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and miR-125b). For the first time, we suggest that miR-
150 might be potential negative regulator for two critical 
cell cycle control genes, RAD54L and CCNA2, whereas 
miR-125b potentially target RAS and CysLT signaling pro-
teins, namely RASGRF2 and CYSLTR2, respectively. This 
study has enhanced our understanding on the pathobiology 
of MM and opens up new avenues for future research in 
myelomagenesis.

Keywords Multiple myeloma · MicroRNA · Microarray · 
MiRNA-mRNA integrative analysis · MiR-150 · MiR-125b

Introduction

Multiple myeloma (MM) is a malignancy of B lympho-
cytes, characterised by clonal expansion of malignant 
plasma cells in the bone marrow and over-production 
of intact monoclonal immunoglobulin of a single type 
(M-protein) (Eslick and Talaulikar 2013). It is the second 
most common haematological malignancy in the world (De 
Mel et al. 2014). Despite central role of genomic changes, 
epigenetic changes such as DNA methylations, histone 
modifications and non-coding RNAs arise as crucial factors 
in the transformation and progression of this malignancy.

microRNAs (miRNAs) are a class of ~20–25 nucleo-
tides small non-coding, double-stranded RNA molecules. 
The mature miRNAs bind to their targets (usually at the 3′ 
untranslated region) and regulate the target gene expres-
sion by translation repression or mRNA degradation (Bi 
and Chng 2014). miRNAs are important in regulating the 
gene expression essential for normal cellular functions, 
aberrant expression of miRNAs has been implicated in 
many human diseases and phenotypic variations includ-
ing MM (Lorio and Crose 2012; Bi and Chng 2014). In 
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cancer, miRNAs function as regulatory molecules that 
can act as either an oncomiR or a tumour suppressor 
(Bi and Chng 2014). Their abnormal expression causes 
tumour formation by disrupting mechanisms that control-
ling apoptosis, angiogenesis, cell proliferation, invasion, 
and other critical signaling pathways (Dimopoulos et al. 
2014).

miRNA expression profiles have been shown to be a 
powerful tool in the identification of novel biomarkers for 
diagnosis, prognosis and treatment of MM. To date, the 
number of miRNA studies in MM is still limited and insuf-
ficient to delineate the actual molecular events underly-
ing the pathogenesis of MM. In this study, global miRNA 
expression profiling was performed to identify potential 
miRNAs in the molecular pathogenesis of MM. Moreo-
ver, miRNA-targets were also examined by integrating 
the miRNA expression profiles with previously performed 
mRNA expression profiles of the matched samples (unpub-
lished data) by databases prediction and inverse correlation 
analysis. This study has enhanced our understanding on the 
pathobiology of MM and opens up new avenues for future 
research in MM.

Materials and methods

Patients

Bone marrow aspirates or blood were collected from 
patients and healthy donors. Nineteen MM samples (MM1-
MM19) and 3 healthy controls were recruited in this study 
(N1, N2 and N3). The age of these patients ranged between 
28 and 74 years with a mean and median age of 57 and 
61, respectively. Seventeen out of 19 patients were newly 
diagnosed MM cases while the remaining 2 were relapsed 
cases. Samples for new cases were collected from the 
patients before treatment. Only patients with plasma cell 
infiltration >10% were included in this study.

Cell lines

Eight myeloma cell lines were used in this study. The 
RPMI-8226, U-266, MM.1S, and IM-9 MM cells were pur-
chased from American Type Culture Collection (ATCC, 
USA). Myeloma cell lines KMS-28-BM, KMS-20, KMS-
12-BM, and KMS-21-BM were obtained from Japanese 
Collection of Research Bioresources (JCRB) cell bank. 
Cells were cultured with RPMI1640 medium (ATCC) sup-
plemented with 10–15% fetal bovine serum (Lonza) in an 
incubator at 37 °C with humidified 5%  CO2. Cells were 
passaged every 3–4 days.

Total RNA extraction

Total RNAs were extracted from samples by using Qia-
gen RNeasy mini kit following manufacturer’s protocol. 
On-column DNase digestion was performed with the 
RNase-free DNase set to eliminate DNA contamination 
during RNA purification (Qiagen DNase I). The quality 
of total RNAs was assessed using RNA Nano Chip in 
Agilent’s 2100 Bioanalyser. The RNA integrity number 
(RIN) was >8.0 for all the samples included in this study. 
The purity of the RNA samples (A260 nm/ A280 nm) 
was within the range of 1.80–2.10 as measured by Nan-
oDrop ND-1000 UV–VIS spectrophotometer.

miRNA microarray assay

Briefly, 100 ng of total RNAs were labeled using Agilent 
miRNA Complete Labeling and Hyb Kit (Agilent Tech-
nologies) following manufacturer’s standard processing 
recommendations. Labeled RNAs were purified with 
MicroBioSpin 6 Column (Bio-Rad) to wash off unincor-
porated dyes. Purified labeled RNAs were dried in a vac-
uum concentrator at low heat. Pellet containing labeled 
miRNAs were resuspended in hybridisation cocktails 
and hybridised to SurePrint Human miRNA Microarray, 
release 19.0, 8 × 60 K (Agilent Technologies), which con-
tained probes for 2006 human miRNAs for 20 h at 55 °C 
with rotation. After incubation, microarray slide was 
washed and scanned with Agilent array scanner G2505C. 
Image was then analysed with Agilent Feature Extraction 
Software Version 10.7.3.1.

Arrays that passed QC criteria were proceeded for fur-
ther analysis. All the miRNA profiles were analysed by 
GeneSpring software version 13.0. All the miRNA data 
were thresholded to 1 and normalised to 75th percen-
tile. The entities were then filtered where at least 1 sam-
ple out of 30 samples have ‘present’ flag. Differentially 
expressed miRNAs in MM samples compared to the 
controls were determined by unpaired unequal variance 
t test. The Benjamin Hochberg false discovery rate mul-
tiple testing correction was applied. Entities were filtered 
at p-value cut-off 0.05 and fold change ≥2.0.

miRNA-target prediction and inverse correlation 
analysis

Identification of miRNA-targets was carried out by inte-
grating the miRNA expression profiles with previously 
performed mRNA expression profiles of the matched 
samples (unpublished data) using GeneSpring soft-
ware version 13.0. Putative target genes of differentially 
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expressed miRNAs were predicted by TargetScan at 
p < 0.05.

Quantitative reverse transcription-PCR (RT-qPCR)

Due to limitation of samples, RT-qPCR was performed to 
verify the expression of 2 differentially expressed miR-
NAs (miR-150-5p and miR-4430). The cDNA synthesis 
was carried out using miScript Reverse Transcription Kit 
(Qiagen) in a final volume of 20 µl containing 1× miScript 
HiSpec Buffer, 1× miScript Nucleic Mix, miScript Reverse 
Transcriptase Mix and 500  ng of RNA template accord-
ing to manufacturer’s instructions. miRNA specific prim-
ers, which were miR-150-5p (Cat. No.: HmiRQP0210) and 
miR-4430 (Cat. No.: HmiRQP2054) and internal control 
miRNA, RNU6 (Cat. No.: HmiRQP9001) were purchased 
from GeneCopoeia (USA). Quantification of miRNA 
expression levels were performed by using miScript SYBR 
Green PCR Kit (Qiagen) in Rotor-Gene Q 2-Plex (Qiagen, 
Hilden, Germany) according to manufacturer’s protocols.

The expression levels of the miRNAs were verified in 
20–25  MM samples depending on the availability of the 
samples. Two normal controls were used in each assay. All 
the RT-qPCR reactions were carried out in duplicates. The 
Ct values were normalised against internal controls and the 
fold difference of expression levels were calculated through 
relative quantification using 2−ΔΔCt method. The signifi-
cance level of MM and control groups was determined by 
student’s t-test.

Data availability

The miRNA microarray data generated in this study are 
available in the NCBI Gene Expression Omnibus (GEO) as 
series accession identifier GSE73048.

Results

Differentially expressed miRNAs in MM

A total of 1799 miRNAs were differentially expressed by 
≥2.0 fold change in MM samples compared to controls 
at p < 0.05. Out of 1799 miRNAs, 1791 and 8 miRNAs 
were over-expressed and under-expressed, respectively 
in MM. The miRNAs were more frequently up-regulated 
rather than down-regulated in MM, which is consist-
ent with microarray findings reported by Yusnita et  al. 
(2012), Zhou et  al. (2010) and Chi et  al. (2011). The 8 
under-expressed miRNAs were identified as miR-342-5p 
(−9.18), miR-151a-3p (−5.40), miR-361-3p (−4.30), 
miR-4298 (−3.88), miR-150-5p (−3.52), miR-199a-5p 
(−3.48), miR-374a-5p (−2.96) and miR-342-3p (−2.86). 

The top 100 significantly up-regulated miRNAs were 
listed in Online Resource 1. Only the top 100 dysregu-
lated miRNAs were discussed in this study.

Prediction of miRNA-targets in MM

Integrative analysis of significant differentially expressed 
miRNAs and mRNAs revealed 11 significantly expressed 
targeted genes (p < 0.05). They were PCOLCE2, ASPM, 
CKAP2L, CCNA2, SHCBP1, RAD54L, NUF22, CTN-
NAL1, HKDC1, CYSLTR2, and RASGRF2. When we 
associated the 11 targeted genes with the top 100 most 
significant dysregulated miRNAs, 5 putative target genes 
and 15 anti-correlated miRNAs were identified (Table 1). 
Theoretically, miRNAs are negative regulators for gene 
expression, the expression of a target mRNA is expected 
to be anti-correlated with miRNA expression (Lionetti 
et al. 2009). Therefore, only negative correlated miRNA-
mRNA targets were discussed in this study.

Verification of microarray results by RT-qPCR

Both miRNAs (miRNA-150-5p and miR-4430) were 
expressed at similar patterns as detected in microarray 
(p < 0.001) (Fig. 1).

Table 1  Significant negatively correlated miRNAs-mRNA expres-
sion networks identified in this study (p < 0.05)

Gene (fold change) miRNA (fold change)

RAD54L (17.00) miR-150-5p (−3.52)
CCNA2 (19.69) miR-150-5p (−3.52)

miR-374a-5p (−2.96)
CYSLTR2 (−7.35) miR-125b-5p (21.91)

miR-4698 (9.84)
miR-1290 (17.32)
miR-1183 (8.20)
miR-9-5p (8.07)
miR-4433-3p (7.90)
miR-33a-5p (7.90)
miR-4734 (7.89)

HKDC1 (−9.53) miR-1290 (17.32)
miR-4698 (9.84)
miR-4430 (9.34)
miR-328 (8.22)
miR-4763-5P (7.97)

RASGRF2 (−5.52) miR-125b-5p (8.22)
miR-9-5p (8.07)
mir-211-5p (7.91)
miR-370 (7.90)
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Discussion

miRNA expression profiling

Previous studied showed that miRNA biogenesis in B cell 
malignancies are different with T cell malignancies in a 
way that the B-cell malignancies are more likely associated 
with a global increase in miRNA expression whereas T-cell 
malignancies with decrease in overall miRNA expression 
(Lawrie et al. 2008, 2009a, b; Zhang et al. 2009; Zhou et al. 
2010). This is also true in our case. The vast majority of 
differentially expressed miRNAs identified in this study 
were over-expressed in MM compared to the controls. 
Several aberrant miRNAs, which play critical roles in sur-
vival, proliferation, migration, invasion and drug resistance 
in MM were revealed. A more detail summary of aberrant 
miRNAs and their function, target and clinical relevance in 
oncogenesis are listed in Table 2.

Two important miRNAs involved in the IL6/STAT3 
pathway were over-expressed in MM compared to the con-
trols. They were miR-21 and miR-20a. The up-regulation 
of miR-21 is shown to facilitate the activation of IL6-
JAK-STAT pathway and STAT3, which is a major media-
tor of growth, proliferation and survival of myeloma cells 
conferred by bone marrow microenvironment. The IL6/
STAT3 activation enhances myeloma cell survival through 

the activation of anti-apoptotic genes, Mcl-1, Bcl-XL and 
c-Myc oncogene (Manier et al. 2012). It suggests that aber-
ration in miR-21 contributes in the early onset of MM (Chi 
et al. 2011). Apart from that, miR-20a is a member of the 
miR-17-92 cluster—one of the well characterised class of 
oncogenic miRNAs. Its over-expression in MM is shown 
to inactivate apoptotic genes, BIM and SOCS-1, a negative 
regulator of IL-6/STAT3 pathway (Pichiorri et al. 2008).

Deletion/ mutation of p53 gene play an important role 
in the oncogenesis of MM. The p53 gene is deleted in only 
5–10% of newly diagnosed MM cases but 40% of advanced 
MM (Gozzetti et  al. 2014). The incidence of deletion/ 
mutation of p53 increases as the stage of disease advances 
suggesting its critical role in disease progression (Gozzetti 
et al. 2014). Therefore, p53 abnormality is associated with 
poor prognosis and lower survival rate in MM (Drach et al. 
1998; Chng et al. 2007; Lodé et al. 2010). Apart from that, 
patient with p53 abnormality has decreased sensitivity to 
standard therapy (Teoh and Chng 2014). Under normal 
condition, p53 is expressed at low amount due to its con-
tinuous degradation by its negative regulator MDM2 (Her-
rero et al. 2016). The MDM2 is over-expressed in response 
to a variety of stress such as DNA damage, ribonucleotide 
depletion, nutritional starvation, hypoxia, and oncogene 
activation (Liu et al. 2014). Under stress condition, p53 is 
stabilised through interruption of the MDM2-p53 interac-
tion by mechanisms such as phosphorylation, acetylation, 
redistribution of protein complexes and modifications in 
the subcellular localisation, which resulted in p53 path-
way activation (Feng and Levine 2010; Vousden and Prives 
2009). Activation of p53 pathway mediated tumour sup-
pressive mechanisms in its downstream signaling. The loss 
of p53 protein turning off the activity of p53 networks, 
and resulted in suppression of cell cycle arrest genes (p21, 
GADD45A and 14-3-3σ), apoptosis genes (Bax, PUMA, 
Noxa and Bid) and senescence (p21) (Sax et  al. 2002; 
Herrero et  al. 2016). Loss of p53 function also promotes 
angiogenesis (TSP1 and maspin) (Herrero et  al. 2016). 
Besides that, p53 disruption also affects cell metabolism, 
autophagy, necrosis, anti-oxidant defense and microRNA 
expression (Hager and Gu 2014; Liu et  al. 2014). Alto-
gether, they facilitate the proliferation and pro-longed sur-
vival of MM cells. The miR-125b, miR-194 and miR-215 
are potential therapeutic targets in MM, which are related 
to p53 pathway (Pichiorri et al. 2010). These miRNAs are 
transcriptionally activated by p53 and able to form positive 
feedback loop with p53 to help to activate the gene under 
stress condition (Bi and Chng 2014). The miR-125b, miR-
194 and miR-215 also capable of inhibit cancer cell pro-
liferation through promoting the p53-mediated apoptosis, 
cell cycle arrest and senescence (Zhang et al. 2015). These 
miRNAs are commonly down-regulated in MM (Pichiorri 
et  al. 2010). However, instead of under-expressed, they 

Fig. 1  Verification of miRNA expression by RT-qPCR. The miR-
150-5p and miR-4430 were down-regulated and up-regulated, respec-
tively in MM compared to the controls. Importantly, the fold changes 
cannot directly compared between assays due to differences in calcu-
lation methods, but the general trend of up-regulation and down-regu-
lation can be compared. Error bars represent the standard deviation of 
the mean (SD). *p < 0.001; **p < 0.05
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were over-expressed in this study. This could be explained 
by the complexity of regulations and functions of miRNAs 
in cancers. Research found that a single miRNA can act 
as oncomir or tumour suppressor simultaneously (Li et al. 
2012). For example, miR-196b can target either tumour 
suppressor, FAS or oncogene, HOXA9/MEIS1 in leukae-
mia (Li et al. 2012). When miR-196b was over-expressed in 
leukaemia cells, it represses the function of FAS and at the 
same time promotes cell proliferation and inhibits apopto-
sis via increases expression of HOXA9/MEIS1. Apart from 
that, miRNAs regulate gene expression at the post-tran-
scriptional level and at the same time their expression are 
regulated by transcription factors (Wang et al. 2010). More-
over, other studied showed that the expression of miRNAs 
is not only regulated at transcriptional level but also at the 
post-transcriptional level during the downstream processing 

stages (Siomi and Siomi 2010). All of these findings imply 
that the expression of the miRNA in oncogenesis is varied 
depending on the potential influences of the different bio-
logical and cellular contexts (Nam et al. 2014).

miRNA-target prediction

The miRNA-mRNA enrichment analysis revealed that 
CCNA2, CYSLTR2, RASGRF2 and HKDC1 were targeted 
by more than one miRNAs (except for RAD54L) (Table 1). 
Out of 15 putative miRNAs identified in this study, only a 
few of them are concomitant with cancers. They are miR-
150, miR-125b, miR-33a, miR-9 and miR-211. Interest-
ingly, miR-150 and miR-125b are closely related to B 
cell differentiation and therefore highlighted their criti-
cal roles in myelomagenesis. The c-Myb, Mucin 4, TAMs 

Table 2  Aberrant miRNAs and their function, target and clinical relevance in oncogenesis

miRNA Fold change Function/target/clinical relevance

miR-125b 21.9 Association with B cell maturation Malumbres et al. (2009)
High expression resulted in down-regulation of IRF4 and Blimp1 Gururajan et al. (2010)
Reduction of cell death in dexamethasone induced MM Murray et al. (2013)
Transcriptional target of p53 Pichiorri et al. (2010), Huang et al. (2012) and Zhang et al. (2015)

miR-148a 19.2 Up-regulation in plasma cells of MM and association with shorter progression free survival Huang et al. (2012)
miR-196b 12.5 Down-regulation increased CCND2 expression and induced cell cycle at G1 to S phase Saki et al. (2014)
miR-21 10.9 Induction by IL-6/STAT3 pathway upon adherence of bone marrow cells and bone marrow stromal cells Löffler et al. 

(2007)
Over-expression inhibited apoptosis and increased drug resistance Wang et al. (2011)
Association with early pathogenesis of MM Pichiorri et al. (2008)

miR-20a 9.2 Up-regulation by c-MYC over-expression Zhou et al. (2010)
Aberration was associated with down-regulation of pro-apoptotic genes, BIM and SOC-1 Anderson and Carrasco 

(2011)
Up-regulation in plasma cells of MM and correlation with shorter progression free survival Chen et al. (2011) and 

Gao et al. (2012). Association with CCND2 over-expression and promotion of cell cycle at G1 to S phase Saki 
et al. (2014)

miR-194-5p
miR-215

8.4 Inhibition in cell migration and invasion by targeting
IGF1 and IGF1R
Direct transcriptional target of p53 Pichiorri et al. (2010) and Zhang et al. (2015)
Down-regulation was associated with promoter hypermethylation, which would impair the p53/MDM2 loop and 

promotion of MM development Pichiorri et al. (2010)
miR-330-3p 7.9 Over-expression in aggressive MM and association with shorter overall survival rate Lionetti et al. (2013)
miR-214 7.9 Down-regulation was caused by DNA methylation and resulted in inhibition of myeloma cell proliferation Gutiérrez 

et al. (2010)
Target PSMD10 and ASF1B Saki et al. (2014)

miR-150-5p −3.5 Control B cell differentiation by targeting c-Myb Xiao et al. (2007) and Fernando et al. (2012)
Promote cell growth, invasion and metastasis via interaction with Mucin 4 Grammatikakis et al. (2013)
Potential target of survivin Undi et al. (2013)
Target tumour associated macrophages (TAMs) to induce VEGF production and tumour growth via angiogenesis Liu 

et al. (2013)
Potential therapeutic target in MM Palagani et al. (2014)

miR-361-3p −4.3 Association with t(11;14) translocation
Target PPP2R4, the activation of IL-6 signaling and resulted in increased cell growth and survival Lionetti et al. 

(2009)
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and survivin/BIRC5 are a few potential targets of miR-150 
(Xiao et  al. 2007; Fernando et  al. 2012; Grammatikakis 
et al. 2013; Liu et al. 2013; Undi et al. 2013). So far, there 
is no evidence showing the biological relationship between 
miR-150 and RAD54L or CCNA2. For the first time, our 
findings exhibited the possible roles of miR-150 in regulat-
ing two important cell cycle associated genes, RAD54L and 
CCNA2. The RAD54L is involved in DNA double strand 
break repair and chromatin remodeling in G1/ S-transition 
via homologous recombination (Mjelle et  al. 2015). Its 
misrepaired would cause various mutations, deletions and 
oncogenic translocations in human cells (Agarwal et  al. 
2011; Mjelle et al. 2015). Elevated expression of RAD54L 
was identified in colon and breast cancer, lymphoma and 
meningioma (Leone et al. 2003). We revealed for the first 
time that RAD54L was over-expressed in MM and its aber-
rant expression might be caused by down-regulation of 
miR-150. Another putative target of miR-150, the CCNA2 
gene is a well-established cell cycle control gene, which is 
a genetic marker for prognostic and outcome prediction in 
MM and other cancers (García-Escudero et al. 2010).

Aberrant expression of miR-125b was implicated in vari-
ous cancers such as colon, prostate, and lymphoma (Jacinto 
et al. 2007; Mahapatra et al. 2012). The IRF4, Blimp1 and 
p53 were identified as its possible targets (Table  2). Our 
integrative analysis of miRNA-mRNA expression data 
predicted new potential targets of miR-125b, namely RAS-
GRF2 and CYSLTR2. Low expression of RASGRF2 has 
been described in lymphoma, lung cancer, cancer cell lines 
and primary tumour but not in MM (Chen et al. 2006). The 
RASGRF2 is a RAS signaling protein involved in regulat-
ing conversion of active or inactive forms of RAS protein 
(Chen et al. 2006). RAS protein is an important component 
in signal transduction pathway as it activates intracellular 
pathways that affect the biological processes related to cell 
proliferation, survival, and motility (Agarwal et al. 2011). 
We suggests that disruption of normal signaling pathways 
through under-expression of RASGRF2 might facilitate 
cancerous cell growth and invasion. Besides RASGRF2, 
CYSLTR2 is another potential target of miR-125b identified 
in this study. The role of CYSLTR2 in myelomagenesis is 
still unknown although its dysregulation has been shown to 
facilitate cell proliferation and migration of colon cancer 
cells via CysLT signaling (Bengtsson et al. 2013).

Other potential miRNAs such as dysregulation of miR-
33a, miR-9 and miR-211 have never been reported in asso-
ciation with MM transformation and disease progression. 
However, they have been shown to play crucial roles in 
other cancers such as breast, ovarian, melanoma, and glio-
blastoma (Ibrahim et al. 2011; Blandino et al. 2012; Wang 
et al. 2013; Xia et al. 2015).

This study has limitation due to the used of small sam-
ple size. In addition, CD138+ plasma cells enrichment was 

not performed due to the limited capacity of bone mar-
row samples received from the patients. Our future study 
aims to confirm the microarray findings with larger sam-
ple size, possibly with CD138+ purified plasma cells from 
the patients. Besides that, the miRNA-targets identified 
in this study is predicted based on the integrative analysis 
of miRNA and mRNA expression profiles of the matched 
samples, the biological relevance of the miRNA-targets 
need to be further verified by using dual-luciferase reporter 
assay system.

Conclusions

Our present study revealed potential miRNAs and miRNA-
target underlying the molecular pathogenesis of MM. One 
of the most significant findings are the identification of new 
possible targets for two B cell related miRNAs, miR-150 
and miR-125b. Our findings predicted that miR-150 might 
be negative regulator for two critical cell cycle control 
genes, RAD54L and CCNA2, whereas miR-125b poten-
tially target RAS and CysLT signaling proteins, namely 
RASGRF2 and CYSLTR2. The miRNA and miRNA-tar-
get identified in this study might be important therapeutic 
markers in MM, which is worthy for further investigation.

Acknowledgements This study was supported by research fund-
ing from the Ministry of Health, Malaysia (JPP-IMR: 12-035). The 
authors would also like to thank the Director General of Health, 
Malaysia for his permission to publish the research findings and the 
Director of the Institute for Medical Research for support in the writ-
ing of this paper.

Compliance with Ethical Standards 

Conflict of interest The authors declare that they have no conflict 
of interest.

Ethical approval This study had been approved by the Medical 
Research & Ethics Committee (MREC), Ministry of Health, Malay-
sia. Informed consent was obtained from all individual participants 
included in the study.

Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.

References

Agarwal S, van Cappellen WA, Guénolé A, Eppink B, Linsen 
SE, Meijering E, Houtsmuller A, Kanaar R, Essers J (2011) 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


539Genes Genom (2017) 39:533–540 

1 3

ATP-dependent and independent functions of Rad54 in genome 
maintenance. J Cell Biol 192:735–750

Anderson KC, Carrasco RD (2011) Pathogenesis of myeloma. Annu 
Rev Pathol 6:249–274

Bengtsson AM, Jönsson G, Magnusson C, Salim T, Axelsson C, Sjö-
lander A (2013) The cysteinyl leukotriene 2 receptor contributes 
to all-trans retinoic acid-induced differentiation of colon cancer 
cells. BMC Cancer 13:336

Bi C, Chng WJ (2014) MicroRNA: important player in the pathobiol-
ogy of multiple myeloma. Biomed Res Int 2014:521586.

Blandino G, Valerio M, Cioce M, Mori F, Casadei L, Pulito C, Sac-
coni A, Biagioni F, Cortese G, Galanti S et al (2012) Metformin 
elicits anticancer effects through the sequential modulation of 
DICER and c-MYC. Nat Commun 3:865

Chen H, Suzuki M, Nakamura Y, Ohira M, Ando S, Iida T, Nakajima 
T, Nakagawara A, Kimura H (2006) Aberrant methylation of 
RASGRF2 and RASSF1A in human non-small cell lung cancer. 
Oncol Rep 15:1281–1285

Chen L, Li C, Zhang R, Gao X, Qu X, Zhao M, Qiao C, Xu J, Li J 
(2011) miR-17-92 cluster microRNAs confers tumorigenicity in 
multiple myeloma. Cancer Lett 309:62–70

Chi J, Ballabio E, Chen XH, Kušec R, Taylor S, Hay D, Tramonti D, 
Saunders NJ, Littlewood T, Pezzella F et  al (2011) MicroRNA 
expression in multiple myeloma is associated with genetic sub-
type, isotype and survival. Biol Direct 6:23

Chng WJ, Price-Troska T, Gonzalez-Paz N, van Wier S, Jacobus S, 
Blood E, Henderson K, Oken M, van Ness B, Greipp P et  al 
(2007) Clinical significance of TP53 mutation in myeloma. Leu-
kemia 21:582–584

De Mel S, Lim SH, Tung ML, Chng WJ (2014) Implications of het-
erogeneity in multiple myeloma. Biomed Res Int 2014:232546.

Dimopoulos K, Gimsing P, Grønbaek K (2014) The role of epigenet-
ics in the biology of multiple myeloma. Blood Cancer J 2:e207

Drach J, Ackermann J, Fritz E, Krömer E, Schuster R, Gisslinger H, 
DeSantis M, Zojer N, Fiegl M, Roka S et al (1998) Presence of 
a p53 gene deletion in patients with multiple myeloma predicts 
for short survival after conventional-dose chemotherapy. Blood 
92:802–809

Eslick R, Talaulikar D (2013) Multiple myeloma: from diagnosis to 
treatment. Aust Fam Physician 42:684–688

Feng Z, Levine AJ (2010) The regulation of energy metabolism and 
the IGF-1/mTOR pathways by the p53 protein. Trends Cell Biol 
20:427–434

Fernando TR, Rodriguez-Malave NI, Rao DS (2012) MicroRNAs in 
B cell development and malignancy. J Hematol Oncol 5:7

Gao X, Zhang R, Qu X, Zhao M, Zhang S, Wu H, Jianyong L, Chen 
L (2012) MiR-15a, miR-16-1 and miR-17-92 cluster expression 
are linked to poor prognosis in multiple myeloma. Leuk Res 
36:1505–1509

García-Escudero R, Martínez-Cruz AB, Santos M, Lorz C, Segrelles 
C, Garaulet G, Saiz-Ladera C, Costa C, Buitrago-Pérez A, Due-
ñas M et al (2010) Gene expression profiling of mouse p53-defi-
cient epidermal carcinoma defines molecular determinants of 
human cancer malignancy. Mol Cancer 9:193

Gozzetti A, Frasconi A, Crupi R (2014) Molecular cytogenetics of 
multiple myeloma. Austin J Cancer Clin Res 1:1020

Grammatikakis I, Gorospe M, Abdelmohsen K (2013) Modulation 
of cancer traits by tumor suppressor microRNAs. Int J Mol Sci 
14:1822–1842

Gururajan M, Haga CL, Das S, Leu C, Hodson D, Josson S, Turner 
M, Cooper MD (2010) MicroRNA 125b inhibition of B cell dif-
ferentiation in germinal centers. Int Immunol 22:583–592

Gutiérrez NC, Sarasquete ME, Misiewicz-Krzeminska I, Delgado 
M, De Las Rivas J, Ticona FV, Fermiñán E, Martin-Jiménez P, 
Chillón C, Risueño A et  al (2010) Deregulation of microRNA 

expression in the different genetic subtypes of multiple myeloma 
and correlation with gene expression profiling. Leuk 24:629–637

Hager KM, Gu W (2014) Understanding the non-canonical pathways 
involved in p53-mediated tumor suppression. Carcinogenesis 
35:740–746

Herrero AB, Rojas EA, Misiewicz-Krzeminska I, Krzeminski P, 
Gutiérrez NC (2016) Molecular mechanisms of p53 deregula-
tion in cancer: an overview in multiple myeloma. Int J Mol Sci 
17:2003

Huang JJ, Yu J, Li JY, Liu YT, Zhang RQ (2012) Circulating micro-
RNA expression is associated with genetic subtype and survival 
of multiple myeloma. Med Oncol 29:2402–2408

Ibrahim AF, Weirauch U, Thomas M, Grünweller A, Hartmann RK, 
Aigner A (2011) MicroRNA replacement therapy for miR-145 
and miR-33a is efficacious in a model of colon carcinoma. Can-
cer Res 71:5214–5224

Jacinto FV, Ballestar E, Ropero S, Esteller M (2007) Discovery of 
epigenetically silenced genes by methylated DNA immunopre-
cipitation in colon cancer cells. Cancer Res 67:11481–11486

Lawrie CH, Saunders NJ, Soneji S, Palazzo S, Dunlop HM, Cooper 
CD, Brown PJ, Troussard X, Mossafa H, Enver T et  al (2008) 
MicroRNA expression in lymphocyte development and malig-
nancy. Leuk 22:1440–1446

Lawrie CH, Chi J, Taylor S, Tramonti D, Ballabio E, Palazzo S, Saun-
ders NJ, Pezzella F, Boultwood J, Wainscoat JS et  al (2009a) 
Expression of microRNAs in diffuse large B cell lymphoma is 
associated with immunophenotype, survival and transformation 
from follicular lymphoma. J Cell Mol Med 13:1248–1260

Lawrie CH, Cooper CD, Ballabio E, Chi J, Tramonti D, Hatton CS 
(2009b) Aberrant expression of microRNA biosynthetic pathway 
components is a common feature of haematological malignancy. 
Br J Haematol 145:545–548

Leone PE, Mendiola M, Alonso J, Paz-y-Miño C, Pestaña A (2003) 
Implications of a RAD54L polymorphism (2290C/T) in human 
meningiomas as a risk factor and/or a genetic marker. BMC Can-
cer 3:6

Li Z, Huang H, Chen P, He M, Li Y, Arnovitz S, Jiang X, He C, Hyjek 
E, Zhang J et al (2012) mir-196b directly targets both HOXA9/
MEIS1 oncogenes and FAS tumour suppressor in MLL-rear-
ranged leukaemia. Nat Commun 3:688

Lionetti M, Biasiolo M, Agnelli L, Todoerti K, Mosca L, Fabris S, 
Sales G, Deliliers GL, Bicciato S, Lombardi L et al (2009) Iden-
tification of microRNA expression patterns and definition of 
a microRNA/mRNA regulatory network in distinct molecular 
groups of multiple myeloma. Blood 114:e20–e26

Lionetti M, Musto P, Di Martino MT, Fabris S, Agnelli L, Todo-
erti K, Tuana G, Mosca L, Gallo Cantafio ME, Grieco V et  al 
(2013) Biological and clinical relevance of miRNA expression 
signatures in primary plasma cell leukemia. Clin Cancer Res 
19:3130–3142

Liu Y, Zhao Li, Li D, Yin Y, Zhang CY, Li J, Zhang Y (2013) 
Microvesicle-delivery miR-150 promotes tumorigenesis by up-
regulating VEGF, and the neutralization of miR-150 attenuate 
tumor development. Prot. Cell 4:932–941

Liu J, Zhang C, Feng Z (2014) Tumor suppressor p53 and its gain-of-
function mutants in cancer. Acta Biochim Biophys Sin (Shang-
hai) 46:170–179

Lodé L, Eveillard M, Trichet V, Soussi T, Wuillème S, Richebourg S, 
Magrangeas F, Ifrah N, Campion L, Traullè C et al (2010) Muta-
tions in TP53 are exclusively associated with del(17p) in multi-
ple myeloma. Haematologica 95:1973–1976

Löffler D, Brocke-Heidrich K, Pfeifer G, Stocsits C, Hackermül-
ler J, Kretzschmar AK, Buger R, Gramatzki M, Blumert C, 
Bauer K et  al (2007) Interleukin-6 dependent survival of mul-
tiple myeloma cells involves the Stat3-mediated induction of 



540 Genes Genom (2017) 39:533–540

1 3

microRNA-21 through a highly conserved enhancer. Blood 
110:1330–1333

Lorio MV, Crose CM (2012) MicroRNAs dysregulation in cancer: 
diagnostics, monitoring and therapeutics. A comprehensive 
review. EMBO Mol Med 4:143–159

Mahapatra S, Klee EW, Young CY, Sun Z, Jimenez RE, Klee GG, 
Tindall DJ, Donkena KV (2012) Global methylation profiling for 
risk prediction of prostate cancer. Clin Cancer Res 18:2882–2895

Malumbres R, Sarosiek KA, Cubedo E, Ruiz JW, Jiang X, Gascoyne 
RD, Tibshirani R, Lossos IS (2009) Differentiation stage-specific 
expression of microRNAs in B lymphocytes and diffuse large 
B-cell lymphomas. Blood 113:3754–3764

Manier S, Sacco A, Leleu X, Ghobrial IM, Roccaro AM (2012) Bone 
marrow microenvironment in multiple myeloma progression. J 
Biomed Biotechnol 2012:157496

Mjelle R, Hegre SA, Aas PA, Slupphaug G, Drabløs F, Saetrom P, 
Krokan HE (2015) Cell cycle regulation of human DNA repair 
and chromatin remodelling genes. DNA Repair (Amst) 30:53–67

Murray MY, Rushworth SA, Zaitseva L, Bowles KM, Macewan DJ 
(2013) Attenuation of dexamethasone-induced cell death in mul-
tiple myeloma is mediated by miR-125b expression. Cell Cycle 
12:2144–2153

Nam JW, Rissland OS, Koppstein D, Abreu-Goodger C, Jan CH, 
Agarwal V, Yildirim MA, Rodriguez A, Bartel DP (2014) Global 
analyses of the effect of different cellular contexts on microRNA 
targeting. Mol Cell 53:1031–1043

Palagani A, Op de Beeck K, Naulaerts S, Diddens J, Sekhar Chiru-
mamilla C, Van Camp G, Laukens K, Heyninck K, Gerlo S, 
Mestdagh P et al (2014) Ectopic microRNA-150-5p transcription 
sensitizes glucocorticoid therapy response in MM1S multiple 
myeloma cells but fails to overcome hormone therapy resistance 
in MM1R cells. PLoS One 9:e113842

Pichiorri F, Suh SS, Ladetto M, Kuehl M, Palumbo T, Drandi D, Tac-
cioli C, Zanesi N, Alder H, Hagan JP et al (2008) MicroRNAs 
regulate critical genes associated with multiple myeloma patho-
genesis. PNAS 105:12885–12890

Pichiorri F, Suh SS, Rocci A, De Luca L, Taccioli C, Santhanam 
R, Zhou W, Benson DM, Hofmainster C, Alder H et  al (2010) 
Downregulation of p53-inducible microRNAs 192, 194, and 215 
impairs the p53/MDM2 autoregulatory loop in multiple mye-
loma development. Cancer Cell 18:367–381

Saki N, Abroun S, Hajizamani S, Rahim F, Shahjahani M (2014) 
Association of chromosomal translocation and miRNA expres-
sion with the pathogenesis of multiple myeloma. Cell J 
16:99–110.

Sax JK, Fei P, Murphy ME, Bernhard E, Korsmeyer SJ, El-Deiry WS 
(2002) BID regulation by p53 contributes to chemosensitivity. 
Nat Cell Biol 4:842–849

Siomi H, Siomi MC (2010) Posttranscriptional regulation of micro-
RNA biogenesis in animals. Mol Cell 38:323–332

Teoh PJ, Chng WJ (2014) p53 abnormalities and potential therapeutic 
targeting in multiple myeloma. BioMed Res Int 2014, Article ID 
717919.

Undi RB, Kandi R, Gutti RK (2013) MicroRNA as Haematopoiesis 
regulators. Adv Hematol 2013:695754.

Vousden KH, Prives C (2009) Blinded by the light: the growing com-
plexity of p53. Cell 137:413–431

Wang J, Lu M, Qiu C, Cui Q (2010) TransmiR: a transcription 
factor: microRNA regulation database. Nucleic Acids Res 
38:D119–D122

Wang X, Li C, Ju S, Wang Y, Wang H, Zhong R (2011) Myeloma cell 
adhesion to bone marrow stromal cells confers drug resistance 
by microRNA-21 up-regulation. Leuk Lymphoma 52:1991–1998

Wang LQ, Kwong YL, Kho CSB, Wong KF, Wong KY, Ferracin M, 
Calin GA, Chim CS (2013) Epigenetic inactivation of miR-9 
family microRNAs in chronic lymphocytic leukemia: implica-
tions on constitutive activation of NFκB pathway. Mol Cancer 
12:173

Xia B, Yang S, Liu T, Lou G (2015) miR-211 suppresses epithelial 
ovarian cancer proliferation and cell-cycle progression by target-
ing Cyclin D1 and CDK6. Mol Cancer 14:57

Xiao C, Calado DP, Galler G, Thai TH, Patterson HC, Wang J, Rejew-
sky N, Bender TP, Rajewsky K (2007) MiR-150 controls B cell 
differentiation by targeting the transcription factor c-Myb. Cell 
131:146–159

Yusnita Y, Norsiah, Zakiah I, Chang KM, Purushotaman VS, Zubai-
dah Z, Jamal R (2012) MicroRNA (miRNA) expression profiling 
of peripheral blood samples in multiple myeloma patients using 
microarray. Malays J Pathol 34:133–143

Zhang J, Jima DD, Jacob C, Fischer R, Gottwein E, Huang G, Lugar 
PL, Lagoo AS, Rizzieri DA, Friedman DR et al (2009) Patterns 
of microRNA expression characterize stages of human B-cell 
differentiation. Blood 113:4586–4594

Zhang C, Liu J, Wang X, Feng Z (2015) The regulation of p53/
MDM2 feedback loop by microRNAs. RNA Dis 2:e502.

Zhou Y, Chen L, Barlogie B, Stephens O, Wu X, Williams DR, Car-
tron MA, van Rhee F, Nair B, Waheed S et al (2010) High risk 
myeloma is associated with global elevation of miRNAs and 
overexpression of EIF2C2/AGO2. PNAS 107:7904–7909


	MicroRNA expression patterns and target prediction in multiple myeloma development and malignancy
	Abstract 
	Introduction
	Materials and methods
	Patients
	Cell lines
	Total RNA extraction
	miRNA microarray assay
	miRNA-target prediction and inverse correlation analysis
	Quantitative reverse transcription-PCR (RT-qPCR)
	Data availability

	Results
	Differentially expressed miRNAs in MM
	Prediction of miRNA-targets in MM
	Verification of microarray results by RT-qPCR

	Discussion
	miRNA expression profiling
	miRNA-target prediction

	Conclusions
	Acknowledgements 
	References


