)'

S I
Pri-miR 22

Promoter

SAGCCCCTCACCACCTGAAGAGOCCCAGGTTGCACTGCTTTCCTTCC
ACCTTACTCCACTCCACCTCTTCAGCTGGCAGACAGTCAGCAAGTCA
GAGCTGTTTCCTGCAGGCTGAGAGGGAGGATTCCAGCTACTTCAAAG
AATTAAGTTCATAAACCAAGAGGTGCCCCAACCAAACCTTCTCACCA
AAAAGCTGAGGTCTTCCCTTCATTCTTCTACCCCCACCTCTCCAAAGG
TTTAAATAATAACACTGATCTCTTAAATTATATTATATGAAATACAAA
ATGTGGAAAATTTGGAAATTACAGAAAAACCAAAGATGAAAATTAC
AGTGACTTTGTTCCACCATACAAAGATAACCACTCAACATTTTTTAGT
ATGCCTTCCGTCTTTTTTATCTGCTCTACGTATACAAGCATACACCCA
TATTTTAAAAAACAAAATTGAAATCACATAACATGCACTATTTTTAC
AACCTTTTAATATTCAAGGAGCATTTTTCTTTCAGTCAGATGTT-3"
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Figure 4. Analyses of the mechanisms underlying the regulation of the transcription of MDR1 and hsa-miRNA-22-3p by Snaill. (A) Analyses of the gene
promoter sequences of MDR1 (left) and hsa-miRNA-22-3p (right) as well as bioinformatic analyses of the TFBS sites of Snaill in the two promoters.
(B) Validation of the activities of these two promoters. The expression of GFP protein was induced by these two promoters in 293T cells after 48 h of transfec-
tion. Left: validation of the MDR1 promoter. Right: validation of the hsa-miRNA-22-3p promoter. (C) Validation of the TFBS binding sites of Snaill in the
MDRI1 (left) and miRNA-22-3p (right) promoters using the luciferase reporter gene. “P<0.01. TFBS, transcription factor binding site.

pri-miRNA22 gene, in the human genome was first acquired.
The 2.5 kb promoter sequence upstream of the transcription
initiation sites was obtained. Promoter 2.0 prediction software
was used to predict the location of the promoter sequence. The
prediction results showed that the promoter was a 443 bp DNA
sequence (Fig. 4A). A GFP-expressing plasmid containing the
hsa-miRNA-22-3p promoter was then constructed for related
tests of promoter activity. The hsa-miRNA-22-3p promoter
effectively induced GFP expression in 293T cells (Fig. 4B).
The Snaill binding sites in these two promoters were analyzed
and predicted using the JASPAR transcription factor binding
site prediction software (http://jaspar.genereg.net/). The

results showed that Snaill had theoretical transcription factor
binding site (TFBS) (Fig. 4A). The TFBS binding sites in
the two promoters were validated using a luciferase reporter
gene assay. After 48 h of co-transfection in 293T cells, Snaill
silencing (pshRNA-Snaill transfection) significantly inhibited
luciferase activity of the wild-type reporter gene (pGL3-
wt-pro-MDR1/hsa-miRNA-22-3p) in the transfected cells
compared with the wild-type reporter gene alone transfection
group, but did not have a significant effect on the luciferase
activity in cells transfected with the mutant reporter gene
compared with mutant reporter gene alone transfection group
(Fig. 4C). These results indicated that Snaill binds to the
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Figure 5. Analyses of ICs,, apoptosis and protein expression detection. (A) The effect of Snaill gene silencing on the ICs, values of bortezomib in XG-7/Bor
and RPMI-8226/Bor cells after 48 h. The groups are indicated as follows: Cell, cell control group; Lv-NC, NC control group; Lv-shRNA-Snaill, virus infection
group. Cells were infected with recombinant viruses for 72 h. (B) Detection of cell apoptosis in all groups. Left: Raw data of cell detection. The horizontal
axis represents fluorescein isothiocyanate (FITC), and the vertical axis represents propidium iodide (PI). The upper right and lower right quandrants indicate
late-stage and early-stage apoptosis, respectively. Right: Analyses of apoptosis rates among the groups. The apoptosis rate was the sum of early-stage apoptosis
and late-stage apoptosis. a, cell control group without bortezomib; b, cell control group; ¢, NC control group; d, Snaill-silencing group; e, MDR1-silencing
group; f, P53-silencing group. (C) Detection of the expression of Snaill, P-gp, and P53 proteins in all groups of cells. The bottom panels show the target protein
bands, and the top panels show the analysis of the relative optical density of the target proteins in all groups of cells. f-actin was used at the internal control.

“P<0.01. ICs, half maximal inhibitory concentration.

promoters of MDR1 and hsa-miRNA-22-3p through the TFBS
to positively regulate the transcription of these two genes.

Analyses of the pathways of Snaill/ MDRI and Snaill/
hsa-miRNA-22-3p/P53 in bortezomib-resistant MMCs. We
performed Snaill gene silencing experiments in two drug-
resistant cell lines, XG-7/Bor and RPMI-8226/Bor, using the
lentiviral approach. The IC;, values of bortezomib in these
two drug-resistant cell lines after 48 h of gene intervention
were detected and analyzed. The results showed that the ICs,
values of bortezomib in XG-7/Bor and RPMI-8226/Bor cells
after 48 h of Snaill gene silencing decreased significantly
from 68.52 nM and 81.24 nM to 12.13 nM and 9.28 nM,
respectively (Fig. 5SA). The cell apoptosis rate in the Snaill-
silencing group significantly increased after XG-7/Bor cells

in all groups were treated with 10 nM bortezomib for 48 h.
The cell apoptosis rates in the Snaill-silencing combined with
MDRI1 expression group and the Snaill-silencing combined
with P53-silencing group both significantly decreased
(Fig. 5B). After cells were infected with Lv-shRNA-Snaill
for 72 h, Snaill and P-gp protein expression was significantly
decreased, and P53 protein expression was significantly
increased. In the Lv-shRNA-Snaill infection combined with
Lv-MDRI infection group, the Snaill protein expression did
not significantly change. In the same group, P-gp protein
expression was significantly increased, and P53 protein
expression was significantly decreased. In the Lv-shRNA-
Snaill infection combined with Lv-shRNA-P53 infection
group, Snaill protein expression did not significantly change.
In the same group, P-gp and P53 proteins expression were
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significantly decreased. The combination of the above results
showed that Snaill gene silencing significantly enhanced the
sensitivity of XG-7/Bor cells to bortezomib and increased cell
apoptosis. MDRI1 overexpression or P53 silencing significantly
reversed the function of Snaill gene silencing in the promo-
tion of bortezomib-induced apoptosis in XG-7/Bor cells.
Exogenous MDRI did not contain the wild-type promoter and
was not regulated by Snaill. Similarly, P53 gene silencing was
transcriptionally regulated and was not negatively regulated
by hsa-miRNA-22-3p. Therefore, Snaill gene silencing inhib-
ited MDR1 and upregulated P53 expression to promote the
sensitivity of XG-7/Bor to bortezomib. These results indicate
that although the Snaill/MDRI and Snaill/hsa-miRNA-22-3p/
P53 pathways are regulated by an upstream factor, Snaill, they
regulate multi-drug resistance and apoptosis of MMCs via two
independent pathways and thus co-dominate the development
of bortezomib resistance in MM.

Discussion

Multiple myeloma (MM) is one of the most common malig-
nant tumors in the hematological system, and its incidence
accounts for 10% of the total number of malignant tumors in
the hematological system (1,11). Currently, there is no effective
clinical measure that can completely cure MM. The commonly
used treatment methods for MM include chemotherapy, radio-
therapy, hematopoietic stem cell transplantation, and combined
treatment using these methods. Various targeted formulations
are used for the chemotherapy of MM. The approval of the
clinical use of the proteasome inhibitor, bortezomib, was
important for the chemotherapy strategy for MM. Bortezomib
not only directly inhibits the proliferation of multiple myeloma
cells (MMCs) and induces apoptosis but also improves the
chemotherapy sensitivity of drug-resistant MMCs to dexa-
methasone, melphalan and thalidomide (14). Bortezomib is
the first proteasome inhibitor approved by the FDA to treat
recurrent and refractory MM. The single-drug effective rate
of bortezomib in the treatment of MM is approximately 30%.
When bortezomib is used in combination with dexametha-
sone or immunomodulators, the effective rate increases to
more than 60%. The 2008 National Comprehensive Cancer
Network (NCCN) guideline listed bortezomib single-drug and
its combination with liposomal doxorubicin as the category I
preferred regimen and bortezomib + dexamethasone as the
category 2A preferred regimen (15). As the first-line drug
for MM treatment, bortezomib has its own advantages (16).
Although the chemotherapy regimen based on bortezomib
significantly improves the related symptoms of MM patients
within a short time period and delays tumor progression,
almost all MM patients with bortezomib administration
exhibit drug resistance features after bortezomib medication
for a period of time, which greatly limits the long-term effi-
cacy of bortezomib in MM (17). Currently, basic studies on
drug resistance in MM chemotherapy indicate that the mecha-
nisms underlying the development of drug resistance in MM
chemotherapy might be associated with NF-xB activity as
well as overexpression of heat shock proteins and BCL protein
family members (18-20). However, these previous studies did
not provide complete, in-depth, and systematic elucidation of
the development of MM clinical drug resistance mechanisms.
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Thus, additional studies on the mechanisms of drug resistance
in MM chemotherapy are required. Using the drug resistance
theory studies as guidance, improvement of drug resistance
mechanisms, screening and demonstration of key gene targets
to improve drug resistance as well as searching for effective
regimens to prevent the development of drug resistance or
eradicate malignant plasma cells are important directions for
studies on the treatment theory of MM in the future. At present,
there are few studies on the drug resistance mechanism of MM
to bortezomib. Thus, the drug resistance mechanism remains
unclear, and there is no effective clinical solution.

The Snail superfamily has been highly conserved during
the evolution of vertebrates. The human Snaill protein
is composed of 264 amino acids. The Snaill protein has
an amino-terminal basic amino acid-rich domain and a
carboxyl-terminal DNA-binding domain, and these two
special domains regulate its interaction with co-repressors
and the epigenetic remodeling complex and DNA binding,
respectively. A serine rich domain (SRD) and nuclear export
sequence (NSE) control the stability and subcellular loca-
tion of the Snaill protein (21). As a transcription factor,
snaill functions through binding to the E-box element of the
5'-CANNTG-3' core base sequence in the promoter region of
many tumor-related genes (22). Snaill can promote or inhibit
the transcription of E-cadherin, IL-8 and CDI147 to regulate
the epithelial-mesenchymal transition (EMT) process of
many tumors (23-25). The Snail family contains three family
members, namely Snaill, Snail2 and Snail3. Studies in recent
years have indicated that Snaill plays a critical role in the
development and regulation of drug resistance mechanisms
in tumors. The expression of Snaill protein in non-small cell
lung cancer (NSCLC) positively correlates with the expression
of drug resistance-related genes. Blocking Snaill in the A549
lung cancer cell line effectively reverses the multiple drug
resistance characteristics of lung cancer. Snaill expression
was found to be significantly increased in the H446/CDDP
NSCLC cell line compared to that in the H446 cell line, indi-
cating that the drug resistance of NSCLC to cisplatin might
be associated with the high expression of Snaill. Therefore,
Snaill can be used as a new target for clinical treatment of
drug-resistant lung cancer patients (26,27). The high Snaill
expression in bladder cancer tissues has a significant positive
correlation with ERCC1 (28). Furthermore, Snaill has also
been confirmed to be a promotion factor (29) for the develop-
ment of drug resistance mechanisms in breast cancer (30) and
prostate cancer (31). P53 is currently one of the most exten-
sively studied genes. Wild-type P53 is a tumor-suppressor
gene, and it is a negative regulatory factor in cell growth
cycles and inhibits tumor development (32). Studies on P53
gene functions in recent years have indicated that P53 and
many factors have mutual regulation functions and can regu-
late and improve the sensitivity of tumor cells to the treatment
of various chemotherapeutic drugs (33). One recent study has
indicated that loss of P53 causes the abnormal expression of
the RNA-binding protein HnRNPAO to eventually result in
the development of drug resistance in various tumor cells to
chemotherapy that can kill them (34). In addition, P53 has
also been confirmed to directly or indirectly participate in the
development of drug resistance mechanisms in many types of
tumors (35).
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The multidrug resistance (MDR) phenomenon refers to the
development of multiple drug resistance in tumor cells after
development of drug resistance to one chemotherapeutic drug.
In other words, tumor cells will develop different levels of
drug resistance to other antitumor drugs that have different
structures or different targets. The MDR of tumor cells is an
important reason causing the ineffectiveness of antitumor
drug treatment. The abnormal expression of MDR and its
expression product, P-glycoprotein, is considered one of the
major reasons for the development of MDR in tumor cells. The
human MDR gene family includes MDR1 and MDR2. MDR1
is associated with drug resistance in various types of malig-
nant tumors, but MDR2 cannot cause tumor cells to develop
drug resistance (36). P-gp is an important expression product
of the MDR gene. P-gp is an adenosine triphosphate (ATP)-
dependent efflux pump, and it has an ATP-binding site. When
tumor cells come into contact with antitumor drugs, lipid-
soluble drugs enter into cells with the concentration gradient.
P-gp binds to drug molecules and connects the molecules to
the ATP-binding site to form a phosphorylated and glycosyl-
ated ATP-binding cassette of drug macromolecules. During
ATP hydrolysis, the released energy pumps drugs that enter
into cells outside cells to decrease the drug concentration in
tumor cells. Therefore, MDR1 expression in the body of tumor
patients is associated with MDR of tumor cells. Exogenous
substances, such as natural hydrophobic antitumor drugs
including anthracyclines, vincristine alkaloids, epipodophyl-
lotoxin, actinomycin D and paclitaxel, are easily pumped out
by MDRI to reduce the drug concentration in cells, decrease
the antitumor cytotoxicity, and promote drug resistance. It has
also been shown that the drug resistance levels of tumor cells,
intracellular drug concentrations, and MDR expression on
the surface of the cell membrane are closely associated (37).
Blockade of MDRI1 using calcium channel blockers signifi-
cantly inhibits the efflux of drugs to increase the aggregation
of drugs in cells, reverse drug resistance of cells, and increase
the sensitivity of tumor cells to chemotherapeutic drugs (38).
The function of miRNAs in drug resistance mechanisms in
tumors is always an important direction in tumor drug resis-
tance studies (39-41).

Hsa-miRNA22 localizes to human chromosome 17. Current
studies on hsa-miRNA22 in tumors have mainly focused on its
regulation in tumor progression (42,43). However, there is no
report on the association of hsa-miRNA-22 with blood tumors
and their drug resistance mechanisms.

This study is the first systematic study to focus on the
critical role of the Snaill nuclear transcription factor in the
development of drug resistance mechanisms to bortezomib in
MM and the first to elucidate the Snaill/MDR1 and Snaill/
hsa-miRNA-22-3p/P53 drug resistance mechanism regula-
tory pathways. The results have extraordinary significance
in the development of highly efficient therapeutic methods in
the clinical treatment of MM using bortezomib. Taking into
consideration the significant association between Snaill and
bortezomib-resistance in MM, we think that understanding
the action mechanism of Snaill in bortezomib-resistance is
critical to the development of the clinical therapy of MM by
using gene therapy combined with bortezomib. Therefore, to
ascertain whether the increase in Snaill expression is directly
associated with the development of bortezomib drug resistance
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mechanisms in MM, we silenced the Snaill gene using a lenti-
viral experimental system in two bortezomib-resistant MM
cell lines, XG-7/Bor and RPMI-8226/Bor. The ICs, values (48
h) of bortezomib in the drug-resistant XG-7/Bor and RPMI-
8226/Bor cell lines decreased from 68.5 nM and 81.2 nM
to 12.1 nM and 9.4 nM, respectively, indicating that Snaill
silencing significantly reversed the drug resistance of MMCs to
bortezomib. We next performed deep mining on transcriptome
data. Combined with association analysis of drug resistance-
related genes, the pathways of Snaill that influenced drug
resistance were investigated. Data analyses showed that Snaill
was associated with the expression of the MDR1 gene and P53
protein, respectively. MDR1 and P53 are functional genes that
are directly associated with drug resistance (44). Therefore,
this study investigated whether the expression of MDR1 and
P53 are directly associated with Snaill and whether they are
in the pathways of drug resistance improvement by Snaill
silencing. The transcription and protein expression levels of
MDRI1 and P53 suggest that the association between Snaill
and MDRI1 was at the transcription level (its mRNA and
protein levels were consistently changed) at that P53 was post-
transcriptionally regulated (its mRNA level was not changed
but the protein content was changed). Since Snaill is a tran-
scription factor, we have a reason to think that Snaill may
regulate MDRI transcription by binding to its promoter, and
may bind to various promoters of miRNAs and thus negatively
regulate P53 expression by stimulating the transcription of this
miRNA, that is, the former is direct regulation, and the latter
is indirect regulation. A series of bioinformatic prediction
data indicated that the MDR1 gene promoter contains a TFBS
of Snaill and that the regulation of P53 expression by Snaill
might be mediated by hsa-miRNA-22-3p. The findings also
suggest that there is a TFBS of Snaill in the promoter region of
the hsa-miRNA-22-3p precursor sequence and that the 3'UTR
region of the P53 gene has a hsa-miRNA-22-3p-binding site
(seed region). Therefore, we hypothesize that inactivation of
the regulation of the Snaill/MDR1 and Snaill/hsa-miRNA-
22-3p/P53 pathways occurs during development of bortezomib
drug resistance mechanisms in MM and that silencing of
Snaill effectively reverses the drug resistance of bortezomib-
resistant MMCs through the inhibition of MDRI1 transcription
and promotion of P53 protein expression. Elucidation of the
above-mentioned drug resistance mechanisms and regulatory
pathways will provide a solid theoretical basis for the treat-
ment of MM by Snaill-based gene intervention combined with
bortezomib.

The development of drug resistance mechanisms results
from the combination of the comprehensive functions of
multiple factors. After confirmation of the leading functional
routes and regulatory pathways, we can start at the upstream
pathways to look for more high-efficient gene targets to
improve the clinical efficacy of bortezomib using gene
intervention methods. The most significant conclusion of this
study is that Snaill gene silencing can effectively increase
the sensitivity of two groups of bortezomib-resistant MMCs
to bortezomib, which provides a theoretical basis for high-
efficient therapy using genes combined with bortezomib to
target MM using Snaill as the gene target. The most evident
feature of this high-efficient therapy is to improve the rapid
development of bortezomib drug resistance mechanisms in
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MMCs to the maximum extent. The reasons for the enhance-
ment of Snaill expression in bortezomib-resistant MMCs
were not further analyzed, but future studies in this direction
are planned. However, that does not affect the significance of
this study at this stage. In addition, this study on hsa-miRNA-
22-3p first demonstrated its association with drug resistance in
tumors. These results suggest that hsa-miRNA-22-3p has the
potential to become a biomarker for screening the bortezomib
drug-resistant population in MM patients, which has impor-
tant significance in the development of drug administration
methods and comprehensive therapy methods for treatment of
MM patients. Therefore, related studies on hsa-miRNA-22-3p
in bortezomib drug resistance is also an important direction
for our future studies.

Overall, this study elucidated the function of Snaill in the
development of bortezomib drug resistance mechanisms in MM,
confirmed the drug resistance regulatory pathways of Snaill/
MDRI and Snaill/hsa-miRNA-22-3p/P53, and preliminarily
established a method to improve the sensitivity of bortezomib-
resistant MMCs to bortezomib treatment by silencing the Snaill
gene. These findings shed light on the development of drug
resistance mechanisms to bortezomib in MM and provide infor-
mation that may increase the clinical efficacy of bortezomib and
improve the poor prognosis of MM patients.
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