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ABSTRACT
Background: Multiple myeloma (MM), which constitutes 1% of all cancers, remains incurable due
to the acquisition of drug resistance. Proteasome inhibitor therapy such as bortezomib (BTZ), one
of the key therapies used to treat MM, is impeded by the occurrence of BTZ resistance. The precise
mechanism underlying this acquired BTZ resistance in MM is not yet well understood. In recent
times, the role of non-coding RNAs, such as microRNAs (miRNAs) and circular RNAs (circRNAs), in
cancer progression and drug resistance has been demonstrated. The present study aimed to iden-
tify differentially expressed miRNAs (DEmiRs), circRNAs, and target genes in BTZ-resistant MM in
silico and in vitro. Methods: DEmiRs were obtained and analyzed from microarray datasets of MM
patients from the Gene Expression Omnibus (GEO) database using GEO2R. Targets of a DEmiR were
detected using mirDIP software. Gene ontology and pathway enrichment analysis of the targets
were executed using the DAVID database. A protein–protein interaction network of targets was
constructed and analyzed using the STRING database and Cytoscape tool. Expression levels of a
DEmiR and an interacting circRNAwere assessed by qRT-PCR. Target gene expression was assessed
by qRT-PCR and western blot. Results: Among the identified DEmiRs, hsa-mir-151a-3p was found
to be upregulated in BTZ-resistantMM. One circRNA, hsa_circ_0000073, that was predicted to inter-
act with hsa-mir-151a-3p using the CircInteractome platform, was downregulated in BTZ-resistant
MM. Among the targets of hsa-mir-151a-3p, p53 was downregulated at both the transcript and
protein levels in BTZ-resistant MM. Conclusions: This study indicates that these molecular players
could be implicated in BTZ-resistant MM.
Key words: Multiple myeloma, Bortezomib resistance, Bioinformatics analysis, miRNA, Circular
RNA, p53

INTRODUCTION
Multiple myeloma (MM), the second most common
form of blood cancer, is an incurable and malig-
nant plasma cell disorder that comprises approxi-
mately 10%–13% of all hematological malignancies1.
In MM, the malignant plasma cells exhibit the com-
mon characteristics of fast clonal proliferation and
production of excessive non-functional monoclonal
immunoglobulin proteins in the bone marrow mi-
croenvironment. These superfluous monoclonal im-
munoglobulins accumulate in the blood and urine
and become the cause of organ dysfunctions and fail-
ure. Although several genetic alterations with pivotal
roles in the initiation, progression, and pathogenesis
ofMMhave been observed in thesemalignant plasma
cells, the cause of the transformation of plasma cells
into malignant cells remains to be understood2. Var-
ious clinical features, including bone lesions, ane-
mia, renal insufficiency, and hypercalcemia, are ob-
served in MM patients3. MM typically evolves from
a pre-malignant condition, monoclonal gammopa-
thy of undetermined clinical significance (MGUS),

that gives rise to smolderingMM and consequentially
leading to symptomatic MM. MGUS is observed in
3% – 5% of the population above 50 years of age4.
Each year, almost 1% of patients with MGUS develop
active MM5. Overall median survival in newly di-
agnosed MM patients is 2.5 – 3 years, which can be
extended to 4–5 years with therapeutic interventions
like proteasome inhibitors6. Only 3% ofMMpatients
survive 10 years after diagnosis2.
Among the proteasome inhibitors, bortezomib (BTZ)
was the first approved to treat MM. It exerts its cy-
totoxic actions by inhibiting the β5 and β1 subunits
of the constitutive proteasome (c20S) and β5i of the
immunoproteasome (i20S) and thus suppressing the
progression of MM7. The development of BTZ resis-
tance substantially impedes the treatment of MM. Al-
though several genetic alterations in molecules such
as the β5 proteasomal subunit, as well as other fac-
tors such as the unfolded protein response, exocyto-
sis of ubiquitinated proteins, and microRNAs (miR-
NAs) and circular RNAs (circRNAs), have been impli-
cated in BTZ resistance, the precise molecular mech-
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anism(s) driving drug resistance remains less clear.
Several recent studies have identified the role of
non-coding RNAs such as miRNAs (miR-520g, miR-
520h, miR-30a-3p) and circRNAs in BTZ resistance
in MM8.
In this study, we aimed to identify novel miRNAs that
might be crucial in the development of BTZ resis-
tance using in silico bioinformatics analysis. Of the
detected miRNAs, the expression of hsa-mir-151a-
3p was assessed in BTZ-resistant MM cells. We
have also identified differential expression of cir-
cRNA, has_circ_0000073, and p53 in BTZ-resistant
cells. This study implicates these molecular players in
BTZ-resistant MM.

METHODS

MicroRNA datasets frommultiplemyeloma
patients

Two miRNA gene expression profiles by microar-
ray (GSE37053 and GSE24371) from MM patients
were acquired from the GEO database (https://www
.ncbi.nlm.nih.gov/geo/)9–11. The dataset GSE37053
was generated in the GPL8227 platform (Agilent-
019118 Human miRNA Microarray 2.0 G4470B) by
performing miRNA profiling of CD138 plasma cells
obtained from 39 MM patients and 18 disease con-
trols. GSE24371 was produced in the GPL10385 plat-
form (microRNA spotted oligo array version 17.0) by
profiling the miRNAs of CD138 plasma cells purified
from 33MMpatients and 9 disease controls. All sam-
ples in these twodatasets are categorized as eitherMM
or control.

Analysis of differentially expressedmiRNAs

Analysis of differentially expressed miRNAs
(DEmiRs) was performed using the GEO2R plat-
form (https://www.ncbi.nlm.nih.gov/geo/geo2r /).
The GEO2R platform analyzed and presented the
DEmiRs between MM patients and disease controls.
In the GSE37053 and GSE24371 datasets, miRNAs
with a |log2fold change (FC)|≥ 0.4 were identified
as significant DEmiRs using limma packages from
the Bioconductor project12. Venn diagrams of the
DEmiRs of GSE37053 and GSE24371 datasets were
drawn using an online tool, Venny 2.1.0 (https://bioi
n fogp.cnb.csic.es/tools /venny /). Common DEmiRs
from these two datasets were selected for further
analysis.

Prediction of miRNA target genes
Target genes of selected common DEmiRs were pre-
dicted and identified using the bioinformatics pre-
diction software miRNA Data Integration Portal
(mirDIP; (http://ophid.utoronto.ca/mirDIP)13. This
software can obtain the data from 26 different
databases for miRNAs to generate robust data on
miRNA target genes.

Analysis of gene ontology and pathway en-
richment
Gene ontology (GO) comprises three classes of data:
biological processes, molecular functions, and cellular
components. GO and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment for prob-
ing the function ofmiRNA target genes were analyzed
using the Database for Annotation Visualization and
Integrated Discovery (DAVID 6.8, https://david.ncif
c rf.gov/tools.jsp) and R software14. Terms with P <
0.05 were considered significantly enriched.

Construction of protein–protein interac-
tion network
To examine the connections among the target genes,
a protein–protein interaction (PPI) network was con-
structed using the Search Tool for the Retrieval of In-
teracting Genes database (STRING version 11.5, http:
//stringdb.org)15. Cytoscape (version 3.7.2) software
was used for the visualization of the PPI network 16.

Prediction of interaction between circular
RNA andmiRNA
Interactions between circRNA and the selected com-
monDEmiR were determined using the web tool Cir-
cular RNA Interactome (CircInteractome, https://c
ircinteractome.nia.nih.gov/)17. This computational
platform is able to predict and map the interaction
sites between circRNA and miRNA.

Cell culture and drug treatment
The human MM cell line RPMI 8226 was procured
from the National Centre for Cell Science, India. The
BTZ-resistant RPMI 8226/PS100 cell line, which is
resistant to 100 nM BTZ and was generated by ex-
posing RPMI 8226 cells to stepwise increasing con-
centrations of BTZ with a starting concentration of
0.2 nM for approximately 15 months, was donated by
Prof. Jacqueline Cloos18. DG75, a non-myeloma B-
lymphoblast cell line, was used as a control. All cells
were cultured in RPMI 1640 (Gibco) media supple-
mented with 10% (v/v) heat-inactivated fetal bovine
serum (Gibco). BTZ-resistant RPMI 8226/PS100 cells
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were cultured and treated with 100 nM BTZ (Natco
Pharma). Cell lines were maintained at 37◦C with 5%
CO2.

RNA extraction and quantitative real-time
PCR
Total RNA was isolated using RNA-XPress reagent
(HiMedia) and the concentration and quality were as-
sessed using a NanoDrop One (Thermo Fisher Sci-
entific). A total of 1.5 µg of total RNA was used
for cDNA synthesis using the iScript cDNA Synthe-
sis Kit (Bio-Rad) according to themanufacturer’s pro-
tocol (5 min at 25◦C, 20 min at 46◦C, and 1 min
at 95◦C). Quantitative RT-PCR was performed us-
ing SYBRGreen reagent (Bio-Rad) in a CFX-Connect
real time system (Bio-Rad). HPRT1 was used as the
endogenous control to normalize the expression of
genes using the 2−∆∆Ct method. All the samples were
run in technical triplicate for 40 cycles of 5 min at
95◦C, 10 sec at 95◦C, 20 sec at 52◦C, and 30 sec at
72◦C.The primer sequences used for quantitative RT-
PCR analysis in this study were as follows:
Stem-loop primer for hsa-mir-151a-3p:
5’- GTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACACTAGA- 3’
hsa-mir-151a-3p forward:
5’-GGATGCTAGACTGAAGCTCCT- 3’
hsa-mir-151a-3p reverse:
5’- CAGTGCGTGTCGTGGAGT- 3’
hsa_circ_0000073 forward:
5’- AGGCCGAAGCTGACAAAAT- 3’
hsa_circ_0000073 reverse:
5’-CAAACCAAGGAATAGCTTCCA- 3’
p53 forward: 5’- CCCCAGCCAAAGAAGAAAC- 3’ 
p53 reverse: 5’- AACATCTCGAAGCGCTCAC- 3’
HPRT1 forward:
5’- GACACTGGCAAAACAATGCAGAC- 3’
HPRT1 reverse:
5’- TGGCTTATATCCAACACTTCGTGG- 3’

Western blot analysis
Cells were harvested and lysed with ice-cold radioim-
munoprecipitation assay buffer [20 mM Tris-HCl
(pH 8.0), 137 mM NaCl, 10% glycerol, 1% Non-
idet P-40, 2 mM EDTA, 200 mM Na3VO4, 100 mM
phenyl-methyl-sulfonyl fluoride, protease inhibitor
cocktail, and phosphatase inhibitor]. Protein concen-
tration was measured using Bradford reagent (Bio-
Rad). Equal amounts of protein were loaded and run
on sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis and electro-transferred onto a nitrocel-
lulose membrane (G-Biosciences). The membrane

was blocked with 5% non-fat dry milk in TBS con-
taining 0.1% Tween 20 (TBST). Primary antibod-
ies against p53 (Santa Cruz) and β -actin (Cell Sig-
naling Technology) were incubated with membranes
at 4◦C overnight. After incubation with primary
antibody, membranes were washed with TBST and
probed with secondary antibodies (anti-mouse and
anti-rabbit conjugated to horseradish peroxidase; Cell
Signaling Technology). The blots were then de-
veloped using enhanced chemiluminescent substrate
(Thermo Fisher Scientific).

Statistical analysis

All values are represented as mean ± SEM, and p-
values < 0.05 were considered statistically significant.
The significance was calculated using a standard Stu-
dent’s t-test, with * p < 0.05, ** p < 0.01, and *** p <
0.001. The gene expression levels were analyzed with
an unpaired two-tailed t-test. All the data were ana-
lyzed using GraphPad Prism software (version 5.01).

RESULTS

Identification of DEmiRs in multiple
myeloma patients

The microarray-based gene expression profiles
GSE37053 and GSE24371 were analyzed to iden-
tify miRNAs that were differentially expressed
between MM patients and disease controls. Data
normalization of these two datasets was performed
to compare the gene expression between MM and
control (Figure 1 a,b). miRNAs with |log2FC| ≥ 0.4
and adjusted p < 0.05 were considered DEmiRs. The
common DEmiRs from these two datasets consisted
of 16 miRNAs. Among these common miRNAs,
9 miRNAs were upregulated and 7 miRNAs were
downregulated (Figure 1 c,d; Table 1).

Expression status of the miRNA hsa-mir-
151a-3p in amultiple myeloma cell line

Among 16 DEmiRs, one miRNA, hsa-mir-151a-3p,
whose role has not yet been examined in MM to
our knowledge, was selected for further investigation.
hsa-mir-151a-3p was found to be upregulated signifi-
cantly in both the datasets of MM patients, GSE37053
and GSE24371. Its expression was assessed in the
RPMI 8226 MM cell line and BTZ-resistant RPMI
8226/PS100 cells, and it was found to be significantly
upregulated in both MM cells and BTZ-resistant MM
cells (Figure 2). Therefore, hsa-mir-151a-3p may
have a role in the pathogenesis of MM as well as in
drug resistance mechanisms.
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Table 1: Common upregulated and downregulatedmiRNAs between two datasets, GSE37053 and GSE24371

Regulation miRNA Symbol

Up-regulated hsa-miR-222, hsa-miR-221, hsa-miR-188-5p, hsa-miR-96, hsa-miR-29c, hsa-miR-148a,
hsa-miR-874, hsa-miR-34c-3p, hsa-miR-151-3p

Down-regulated hsa-miR-142-3p, hsa-miR-26b, hsa-miR-103, hsa-miR-185, hsa-miR-25, hsa-miR-33a,
hsa-miR-107

Figure2: Relative expressionof hsa-mir-151a-3p in controlDG75 cells, RPMI8226MMcells andbortezomib
resistant RPMI 8226/PS100 cells by quantitative real-time PCR. The significance was calculated by unpaired
two-tailed t-test, with * p < 0.05, ** p < 0.01.

Prediction and identification of genes tar-
geted by hsa-mir-151a-3p

Analysis with the mirDIP database detected several
genes that could be targeted by hsa-mir-151a-3p with
very high confidence. A total of 159 genes showing in-
teractions with the miRNAwith very high confidence
(top 1%) were identified and selected for further anal-
ysis (Supplementary File 1).

Gene ontology and pathway enrichment
analysis of target genes

To explore the biological function of target genes of
hsa-mir-151a-3p, GO and KEGG pathway enrich-
ment analysis were performed. The top GO terms
were determined based on the counts of the genes

from the DAVID database (version 6.8). GO analy-
sis revealed that the target genes were enriched in the
biological processes positive regulation of angiogene-
sis, regulation of cell cycle, intracellular signal trans-
duction, apoptotic process, regulation of transcrip-
tion, DNA-templated, and regulation of transcription
from RNA polymerase II promoter (Figure 3 a); the
cellular components extracellular exosome, perinu-
clear region of cytoplasm, cytoplasm, nucleoplasm,
and nucleus (Figure 3 b); and the molecular func-
tions p53 binding, ubiquitin protein ligase binding,
ATPase activity, protein serine/threonine/tyrosine ki-
nase activity, chromatin binding, and mRNA binding
(Figure 3 c). KEGG analysis showed that the most
significantly enriched pathways were the inflamma-
tion mediated by chemokine and cytokine signaling
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Figure 5: Differential expression analysis of hsa_circ_0000073 in MM cells and bortezomib resistant MM
cells. (a) Sequence alignment between hsa_circ_0000073 and hsa-mir-151a-3p shown by CircInteractome soft-
ware. (|): matched nucleotides. (b) Relative expression of has_circ_0000073 in control DG75 cells, RPMI 8226 MM
cells and bortezomib resistant RPMI 8226/PS100 cells by quantitative real-time PCR. The significance was calcu-
lated by unpaired two-tailed t-test, with *** p < 0.001.

Figure6: Differential expressionanalysisofp53 inMMcells andbortezomib resistantMMcells. (a) Sequence
alignment between hsa-mir-151a-3p and 3′-UTR of p53 shown by TargetScan software. (|): matched nucleotides.
(b) Relative expression of p53 mRNA in control DG75 cells, RPMI 8226 MM cells and bortezomib resistant RPMI
8226/PS100 cells by quantitative real-time PCR. (c, d) Relative protein expression of p53 in control DG75 cells,
RPMI 8226 MM cells and bortezomib resistant RPMI 8226/PS100 cells detected by western blot. The significance
was calculated by unpaired two-tailed t-test, with * p < 0.05, ** p < 0.01, and *** p < 0.001.
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pathway, the p53 pathway, the PI3 kinase pathway,
the PDGF signaling pathway, theWnt signaling path-
way, angiogenesis, the insulin/IGF pathway-protein
kinase B signaling cascade, the MAPK cascade, hy-
poxia response via HIF activation, the apoptosis sig-
naling pathway, the interleukin signaling pathway,
the integrin signaling pathway, and the Ras pathway
(Figure 3 d).

Protein–protein interaction network of tar-
get genes
The PPI network of the 159 target genes of hsa-
mir-151a-3p revealed various clusters of target genes
(Figure 4). One prominent cluster was found around
p53, which interacted with AKT3, PTEN, HIF1A,
FOXP1, SMAD2, MAF, AGO2, AGO3, and other
gene products. Therefore, it could be presumed that
p53 is involved in the process of pathogenesis in MM.

Identification of circRNAs interacting with
hsa-mir-151a-3p
Analysis using the CircInteractome database iden-
tified several circRNAs that could potentially in-
teract with hsa-mir-151a-3p. One such circRNA
was hsa_circ_0000073, which could interact with
hsa-mir-151a-3p (Figure 5 a). The expression of
this circRNA was assessed in RPMI 8226 MM
cells and BTZ-resistant RPMI 8226/PS100 MM cells.
hsa_circ_0000073 was found to be significantly
downregulated in BTZ-resistant MM cells (Figure 5
b). Thus, it could be speculated that the downregula-
tion of this circRNA may be one of the causes of the
upregulation of the miRNA hsa-mir-151a-3p in BTZ-
resistant MM and may contribute to drug resistance
in MM.

Expression of p53 in MM and BTZ-resistant
MM cell lines
As p53 was found to be targeted by the miRNA hsa-
mir-151a-3p by mirDIP software and forms a promi-
nent cluster in the PPI network of target genes of hsa-
mir-151a-3p, the expression of p53 was further exam-
ined in RPMI 8226 MM cells as well as BTZ-resistant
MM cells at both the transcript and protein levels.
p53 was found to be significantly downregulated in
both MM cells and BTZ-resistant MM cells at both
the mRNA and protein levels (Figure 6 b,c,d). Thus,
it could be assumed that downregulation of p53might
impart drug resistance in MM.

DISCUSSION
BTZ is used extensively as first-line therapy for many
patients with MM throughout the world. However,

resistance to BTZ therapy is a serious concern and
a huge obstacle in the treatment of MM. Although
several studies have aimed to understand the drug
resistance mechanism in MM in the past few years,
the area still requires active investigation and new
therapeutic interventions. Recently, integrated in sil-
ico bioinformatics analysis has emerged as a crucial
method to examine prognostic targets in cancer19.
Microarray-based gene expression profiles have be-
come an important tool to elucidate the mechanisms
of cancer progression as well as drug resistance, thus
providing essential information for clinical interven-
tion20. Several studies in recent years have shown the
importance of miRNAs in the pathogenesis of, drug
resistance in, and therapeutic applications in MM21.
Therefore, in this study, we used a comprehensive
bioinformatics approach to examine two microarray
datasets, GSE37053 andGSE24371, and identify some
key DEmiRs that might be crucial in the progression
of MM and drug resistance. From these two datasets,
we have detected 16 common DEmiRs, of which 9
miRNAswere upregulated and 7miRNAswere down-
regulated. Of these DEmiRs, mir-221 and mir-222
were among the miRNAs found to be upregulated in
our analysis. Earlier studies have shown their onco-
genic role in MM, and inhibitors of these miRNAs
can attenuate the pathogenesis of MM22. These miR-
NAs were also implicated in resistance to drugs such
as dexamethasone and melphalan in MM23,24. An-
other miRNA, mir-148a, was found to be upregulated
in our analysis, and has previously been shown to play
a role in the proliferation of MM cells by regulating
CDKN1B25. Of the downregulatedmiRNAs detected
in our study, mir-26b has been shown to suppress cel-
lular growth and promote apoptosis by targeting JAG1
in MM26.
To our knowledge, the role of hsa-mir-151a-3p, one
of the DEmiRs identified in our study, in hemato-
logical malignancy has not yet been investigated. It
has been shown to have both oncogenic and tumor
suppressive roles in different solid cancers. In breast
cancer, mir-151-3p exhibits its tumor suppressor role
by repressing invasion and migration of cancer cells
by regulating the expression of TWIST127. On the
other hand, in non-small cell lung cancer (NSCLC),
it acts as an oncomiR by enhancing proliferation, mi-
gration, and partial epithelial-to-mesenchymal tran-
sition of NSCLC cells by targeting E-cadherin28. Ex-
tracellular vesicles containing mir-151a-3p facilitate
liver metastasis and could be a promising biomarker
for diagnosis in gastric cancer29. In our study, we de-
tected the upregulation ofmir-151a-3p inMMpatient
samples by bioinformatics analysis. We also observed
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its overexpression in BTZ-resistant MM cells. Thus,
mir-151a-3p could be considered a potential thera-
peutic target to overcome BTZ resistance inMM. Fur-
ther clinical investigations are required to delineate its
role in drug resistance in MM.
CircRNA has recently been implicated in several
types of cancer, including MM. hsa_circ_0007841
has been shown to confer resistance to BTZ as
well as doxorubicin and might be considered as a
novel potential biomarker in MM30,31. CircRERE
(has_circ_0009581) has been observed to confer re-
sistance to BTZ by regulating CD47 through target-
ing miR-152-3p in MM32. In our analysis using
the CircInteractome database, hsa_circ_0000073 was
found to interact with mir-151a-3p. Earlier studies
have shown the oncogenic role of hsa_circ_0000073
in osteosarcoma; moreover, it imparts methotrex-
ate resistance by targeting mir-151-3p and mir-145-
5p and upregulating NRAS33,34. However, to our
knowledge, its role in hematological malignancies, in-
cludingMM, has not yet been studied. We have found
that this circRNA is downregulated in BTZ-resistant
MM cells; thus, it could be a potential therapeutic
agent in drug-resistant MM. It would be of great in-
terest to determine the role of these molecules (hsa-
mir-151a-3p and hsa_circ_0007841 and p53) in BTZ-
resistant patient samples.
In our study, analysis using the mirDIP database re-
vealed several potential target genes of hsa-mir-151a-
3p. Among these target genes, p53 was observed to
form several clusters in the PPI network of those tar-
get genes. This very crucial tumor suppressor gene has
been found to be mutated in most cancers. In MM,
several p53 alterations, such as deletion, mutation,
epigenetic regulation, regulation by miRNAs, and
post-translational regulation, have been detected35.
However, its potential role in drug-resistant MM re-
mains to be investigated extensively. We have ob-
served significant downregulation of p53 at both the
transcript and protein levels in BTZ-resistant MM
cells, which suggests that it could be a potential ther-
apeutic target in drug-resistant MM.

CONCLUSIONS
In the current study, we used an in silico bioinfor-
matics approach to detect several DEmiRs in MM.
Of them, hsa-mir-151a-3p was detected to be overex-
pressed in BTZ-resistant MM cells and could thus be
a potential therapeutic target in drug-resistant MM.
hsa_circ_0000073 and p53were observed to be down-
regulated in BTZ-resistant MM, and restoring their
expression could serve as a therapeutic strategy in

MM.Our observationsmay improve our understand-
ing of the diagnosis and treatment of BTZ-resistant
MM.
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